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Despite the ability of combination antiretroviral therapy (cART) to increase the life expectancy of patients infected with human immunodeficiency virus (HIV), viral reservoirs persist during life-long treatment. Notably, two cases of functional cure for HIV have been reported and are known as the “Berlin Patient” and the “London Patient”. Both patients received allogeneic hematopoietic stem cell transplantation from donors with homozygous CCR5 delta32 mutation for an associated hematological malignancy. Therefore, there is growing interest in creating an HIV-resistant immune system through the use of gene-modified autologous hematopoietic stem cells with non-functional CCR5. Moreover, studies in CXCR4-targeted gene therapy for HIV have also shown great promise. Developing a cure for HIV infection remains a high priority. In this review, we discuss the increasing progress of coreceptor-based hematopoietic stem cell gene therapy, cART, milder conditioning regimens, and shock and kill strategies that have important implications for designing potential strategies aiming to achieve a functional cure for the majority of people with HIV.
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Introduction

At the end of 2019, an estimated 38.0 million people were suffering from human immunodeficiency virus (HIV) infection, and HIV remains a major issue in global public health, having claimed almost 33 million lives to date (1). Fortunately, widespread use of combination antiretroviral therapy (cART) has been effective in increasing the life expectancy of the patients infected with HIV with a significant reduction in morbidity and mortality, and thereby has successfully transformed HIV infection from a fatal disease into a manageable chronic health condition. Nevertheless, the latent HIV-1 reservoir is a major barrier to viral eradication, despite effective cART. Since protracted interruption of cART will lead to rebound of viral replication and recurrence of clinical symptoms, treatment must be life-long for most HIV-infected individuals.

The entry of HIV-1 into target cells requires the interaction of the viral surface envelope glycoprotein, gp120, with the CD4 glycoprotein and co-receptors including chemokine receptor CCR5 and CXCR4 on the surface of cell (2, 3). CCR5-using HIV-1 viruses (R5 viruses) are usually dominant in the early and chronic phases of HIV-1 infection. However, variants able to use CXCR4 (X4 viruses) or both CCR5 and CXCR4 (R5X4 viruses) can be isolated from approximately 40% to 50% of HIV positive individuals as the infection progresses to AIDS (4).

Although the expression of “functional cure” is contradictory and inconsistently employed across a wide array of research initiatives aimed at curing HIV, it has been used most frequently to refer to long-term ART-free HIV control, meaning restoring the immune system’s ability to combat infection (5). The “Berlin Patient” (6) and the “London Patient” (7) are two examples of patients that have been functionally cured of HIV. Both these cases utilized cell therapy with allogeneic hematopoietic stem cell transplantation (allo-HSCT) from donors with a homozygous CCR5 delta32 mutation (CCR5Δ32) for an associated hematological malignancy. However, this road to a cure is formidable and unlikely to be a practical option for the vast majority of patients. Over recent decades, a CCR5- and/or CXCR4-based hematopoietic stem cell (HSC) gene therapy, as a more feasible approach, has undergone development. Additionally, the “shock and kill” strategy, of latency revival followed by drug or immune-mediated clearance of infected cells, has also been tested. These results lay a foundation for functional cure of HIV. Here, we review the increasing progress in this area and discuss the potential combination of coreceptor-based autologous HSC gene therapy and latent reservoir elimination strategies aiming to achieve HIV cure.



Knowledge From Berlin and London

In 2009, a case report (the Berlin Patient) described a functional cure of HIV infection that followed treatment for acute myeloid leukemia (AML) myeloablative using allogeneic HSCT from a donor carrying homozygous CCR5Δ32 (6). Ten years later, a second individual (the London Patient) was identified, who, following treatment for Hodgkin’s lymphoma, also experienced HIV-1 remission after allogeneic HSCT from a donor with homozygous CCR5Δ32 (7). These two cases generated considerable inspiration for developing a cure for HIV. In contrast to other previous transplantation studies in HIV patients, both the patients underwent allo-HSCT from a human leukocyte antigen-matched homozygous CCR5Δ32 donor for an associated hematological malignancy, whereas two “Boston Patients” (8) and one “Minnesota Patient” (9), experienced rebound viremia after receiving allo-HSCT in the absence of CCR5Δ32. These findings confirm that CCR5Δ32 plays a critical role in viral suppression or eradication. Even though the latter three patients failed to achieve functional cure, temporary HIV-1 remission was still observed probably because of the graft-versus-host disease (GvHD) effect. A summary of differences between the Berlin and London Patients and other patients is provided in Table 1.


Table 1 | Differences between the Berlin and London Patients and other Patients.



The experience of the London Patient is quite similar to that of the Berlin Patient in many ways, but the differences between them have been noted (10). First of all, the Berlin Patient underwent two fully allogeneic HSCTs, including cyclophosphamide in conjunction with total body irradiation (TBI), whereas the London Patient received a less aggressive conditioning regimen, consisting exclusively of chemotherapy agents. In addition, the lymphocytes and host T cells of the Berlin Patient” were destroyed by antithymocyte globulin, whereas the London Patient received anti-CD52 for lymphodepletion. These reports provide a good starting point for further research to apply nongenotoxic conditioning regimens during allo-HSCT. The Berlin Patient interrupted antiretroviral treatment (ART) on the day of allo-HSCT, whereas in the case of the “London Patient”, ART was continued for 16 months after transplantation. With the longer period under the cover of ART and utilizing a less intensive conditioning regimen, the London Patient seems to have experienced a superior recovery and achieved the similar result of reservoir clearance.

Despite the remarkable curative potential of CCR5Δ32 allo-HSCT, there are apparent limitations. These include the low incidence of the CCR5Δ32 allele and the small chance of finding an appropriate donor, as well as toxicity related to conditioning regimens and risks associated with GvHD. Therefore, it is not always feasible for HIV patients without hematological malignancy to undergo this treatment, and transplantation using gene-edited autologous cells combined with milder conditioning regimens automatically become an alternative therapy.



