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With nearly 38 million of people worldwide living with HIV-1 and no definitive cure available after almost 40 years of research, AIDS is still a major global public health issue. Modern antiretroviral therapies can achieve viral replication suppression to undetectable levels, thus allowing an almost normal life to HIV-1–infected individuals. However, the virus cannot be fully eradicated. This may lead over time to the accumulation of mutations in the viral genome and, eventually, to the emergence of drug-resistant viruses, which may affect the efficacy of the therapy and the patient’s quality of life. To overcome some of the limitations of the standard antiretroviral therapy, innovative therapeutic approaches such as “shock and kill” and immunotherapies, as well as technologies based on RNA interference and CRISPR-Cas9 genome editing are under investigation. Nevertheless, the virus may find a way to break free even from these novel strategies. In this review, we focus on the mechanisms that enable HIV-1 escape from the most advanced therapies and discuss some of the challenges to prevent this issue.
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Introduction

Few viruses are as elusive and persistent as HIV-1, the etiological agent of AIDS, for which no definitive cure is still available after almost 40 years since its discovery (1). The development of modern combined antiretroviral therapies (ARTs) enables the patients to live an almost normal life, by keeping the viral replication under control and avoiding the onset of severe immunodeficiency. However, this drug regimen does not eliminate the virus from latently infected cells, patient adherence must be lifelong, and ART interruption, even for a short time, can lead to viral rebound (2). Moreover, the emergence of resistance to the administered drugs may render the therapy ineffective, favoring at the same time the spread of the resistant virus to other individuals, limiting their treatment options (3). By the end of 2021, the World Health Organization released the results of a drug resistance survey based on data from 38 countries worldwide. This report not only highlighted the high frequency of resistance toward specific classes of antiretroviral drugs, but also indicated a worrying prevalence of pre-treatment drug resistance. This latter phenomenon is mainly due to the transmission of already resistant viruses or to previous prophylaxis treatment (4).

However, why is HIV-1 able to resist so well to current therapeutic approaches? Much of HIV-1 success in persisting in the host and in escaping from available therapeutic options is due to its distinctive replication cycle and to its tropism for CD4+ T cells. Being a lentivirus, the HIV-1 genome is composed by a single-stranded RNA (ssRNA), enclosed as two identical copies within each viral particle. Viral genome encompasses genes encoding for structural (e.g., gag and env), functional (e.g., pol), and regulatory (e.g., tat and rev) proteins and is characterized by long-terminal repeats (LTRs) at both ends (5). LTRs are essential for the virus to integrate within the host cell genome as a provirus, following reverse transcription of the genomic ssRNA in double-stranded DNA (6). In most of the infected cells, infection is productive, but there is a subset of cells, especially quiescent CD4+ memory T cells, in which the virus is latent. This latently infected cell compartment is established very early during the infection (7) and, as antiretroviral therapies target only the actively replicating virus, it represents one of the main barriers to accomplish a definitive cure. Moreover, as latently infected cells do not express viral antigens and mainly belong to the host immune system, it is not surprising that these HIV-1 reservoirs are extremely difficult to reach and clear.

Despite the current inability to achieve a definitive cure, antiretroviral therapies are very efficient in keeping the viral replication under control. During its rapid replication, HIV-1 genome mutates at a high rate mainly due to transcription errors made by the viral reverse transcriptase (RT), as well as by the host cell RNA polymerase II. The HIV-1 constant evolution leads to a frequent onset of drug resistant mutants, even in the absence of a selective pressure (8). The resulting genomic diversity complicates the design of targeted therapeutic approaches and vaccines, contributing to constant virus evolution with the emergence of variants, as it occurred recently in the Netherlands, where a new and exceptionally virulent HIV-1 variant, characterized by two times faster than the expected decline in CD4+ cell count, was isolated (9). Notably, variants can develop not only in different patients (inter-patient), but also within the same patient (intra-patient).