Combination Antiretroviral Therapy

In 2013, 14 HIV post-treatment controllers (PTCs) were noted with long-term virological remission for at least 24 months after the discontinuation of prolonged cART initiated within 10 weeks of a primary HIV infection (11). Unlike spontaneous HIV controllers, most PTCs did not exhibit the protective HLA B*27 or B*57 alleles but carried unfavorable risk-associated alleles HLA B*35 and HLA-B*07 (11, 12). A further analysis showed that both a low reservoir distribution in resting CD4+ T cells and the very small size of HIV reservoirs, induced by early and prolonged cART, were critical elements for the successful infection control off therapy (11). The very low HIV-1 DNA reservoir was unlikely to be replenished after the interruption of cART, leading to an extended control of viral replication (13).

With the London Patient, a combination of a less aggressive conditioning regimen and the graft-versus-reservoir (GvR) effect associated with allo-HSCT contributed to the reduction of viral reservoirs. It is reasonable to believe that a longer period covered by cART, as seen with the London Patient can effectively control virus replication, and thereby maintain a very low viral reservoir size until a functional HIV-resistant immune system is created via transplantation with HSCs homozygous for the CCR5Δ32 mutation.



CCR5-Targeted Gene Therapy for HIV

Gene therapy based on eliminating CCR5 of HSC is a promising curative approach to reestablish the ravaged immune system and protect people from HIV invasion, perhaps ultimately eradicating the virus in patients with HIV. Currently, several gene editing techniques, including zinc finger nuclease (ZFN) (14), transcription-activator-like effector nuclease (TALEN) (15), and clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein 9 (CRISPR/Cas9) technologies (16), have been developed and widely applied to induce genome modifications at specific target sites contributing to knockout of CCR5 in CD4+ T Cells or HSCs.


Zinc Finger Nuclease

In a preliminary study, ZFN-modified CD4+ T cells with disruption of CCR5 were engrafted into NOD/SCID/IL2Rgamma null (NSG) mice (17). After 50 days of HIV-1 infection, more than 50% of CD4+ T cells in 8 out of 10 mice carried a disrupted CCR5; these mice also had lower plasma viremia and higher CD4+ T cell counts in their peripheral blood than those of mice engrafted with wild-type CD4+ T cells (17). Compared with CD4+ T cells, HSCs have an extended lifespan, and gene-modified autologous HSC therapy has become an attractive strategy for controlling or eliminating HIV infection. NSG mice were engrafted with ZFN-treated HSCs to produce CCR5-disrupted polyclonal multilineage progeny. Ten to twelve weeks after infection, HIV-1 RNA was undetectable in the gut lymphoid tissue of the mice (18). Additionally, a NSG mouse that was transplanted with CCR5-ZFN-modified adult hematopoietic stem/progenitor cells (HSPCs) and that was infected with HIV-1 had high levels of human CD4+ T cells and CD45+ cells (19). Moreover, a preclinical study used electroporation to develop a nonviral platform for the delivery of mRNA encoding CCR5-specific ZFN sequences; this resulted in 72.9% modification of HSPC-derived colonies, which contained biallelic disruption without the potential for tumorigenesis or leukemagenesis in NSG mouse model (20).

Early studies revealed that cytotoxicity of ZFNs is closely connected with target site overlap leading to apoptosis and cell death, which limited the completion of an associated clinical trial (21). Notably, substantial ZFN-induced off-target activity at CCR2, the closest relative of CCR5 in the human genome, was revealed when editing the primary human cells (17). At present, retroviral vectors such as adenovirus vectors are widely used in gene approaches and can consistently deliver inducible ZFNs and reduce potential off-target risks (14). In spite of the high efficiency that lentiviral vectors provide for disruption of targeted genes in vector-treated cell lines and primary cells (22), foamy viral vectors are less likely to transactivate nearby genes and have less genotoxicity (23).

A number of completed or ongoing clinical trials have preliminarily demonstrated the feasibility and safety of ZFN-based CCR5 disruption in CD4+ T cells or CD34+ HSPCs. A completed phase I clinical trial (ClinicalTrials.gov Identifier: NCT00842634) used autologous CD4+ T cells with CCR5 disrupted by ZFN to significantly decrease the decline in circulating CD4+ T cells in comparison with that seen using unmodified cells (24); following a treatment interruption, the level of HIV DNA in the blood of most of the patients was observed to have decreased and HIV RNA became undetectable in a quarter of patients (24). These results demonstrate the efficiency of ZFN-based genetic modification and the safety of CCR5-modified autologous CD4+T cell infusions, although the small cohort sizes limit the conclusions reached. Another ongoing clinical trial (ClinicalTrials.gov Identifier: NCT02500849) released details that were discussed above (20). This pilot trial is expected to be completed in 2022, and the investigators hope to offer crucial data for clinical studies to develop a new strategy to complement the existing therapies. All completed or ongoing clinical trials using gene editing technologies are highlighted in Table 2.


Table 2 | Clinical experiments of CCR5-based stem/progenitor cell or T cell therapy for HIV-1 infection.





Peptide Nucleic Acids

Peptide nucleic acids (PNAs) have emerged as a powerful biomolecular tool to use for mutation correction at targeted locations in cell culture and in vivo. These form a triplex structure with DNA capable of producing specific genome modification and inducing DNA repair (25). In 2011, CCR5-targeted PNAs were transfected into human cells, and a termination codon was introduced using a 60-nucleotide antisense donor DNA, mimicking the naturally occurring CCR5Δ32 mutation (26). This study resulted in 2.46% CCR5 modification, and the off-target rate in CCR2 was less than 0.057%. In contrast, the off-target rate of ZFN was 5.39% (17), almost two orders of magnitude more than that of the PNAs. This means that PNAs are more effective for increasing editing potency and reducing off-target toxicity.



Transcription-Activator-Like Effector Nucleases

TALENs act similarly to ZFNs but utilize non-specific FokI as a nuclease effector fused to a DNA-binding domain (27). The efficiency of a CCR5-specific TALEN in genome editing activity comparable with that of ZFN, causing minimal off-target activity at the CCR2 locus and without affecting the cell cycle (28). TALENs have significant less cytotoxicity than and may be a better alternative to ZFNs.

Cell culture using the TALEN showed that the technique achieved cleavage efficiency more than 50% to reproduce homozygous CCR5Δ32 mutations in CD4+-U87 cells with no selective pressure; the CCR5 to CCR5Δ32 recombination occurred in 8.8% in targeted cells, which were then resistant to HIV infection (29). This study put forward a broad prospect of using TALENS to generate site-specific, size-controlled, and homozygous DNA deletions within mammalian genomes. Additionally, after transferring TALEN-encoding mRNA into CD4+ T cells, the CCR5 alleles were disrupted by 90%, whereas the off-target activity was absent and the edited cells proliferated normally (30). As a result, TALEN-mediated CCR5 disruption of CD4+ T cells is paving the way for clinical applications in CD34+ HSCs.



Clustered Regularly Interspaced Short Palindromic Repeats-Associated Protein 9

The CRISPR/Cas9 system is a recently developed tool for genome editing that utilizes a predesigned guide RNA (gRNA) sequence to identify a precise target of the genome (31). In a comparison with TALEN, the CRISPR/Cas9 system produced 4.8-fold more gene editing when targeting the same region of the CCR5 gene (32). With a greater efficiency, higher accuracy, and lower costs in editing, the CRISPR/Cas9 system is more effective than either ZFN- or TALEN-based editing and is generating considerable excitement.

CRISPR/Cas9 was applied by Fernando et al. using CCR5Δ32 genetically edited induced pluripotent stem cells combined with PiggyBac technology to obtain CD34+ HSCs that can offer resistance to the CCR5-tropic viruses and to some extent to CCR5/CXCR4 dual-tropic viruses (33). After transplanting the CRISPR/Cas9-modified HSPCs into NSG mice, the CCR5 deletions were validated by polymerase chain reaction analysis and the combination of CRISPR/Cas9 with a dual gRNA effectively ablated CCR5 in CD34+ HSPCs such that the biallelic inactivation frequencies reached 42%; additionally, the off-target mutation events accounted for approximately 0.6% of all captured off-target sites (34). Faced with HIV-1 challenge, these human CD4+ T cells remained stable and the virus RNA level decreased compared with that in the control mice, indicating that the CRISPR/Cas9-modified HSPCs produced CCR5-ablated CD4+ cells that consistently contributed to HIV-1 resistance in vivo (35).

According to a study on Mauritian cynomolgus macaque embryos, CCR5 disruption was detected in more than half of the embryos, and 36.7% of the embryos contained biallelic deletions introduced by dual gRNAs targeting CCR5 (36). Research in simian immunodeficiency virus-infected rhesus monkeys has used the CRISPR/Cas9-CCR5 lentivirus to modify the autologous peripheral HSPCs of three macaques. After transplantation, the CCR5-edited CD4+ T cells consistently increased in abundance and achieved basic reconstruction of the hematopoietic system. Furthermore, plasma-borne virus in one of the three monkeys became undetectable after ART cessation for seven months, and the off-target events remained undetectable (37). However, despite its safety and efficacy, another two rhesus monkeys displayed a viral rebound after ceasing ART. Further research is needed to delimitate a better non-myeloablative dosage as well as the optimal time to cease the ART.

One of the most commonly used Cas9 proteins, adapted from Streptococcus pyogenes (SpCas9), has high specificity but is limited by its size. Fortunately, the small-sized Staphylococcus aureus (SaCas9) has an advantage of high delivery efficiency compared with that of SpCas9 (38, 39). Recent evidence also suggests that CCR5-editing in HSCs using lentiviral vector-mediated CRISPR/SaCas9 maintains potential multilineage ability (39), indicating that SaCas9 can mediate genome editing with high specificity and low toxicity.

Recently, a clinical study (ClinicalTrials.gov Identifier: NCT03164135) was performed to evaluate the feasibility and safety of CRISPR/Cas9 CCR5-modified HSPC transplantation. HIV-infected individuals with acute lymphoblastic leukemia (ALL) were treated by CCR5-ablated HSPCs using CRISPR/Cas9 after conditioning with cyclophosphamide and TBI. During the treatment, hematological malignances were in complete remission. Nevertheless, the gene-editing efficiency was evaluated as 17.8% before transplantation and the frequencies of CCR5-edited cells ranged between 5.20% and 8.28% after transplantation. Furthermore, the CCR5-edited frequencies of CD4+ cells (approximately 2%) and CD8+ cells (approximately 1%) in peripheral blood were far lower than that of other cells, which was not sufficient to achieve the aim of an HIV cure (40). The underlying mechanisms for the poor engraftment of CCR5-modified CD4+ and CD8+ cells utilizing CRISPR/Cas9 remains unclear, and should be elucidated further. Subsequent high-quality research is required to improve the efficiency of CRISPR/Cas9-mediated CCR5 ablation in human HSCs.




CXCR4-Targeted Gene Therapy for HIV

Homozygosity for CCR5Δ32 does not confer absolute HIV-1 resistance. Several reports have indicated that persons with the CCR5Δ32/Δ32 genotype are also infected by X4 or R5X4 viruses (41–44). One intriguing notion is aimed at genome editing or suppression of CXCR4, as the same gene therapies that have been applied to editing CCR5 can also be used for CXCR4. In a humanized mouse model, Wilen et al. used a specific ZNF to disrupt CXCR4 in human CD4+ T cells, which were subsequently protected from attack by X4-tropic HIV-1 (45). In contrast with stable lentiviral expression of short-hairpin RNAs targeting CXCR4 mRNAs, a transient adenovirus delivered ZFN to disrupt genomic CXCR4; this provided more durable resistance to viruses when CD4+ T cells were challenged with HIV-1 that utilizes CXCR4 for entry (46). The CRISPR/SaCas9 system has also been developed as a more efficient genome editing tool to target CXCR4 of primary CD4+ T cells because of the smaller size in comparison with CRISPR/SpCas9. Using selected single-guided RNA and lentivirus expressing SaCas9, CXCR4-modified primary CD4+ T cells were generated that proliferated normally and successfully established resistance to HIV-1 infection (47).

A study has also disrupted both CCR5 and CXCR4 in human CD4+ T cells using ZFNs; these co-receptor negative cells proliferated normally and were protected from CCR5- and CXCR4-utilizing strains of HIV-1 both in vitro and in vivo (48). Meanwhile, CRISPR/Cas9-ablated CCR5 and CXCR4 genes also showed outstanding protection from both CCR5- and CXCR4-utilizing strains in CD4+ cell lines, with efficacies up to 55% for CCR5 and 36% for CXCR4 (49). Studies showed that there were negligible off-target effects, absent genotoxicity, and normal cell propagation (50, 51).

Nonetheless, CXCR4 is of significant importance in multiple tissues and cell types such as the hematopoietic, immune, and nervous systems (52). Moreover, CXCR4 is required to maintain the physical function of HSCs, and, unlike the effects of CCR5 disruption in HSCs, deficiency of CXCR4 causes movement and migratory disorders of hematopoietic cells (53). Therefore, the direct gene-disrupted therapy of HSCs may not be suitable for CXCR4. Interestingly, combined CRISPR/Cas9 with piggyBac transposon technology constructed a P191A mutant, one of the natural mutants of CXCR4, without any redundant DNA or off-target effects as an alternative to CXCR4 knockout (54). Replacing CXCR4 mutation with that in P191A avoided undesirable side effects of CXCR4 deficiency but abrogated HIV-1 replication by up to 59.2% (55).

In addition, there is accumulating evidence that antagonists of CXCR4 can feasibly prevent cells from HIV-1 attack. According to a new study, the pepRF1 peptide, derived from dengue virus capsid protein, can specifically act against the CXCR4-tropic strains and is more effective in inhibiting HIV-1 than other approved peptide-based inhibitors (56). Utilizing computational and thermodynamic parameters, a number of Himalayan bioactive molecules were also identified as potential inhibitors of the CCR5 or CXCR4 co-receptors (57). Specifically, dactylorhin-A and butyl 2-ethylhexyl phthalate are closely related to CCR5 while amarogentin, dactylorhin-E, and pseudohypericin exhibit a higher binding affinity with CXCR4 (57).



Milder Conditioning Regimens

In autograft transplantation of HIV therapy, conditioning treatment is used to create space for new gene-edited cells and eliminate a portion of viral reservoirs. However, the goal here is not to ablate and reestablish the entire hematopoietic system (58). For the non-malignant HIV/AIDS patient, low intensity conditioning procedure is required to reduce the risk of mortality.

Considerable efforts are being exerted to generate new milder or non-myeloablative conditioning regimens. Monoclonal antibody (mAb) therapy is a form of immunotherapy that can target the hematologic system. Combined radiation therapy with mAb, the commonly known radioimmunotherapy (RIT), is an efficient strategy with a high degree of accuracy. In a murine experiment, anti-CD45 RIT successfully replaced TBI (59); additionally, a CD45-targeted antibody-radionuclide conjugate is being applied to treat hematologic malignancies in an ongoing trial (60). Furthermore, 213Bi-anti-CD45 has been used to target hematopoietic cells in hematologic neoplasms, whereas 213Bi-anti-TCRab was applied to target T cells in non-malignant diseases (61).

In an animal study, 11 dogs that received RIT with 213Bi-anti-TCRab experienced some degree of pancytopenia, although to a lower intensity than that found dogs treated with 213Bi-anti-CD45. After receiving marrow grafts from dog leukocyte antigen-identical litter-mates, all the dogs had rapid hematopoietic recoveries, and 10 dogs showed continuing mixed chimerism until the end of the study (61). These results demonstrate the feasibility of replacing TBI with RIT for non-myeloablative HSCT.

Recently, Canakci et al. used an anti-CD4 conjugated polymer nanoparticle that selectively targeted a cytotoxic drug molecule to the primary CD4+ T cells or CD4 lymphoma cells in a T cell ALL mouse model. With higher accuracy, the conjugation of anti-CD4 to a nanogel is far beyond conventional therapy but needs much less antibody to reach an equal outcome (62). Furthermore, the CD45-saporin (SAP) can be used without irradiation, avoids anemia and neutropenia and spares thymic niches and the bone marrow (63), and therefore is a promising alternative non-genotoxic conditioning method for curing HIV-1. A recent study reported that anti-CD117 specifically targeted and depleted HSCs in vivo with minimal toxicity and high efficiency and that a single dose of CD117-SAP depleted more than 99% of HSCs (64). In the future, mAbs that specifically target HSC surface receptors probably play an important role in the elimination of HSCs, and increase the engraftment of their gene-modified counterparts. These results cast light on finding new extraordinary non-myeloablative conditioning treatments for patients with non-malignant HIV/AIDs who are undergoing gene-modified autologous HSCT, and future research should continue to explore HSC-targeted mAbs and combine the antibody-based cell killing with irradiation or nanotechnology to generate more selective conditioning regimes.



Shock and Kill Strategy

Due to the GvHD-related GvR effect, latent reservoir elimination and a temporary HIV-1 remission were observed for the Boston Patients (8) and the Minnesota Patient (9). However, GvHD is absent when transplanting autologous cells into HIV patients. The commonly known “shock and kill” approach aimed at the latent HIV-1 reservoir is an important complement for autologous HSCT. This strategy involves reactivating and eradicating virus that can hide in CD4+ T cells when the retroviral gene is integrated into their DNA. The first step of this process requires using latency reversal agents (LRAs) (summarized in Table 3) that induce expression of latent HIV virus.


Table 3 | Summary of Latency-Reversal Agents.




Histone Deacetylase Inhibitors

Histone deacetylase inhibitors (HDACis) have emerged as a primary approach for boosting the provirus out of latency, without impacting CD4+ T cell activation (118). HDACis prevent the deacetylation of histone marks and elicit changes in chromatin structure, resulting in chromatin decondensation and gene transcription. Current HDACis include valproic acid, romidepsin, vorinostat, panobinostat, belinostat, and givinostat, several of which are actively being tested in clinical trials (119). A completed phase II clinical trial (ClinicalTrials.gov Identifier: NCT01365065) showed that vorinostat was well tolerated. After receiving vorinostat orally, plasma cell-associated unspliced (CA-US) HIV RNA in up to 90% of the participants was significantly and sustainably induced (73). In addition, extended follow-up for two years demonstrated that there were no adverse safety effects or virological changes in participants on ART following vorinostat treatment (72). In a phase I/II clinical trial (ClinicalTrials.gov Identifier: NCT01680094), panobinostat has been investigated as a promising candidate drug for HIV latency activation in vivo, although this needs to be combined with other LRAs to improve the efficiency (76). A more recent placebo-controlled phase I/II randomized trial (ClinicalTrials.gov Identifier: NCT01933594) reported that although romidepsin infusion was safe and displayed pharmacodynamic effects on CD4 + T cells, this did not effectively activate HIV-1 expression, as the plasma viremia or cell-associated unspliced HIV-1 RNA was not increased compared with that in the placebo (67).

The modest and transient activation of virus from HIV latency by HDACis is, however, unable to thoroughly clear the reservoir. None of the current HDACis tested have effectively reduced the number of latently infected cells or decreased the latent-reservoir size in ART-treated patients. The toxicity of HDACis targeting to immune cells is also becoming an obstacle to eradicating the HIV reservoir, which has caused wide public concern. Although two class I-selective HDACis, romidepsin and nanatinostat, significantly induced viral transcription ex vivo, the production of viral particles or antigens from primary CD4+ T cells was not facilitated. Both these HDACis exhibited toxicity to HIV-specific CD8+ T cells in vitro (78). Meanwhile, romidepsin and panobinostat were also shown to be highly cytotoxic for both CD8+ T cells and CD4+ T cells (120), which play important roles in HIV latency eradication. In addition, viral sequence variation also affects the ability of HDACis to reactivate latency (121).



Bromodomain and Extra-terminal Domain Inhibitors

Bromodomain and extra-terminal domain inhibitors (BETis) are an identified class of LRAs that are promising anti-cancer drugs and that have been developed to purge latent HIV-1. BET inhibitors, including JQ1, MS417, I-Bet, and I-Bet151, have reactivated HIV from latency via the action of the positive transcription elongation factor b, a subject of acetylation, in a model of HIV latency (82, 122). Furthermore, I-Bet151 was investigated in humanized mice treated with suppressive cART (81). In this case, I-Bet151 did not have any observed significant toxic effect on the treated mice, and nine days after I-Bet151 initiation, HIV-1 viremia rebounded and was associated with a higher HIV-1 RNA level in different organs. This study also indicated that BETi reversed HIV-1 latency preferentially in monocytic cells rather than T cells.



Histone Methyltransferase Inhibitors

Polycomb repressive complex 2 (PRC2) plays a crucial role in HIV transcriptional regulation and consists of three core components, EZH2, EED, and SUZ12 (123). The catalytic subunit EZH2, an extensively studied histone methyltransferase, methylates histone H3 lysine 27 (H3K27) and plays a pivotal role in HIV-1 latency. Histone methyltransferase inhibitors (HMTis), such as GSK-343 and EPZ-6438, targeted to EZH2 represent new tools for reducing the pool of latent reservoirs (89). Substantial proviral reactivation was observed using low doses of GSK-343 and EPZ-6438 alone in three polarized cell compartments (Th17, Th1, and Th2 cells) infected with vesicular stomatitis virus G-pseudotyped HIV-1. EED can enhance the activity of EZH2 (123). The activity of PRC2 was inhibited in both cell line and primary CD4+ T cell models of latency, following the binding of the allosteric histone H3K27me3 methyltransferase inhibitor EED226 to EED, demonstrating latency reversal activity (90). Meanwhile, euchromatic histone-lysine N-methyltransferase 2 (EHMT2) was necessary for establishing and maintaining HIV-1 proviral silence in primary cells in addition to the activity of PRC2 (89). The EHMT2 inhibitor UNC-0638 has been identified as a strong latency-reversing candidate in resting memory T cells isolated from cART-treated HIV-1 patients and in a primary Th17-cell model of HIV latency (89). At present, there are no BETis- or HMTis-based trials for HIV infection approved by US Food and Drug Administration. Future studies are therefore warranted to determine the efficacy of BETis and HMTis in HIV-infected patients under ART and identify the underlying mechanisms.



Protein Kinase C Agonists

Due to the incomplete success of epigenetic LRAs in mediating pervasive and robust latency reversal, more effective strategies are required to reverse latency through the use of cellular signaling pathways. The protein kinase C agonists (PKCas) showed promising efficiency in reactivating HIV latency, via activating IκB kinase and degrading IκB to enhance NF-κB signaling (124). Small-molecule PKCas, e.g., ingenol (125), bryostatin-1 (126), and prostratin (127) have been studied in vitro or ex vivo to induce HIV expression and T cell activation. Prostratin was shown be superior in in vitro testing to bryostatin-1 in enhancing natural killer (NK) cells to clear the HIV-1 reservoir (128). In cell culture, both prostratin and bryostatin-1 were less cytotoxic to CD4+ T cells and CD8+ T cells compared with the cytotoxicity of panobinostat and romidepsin (120). The potency and safety of bryostatin-1 has been assessed in a double-blind phase I clinical trial (98). Although bryostatin-1 was well tolerated in all twelve participants, it did not significantly activate PKC or reactivate HIV in latently infected cells. However, the dose-related side effects of PKCas have raised concerns (129, 130), limiting preclinical and clinical studies. Higher doses cannot be feasibly used to increase the effect of PKCas as the active concentrations may be too toxic. Further study investigating the underlying mechanism is therefore warranted.

Recent studies have focused on the combination of PKCas and other different LRA families to enhance the activity of HIV-1 latency-reversing compared with the effects of single agents. Ingenol plus the HDACi romidepsin was certified as the most potent combination of LRAs in J-Lat cells. This induced a reactivation level up to 35% of GFP+ cells and increased p24 production and HIV transcription in most CD4+ T cell subsets (131). Notably, a combination of the BETis CPI-203 with prostratin prevented potentially severe clinical side effects related to HIV-1-induced “cytokine storm” and exhibited synergism in latent HIV-1 reactivation (85). Furthermore, a plant-derived tricyclic β-carboline alkaloid, harmine, enhanced the activity of ingenol A, leading to boosting of HIV reactivation (132).



Toll-Like Receptor Agonists

One of the explanations for the failure of several LRAs in HIV latency clearance is that these LRAs cannot contribute to immune response or viral-mediated killing of reactivated cells. Recently, there has been growing interest in using toll-like receptor (TLR) agonists that possess potential dual effects as LRAs and immunomodulators to cure HIV-1. In humans, the TLR family comprises 10 members that recognize different pathogen-associated molecular patterns (133). TLRs are expressed on the surface of several cell types, including CD4+ T cells, which harbor the majority of HIV latent reservoirs. TLR agonists are capable of increasing immune activation, augmenting pre-existing adaptive ones, and playing crucial roles in inducing innate antiviral responses. Several TLR agonists, such as those to TLR2, 7, 8, and 9, have been investigated as LRAs. In the latently infected monocytic cell lines OM10 and U1, a TLR7/8 agonist R-848 activated HIV production (134), via triggering of TLR8 alone (104). Through a NF-κB and NFAT-dependent pathway, Pam3CSK4, a TLR1/2 agonist, was able to significantly reactivate HIV-1 transcription in a cell-cultured model of latency using central memory cells and also in resting CD4+ T cells isolated from aviremic HIV-1 infected donors without T cell activation or proliferation (101). The TLR9 agonist MGN1703 (135) and the TLR7 agonist GS-9620 (vesatolimod) (136, 137) increased HIV RNA levels and induced potent antiviral responses specific to HIV in peripheral blood mononuclear cells isolated from aviremic donors on suppressive ART.

A double-blind randomized controlled vaccine trial (ClinicalTrials.gov Identifier: NCT00562939) investigated the effects of TLR9 agonist CPG 7909 on the HIV latent reservoir and HIV-specific immunity. This study revealed that CPG 7909 strengthened the immune-mediated clearance of HIV-infected cells and decreased the proviral load compared with that in the control group (107). In another open-label, single-arm clinical trial (ClinicalTrials.gov Identifier: NCT02443935), 13 males and two females under suppressive ART received 60 mg MGN1703 subcutaneously twice a week for four weeks. Treatment with MGN1703 increased the activation of plasmacytoid dendritic cells, enhanced activation of cytotoxic NK cells and CD8+ T cells, upregulated cytokine levels, and induced plasma HIV RNA (106). In a multicenter, placebo-controlled, double-blind trial (ClinicalTrials.gov Identifier: NCT02858401), vesatolimod was shown to be well tolerated with no adverse events at doses ranging from 1 to 12 mg; immune stimulation was observed at doses above 4 mg, providing a rationale for future trials in people with HIV (102).



Immune Checkpoint Inhibitors

Latent HIV infection is enriched in memory CD4+ T cells that express multiple immune checkpoint (IC) molecules, including programmed cell death protein 1 (PD-1), programmed cell death protein ligand 1 (PD-L1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), T cell immunoreceptor with Ig and ITIM domains, and T cell immunoglobulin domain, and mucin domain-3 (138–140). Immune checkpoint inhibitors are described as a form of mAb that block the IC and act on silent HIV-1 in latently infected cells (140). Administration of nivolumab, directed to PD-1 in an HIV-infected and ART-treated individual with metastatic melanoma immediately increased the level of CA-US HIV RNA (108). One ART-treated patient infected with HIV received ipilimumab, which inhibits binding of CTLA-4 to its ligands CD80 and CD86, for treatment of disseminated melanoma. This profoundly increased the level of CA-US HIV RNA, whereas the level of plasma HIV RNA declined subsequently with an increase predominantly in total memory and effector memory CD4+ T cells (109). In a phase I study of BMS-936559 that targeted PD-L1 (ClinicalTrials.gov Identifier: NCT02028403), HIV-1-specific CD8+ responses, predicted by ex vivo response from a subgroup of participants receiving single low-dose BMS-936559 infusions, appeared to be enhanced compared with those in participants who received placebo (110). Additionally, in a new clinical trial (ClinicalTrials.gov Identifier: NCT02408861), participants with HIV associated classical Hodgkin lymphoma or solid tumors received ipilimumab and nivolumab (anti-PD-1). An increase in CA-US HIV RNA following infusion was noted, whereas anti-PD-1 alone had no effect on HIV-latency or the latent HIV-reservoir (141).



Interleukin

Several cytokines, interleukin (IL)-2 (142), IL-7 (143), and IL-15 for instance, share the same γ chain, and are being used in the field of HIV treatment to act not only as an alternative immunomodulatory treatments to cART but also as therapeutic applications to play a putative role in latent reservoir clearance. A latency-reactivating strategy used the human IL-15 superagonist N-803 (ALT-803) in combination with MT807R1 (anti-CD8α) or CD8b255R1 (anti-CD8β) to selectively deplete CD8+ lymphocytes. This resulted in a robust and persistent HIV latency-reversing activity in simian immunodeficiency virus (SIV)-infected macaques on ART, and the results in non-human primates were concordant with those in humanized mice (114, 144). However, N-803 is not sufficient by itself to reverse virus latency and clear the reservoir in vivo. Subcutaneous dosing of N-803 to non-human primates activated and mobilized both SIV-specific CD8+ T cells and NK cells from peripheral blood to lymph nodes, but only minimal activation of memory CD4+ T cells was observed during the N-803 administration period. Meanwhile, there were no appreciable differences between N-803-treated and untreated rhesus macaques in the viral RNA content in the lymph node resident CD4+ T cells, number or magnitude of plasma viremia timepoints, or size of the viral DNA cell-associated reservoir (145).



Other Agents

Importantly, unique broadly neutralizing antibodies (bnAbs) can naturally evolve in some HIV-infected people, with the ability to hinder HIV-1 infection by selectively targeting vulnerable sites on the viral envelope protein that mediates virus entry into susceptible CD4+ T cells (146). Recently, cocktails of bnAbs or multispecific antibody that simultaneously encodes different bnAb domains have been intensively studied for both therapy and prevention of HIV (147–149). These findings also support a potential role of bnAbs in the shock and kill strategy. To examine this approach, an anti-HIV bnAb, known as PGT121, combined with a toll-like receptor 7 agonist (GS-9620) as a latency reversing agent was administrated in simian/human immunodeficiency virus-infected monkeys (150). After ART interruption, rebound was observed in fewer animals receiving both the latency reversing agent and the experimental antibody than in those receiving either alone or neither, implying that bnAb treatment together with innate immune stimulation during ART suppression might effectively shrink the size of the viral reservoir. Meanwhile, definitive proof came from a phase II, single-center, open-label study indicated that maraviroc, a CCR5 antagonist, can induce latent HIV-1-transcription in resting CD4+ T cells from HIV-1-infected patients on suppressive ART through the activation of the transcription factor nuclear factor-κB by downstream signaling after binding to CCR5 (112). Then, maraviroc could be utilized, in addition to as an antiretroviral agent for HIV infection, as a part of LRAs. A follow-up initial clinical trial that recruited three patients explored additional virologic parameters in stored samples and evaluated the time to viral rebound during analytical treatment interruption (ATI) (151). Maraviroc spurred an increase in cell-associated HIV RNA during the administration of the drug, and the HIV-specific T cell responses, mainly from CD8+ T cells, were slightly enhanced in two out three patients after maraviroc intensification and ATI intervention. Nevertheless, there was a disappointingly rapid rebound of viremia after ART discontinuation. It is likely that maraviroc as an LRA is not potent enough and combinations of drugs that can efficiently remove free virus particles should be considered.

Unfortunately, a recent study has shown that the majority of the intact HIV-1 viral reservoir is not inducible in ART-suppressed HIV-infected individuals (152). Among all the LRAs tested, none has wiped out HIV-1 latency or affected viral rebound persistently after the interruption of ART.




Conclusions

Despite the universal use of cART, HIV still continues to globally pose a major public health challenge. A cure for HIV is the ultimate goal that allows HIV-infected people to be free of disease without requiring antiretroviral therapy. The past decades have witnessed considerable advances from the understanding the pathogenesis of HIV to applying various therapeutic strategies for HIV disease. Knowledge from the London and Berlin Patients has important implications not only for identifying the potential factors implicated in long-term HIV remission, which orchestrate the elicitation of a long-standing antiviral effect, but also for providing direct evidence that current monotherapy is not sufficient to achieve an HIV cure. It is worth noting that in 2021 two gene therapy trials for sickle cell disease (ClinicalTrials.gov Identifier: NCT03282656) have been halted since two patients have developed AML and myelodysplastic syndrome, respectively (153), which provides insights into the safety of gene-modified autologous HSC therapy for HIV. Moreover, the shock and kill strategy is a promising, but not the sole, method involved in potential combined treatment strategies towards a functional cure of HIV. Interventions such as “block and lock”, aiming at the transcriptional and epigenetic silencing of proviruses, and “reduce and control”, diminishing the size of viral reservoir and controlling replication of this residual virus, have also flourished with the intent to induce a state of sustained ART-free HIV control. More importantly, recent data shows that CD4+ T cells expressing an HIV-specific chimeric antigen receptor can directly control HIV replication and augment the virus-specific CD8+ T cell response in humanized mice (154). Future studies are needed to continue to unravel the underlying molecular mechanism of these two cases and carefully determine the related parameters in situations that involve cART, HSC-based gene therapy, milder conditioning regimens, shock and kill strategies as well as other promising approaches, and thereby design a practical option for most patients with HIV for a functional cure.
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Latency-Reversal Agents Class Stage References

Romidepsin (FK228), Vorinostat (SAHA), Panobinostat Histone deacetylase inhibitors Clinical trial NTC02092116 (65), NCT02092116 (65, 66),

(LBH589) NCT01933594 (67, 68), NCT01319383 (68-71),
NTC02092116 (65), NCT01365065 (72, 73),
NCTO03803605 (74), NCT02336074 (75),
NCT01680094 (69, 76), NCT02471430 (76)

5)
4

Belinostat (PXD101), Givinostat (ITF2357), Nanatinostat Histone deacetylase inhibitors In vitro (77, 78)
(CHR-3996)
Nicotinamide Histone deacetylase inhibitors Ex vivo (79)
JQ1, I-BET151, I-BET, MS417, UMB-136, OTX015, CPI- Small-molecule bromodomain inhibitors  In vitro (80-88)
203, RVX-208, PFI-1, BI-2536, BI-6727, Apabetalone
GSK-343, EPZ-6438 (Tazemetostat) Small-molecule histone In vitro (89)
methyltransferase inhibitors targeted to
EZH2
UNC-0638 Small-molecule histone In vitro (89)
methyltransferase inhibitors targeted to
EHMT2
EED226, A-395 Small-molecule histone In vitro (90)
methyitransferase inhibitors targeted to
EED
DZNep Lysine-specific histone In vitro (91, 92)
methyltransferase inhibitor targeted to
EZH2
BIX-01294 Lysine-specific histone In vitro (79, 92)
methyltransferase inhibitor of the HKMT
G9a
Chaetocin Lysine-specific histone In vitro (79, 92)
methyltransferase inhibitor of the HKMT
SUV3gH1
5-AzaC, 5-AzadC DNA methylation inhibitors In vitro (93)
Ingenol, Bryostatin-1 Protein kinase C activators Clinical trial NCT04503928 (94, 95), NCT02531295 (96-97),
NCT02269605 (98)
Prostratin Protein kinase C activators In vitro (99)
Tat-R5M4 Toll-like receptor agonist In vitro (100)
Pam3CSK4 Toll-like receptor 1/2 agonist In vitro (101)
GS-9620 Toll-like receptor 7 agonist Clinical trial NCT02858401 (102)
GS-986 Toll-like receptor 7 agonist In vivo (103)
R-848 Toll-like receptor 7/8 agonist In vitro (104)
3M-002 Toll-like receptor 8 agonist In vitro (104)
MGN 1703 Toll-like receptor 9 agonist Clinical trial NCT02443935 (105, 106)
CPG 7909 Toll-like receptor 9 agonist Clinical trial ~ NCT00562939 (107)
nivolumab Monoclonal antibodies targeting PD-1  Case report (108)
pembrolizumab Monoclonal antibodies targeting PD-1  In vitro (108)
Ipilimumab Monoclonal antibodies targeting Case report (109)
CTLA-4 (CD152)
BMS-936559 Monoclonal antibodies targeting PD-L1  Clinical trial NCT02028403 (110)
galectin-9 Human carbohydrate-binding In vitro (111)
immunomodulatory protein
Procyanidin trimer C1 MAPK agonist In vitro (80)
Maraviroc CCR5 antagonist Clinical trial NCTO01365065 (112), NCT00795444 (113)
N-803 Interleukin-15 Superagonist In vivo (114)
AZD5582, Ciapavir (SBI-0953294) Activator of the non-canonical NF- kB In vivo (115, 116)
pathway
Disulfiram (C10H20N2S4) Activators of Akt signaling pathway Clinical trial ~ NCT01944371 (117)

NF- kB, Nuclear Factor- kB; HKMT, histone-lysine methyltransferase; EHMT2, euchromatic histone-lysine N-methyitransferase 2; PD-1, programmed cell death protein; CTLA-4, cytotoxic
T lymphocyte antigen 4; PD-L1, programmed cell death protein ligand 1.
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B: Difuse large B-cel
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LACE, anti-CD52

Fiu, Treo
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AA: RIC chemotherapy (busultan,
Fu)
B: RIC chemotherapy (busulfan,
Fu)
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dettad2
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homozygous for CCRS
dettad2
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matched; wid-type CCRS

A: 7/8 HLA match; without
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B: 8/8 HLA match; without
CCRS detaze
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delta32

Viral load after HSCT
Undetectable
Undetectable

Undetectable

Detectable at 56 days after HSCT.
Undetectable at 91 days after HSCT

A Undetectable
B: Undetectable

Undetectable

ART interruption
Day of HSCT
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2 years after HSCT

A: 4.3 years after HSCT
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EFV, efavirenz; FTC, emiricitabine; TDF, tenofovir disoproxi fumarate; RAL, raltegravir; RPV, ripiviine; 3TC, lamivudine; DTG, dolutegravi; DRV, darunavir; ABC, abacavir; LPVI, ritonavir-boosted lopinavir; NFV, nelfinavir; AZT, zidovudine; LAM, lamivuding;

NVP, nevirapine; IDV, indinavir; v, itonavir; ATV, atazanavir; Flu/Mel, fludarabine/melphalan; FLAMSA, fludarabine, Ara-C, and amsacrine; CTX, cyclophosphamide; ATG, anti-thymocyte globulin; T, total-body iradlati
ozogamicin; LACE, lomustine, Ara-C, cyclophosphamide, etoposide; Flu, fludarabine; Treo, treosulfan; RIC, reduced-intensity conditionir
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NCT02140944

NCT02500849
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NCT02732457

NCT03666871

NCT00842634

NCT01252641

NCT01044654

NCT01543152

NCT02225665

NCT02388594

Study Title

Long-Term Follow-up of HIV-Infected Subjects Treated With
Autologous T-Cells Genetically Modified at the CCR5 Gene by
Zinc Finger Nucleases (SB-728-T or SB-728mR-T)

A Pilot Study of T Cells Genetically Modified by Zinc Finger
Nucleases SB-728mR and CD4 Chimeric Antigen Receptor in
HIV-infected Subjects

Cord Blood Transplantation With CCR5A32 Donor Cells in HIV-1
Infected Subjects Who Require Bone Marrow Transplantation for
Any Indication and Its Observed Effects on HIV-1 Persistence

A Pilot Study to Evaluate the Feasibility, Safety and Engraftment
of Zinc Finger Nuclease (ZFN) CCR5 Modified CD34+
Hematopoietic Stem/Progenitor Cells (SB-728mR-HSPC) in HIV-1
(R9) Infected Patients

Safety and Feasibility Study of Allotransplantation of CRISPR/
Cas9 CCR5 Gene Modified CD34+ Hematopoietic Stem/
Progenitor Cells in HIV-infected Subjects With Hematological
Malignancies

Allogeneic Hematopoietic Stem Cell Transplantation in HIV-1
Infected Patients

T-Cell Reinfusion After Interfering With Lymphocyte Binding
Location of AIDS Virus Through Zinc-finger-nuclease Elimination
of CCR5 Receptors: The TRAILBLAZER Study

A Phase | Study of Autologous T-Cells Genetically Modified at the
CCR5 Gene by Zinc Finger Nucleases SB-728 in HIV-Infected
Patients

A Phase 1/2, Open Label, Single Infusion Study of Autologous
T-Cells Genetically Modified at the CCR5 Gene by Zinc Finger
Nucleases (SB-728-T) in HIV-Infected Subjects

A Phase 1 Dose Escalation, Single Dose Study of Autologous
T-Cells Genetically Modified at the CCR5 Gene by Zinc Finger
Nucleases SB-278 in HIV-Infected Patients Who Have Exhibited
Suboptimal CD4+ T-Cell Gains During Long-Term Antiretroviral
Therapy

A Phase |, Open-Label Study to Assess the Effect of Escalating
Doses of Cyclophosphamide on the Engraftment of SB-728-T in
Aviremic HIV-Infected Subjects on HAART

A Phase 1/2, Open-Label Study to Assess the Safety and
Tolerability of Repeat Doses of Autologous T-Cells Genetically
Modified at the CCR5 Gene by zinc finger Nucleases in HIV-
Infected Subjects Following Cyclophosphamide Conditioning

A Phase | Study of T-Cells Genetically Modified the CCR5 Gene
by Zinc Finger Nucleases SB-728mR in HIV-Infected Patients,
with or without the CCR5 Delta-32 Mutation, Pretreated With
Cyclophosphamide

Tool

ZFN

ZFN

ZFN

CRISPR/

Cas9

ZFN

ZFN

ZFN

ZFN

ZFN

ZFN

ZFN

Date

2011-2031

2019-2025

2015-2023

2015-2022

2017-2021

2014-2024

2019-2024

2009-2013

2010-2015

2009-2014

2011-2017

2014-2018

2015-2019

Interventions

Infusion of CCR5-disrupted SB-728-T
or SB-728mR-T

Infusion of autologous T cells
genetically modified to express a CD4
chimeric antigen receptor while also
having ZFN-mediated disruption of the
CCR5 gene

Transplantation with CCR5A32 cord
blood stem cells

Infusion of CCR5-disrupted SB-
728mR-HSPC after conditioning with
busulfan

Transplantation of CD34+
hematopoietic stem/progenitor cells
genetically modified at the CCR5 gene
by CRISPR/Cas9

Infusion of CCR5A32 allogeneic HSCT
in HIV-infected patients
Transplantation of autologous CD4+
T cells genetically modified at the
CCR5 gene by ZNF SB-728 versus
Infusion of CCR5-disrupted CD4+

T Cells

Infusion of CCR5-disrupted SB-728-T

Infusion of CCR5-disrupted SB-728-T

Infusion of CCR5-disrupted SB-728-T
after conditioning with
cyclophosphamide

Infusion of CCR5-disrupted SB-
728mR-T after conditioning with
cyclophosphamide

Infusion of autologous CD4+ T cells
genetically modified at the CCR5 gene
by ZFN SB-728mR with or without
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Status

Enrolling
by
invitation
Active, not
recruiting

Active, not
recruiting

Active, not

recruiting

Recruiting

Recruiting

Recruiting

Completed

Completed

Completed

Completed

Completed

Completed

(The data is available at https://clinicaltrials.gov/ct2/home) HSCT, hematopoietic stem cell transplantations; ZFN, zinc finger nuclease. CRISPR/Cas9, clustered regularty interspaced short
palindromic repeats-associated protein 9.