Single anti–HIV-1 drug regimens can more easily lead to the generation of viral resistant mutants. As there are several classes of antiretrovirals, affecting different steps in the viral life cycle, modern ART includes combinations of two/three compounds. This combinatorial approach reduces the likelihood of emergence of resistance, as this would require the concomitant presence of different mutations within the same viral genome (10). Nevertheless, multi-drug resistant viruses can still appear during treatment and can potentially be transmitted in newly acquired infections. Of note, the limited penetration of the drugs in reservoirs could contribute to the establishment and maintenance of viral sanctuary in tissues in which cells are not exposed to drugs, leading to the development of resistances even after years of successful therapy (10). The most frequently transmitted resistances are those to nucleotides able to interfere with the elongation process of the nascent DNA chain during reverse transcription, and to non-nucleoside reverse transcriptase inhibitors (NNTRIs), which directly interacting with the RT block its activity. By contrast, the most rare transmitted resistances are those toward integrase strand transfer inhibitors (InSTIs) that inhibit provirus integration in the host genome (11). HIV-1 can develop resistances to all the antiretroviral classes, as reviewed in (12), although the evolution of drug-resistant mutations has been shown to come with a fitness cost for the virus (13).

An additional aspect to be taken into consideration is the adherence to the ART. While the optimal level is set to at least 90%, lower percentages can be tolerated for certain drugs (14). However, therapy discontinuation favors the emergence of viral resistance. This issue has been partially overcome by the introduction of single-tablet regimens, easier for the patient to manage (15). A further improvement could be represented by handling long-acting formulations (16), which allow to increase the time between administrations, thus reducing complications related to a daily dosage (17).

In this tug of war between the need to find the best antiretroviral therapy regimen and the emergence of HIV-1 resistances, the development of innovative therapeutic formulations or approaches able to reach viral reservoirs in tissues normally spared by the conventional therapies, as well as to eliminate the integrated viral genome (18), are very promising. Indeed, encouraging results in past and ongoing studies have been reported regarding therapies developed to leverage the immune system against the virus (vaccines and neutralizing antibodies), to reactivate the latent reservoir compartment to clear it (shock and kill), and making use of gene therapy and gene editing approaches to target the host or HIV-1 specific genes (Figure 1).




Figure 1 | Graphic representation of the main innovative therapeutic strategies discussed in this review. (A) Some immunotherapies exploit neutralizing antibodies to specifically bind viral epitopes and block the infection; (B) shock and kill approaches use LRA (latency reversal agents) to stimulate the reactivation of the latent provirus (“shock”), resulting in virus- or cell-mediated death of the infected cells (“kill”); (C) in RNA interference (RNAi) strategies, small RNAs are designed to bind to the viral RNA and stop viral replication at a post-transcriptional level; (D) the Cas9 nuclease complexed with the gRNA recognizes the specific target sequence in the proviral genome and cuts it, leading to its disruption or elimination and consequently impairing viral replication.



Nevertheless, for each one of these novel therapies, HIV-1 can find different ways to escape or resist, impairing their efficiency. In the following sections, we will provide an overview of the mechanisms enabling HIV-1 to overcome some of the most promising therapeutic approaches that are under development to face the limitations of the currently adopted antiretroviral therapy. We will also outline some possible solutions to hamper HIV-1 evasion from these innovative strategies.



Immunotherapies

As mentioned in the introduction, HIV-1 targets the cells of the immune system, sentencing them to a slow decrease over time and causing a generalised dysfunction of the immune system. HIV-1, thus, creates the perfect conditions to thrive in the host, while escaping from its immune defences. Eliciting a robust immune response against the virus could be efficient in facing the infection. This conclusion is supported by the observation of a subset of patients, called elite controllers, who are able to keep viral replication under control even in the absence of ARTs (19, 20). These patients are in fact characterized by specific CD8+ T cell responses, typical variations in the class I HLA (human leukocyte antigen), and a particular provirus integration pattern. Indeed, in these individuals proviruses are often located away from transcriptional start sites, into centromeric regions or other regions enriched in repressive chromatin marks, as reported in a recent study (21).

Many approaches under investigation have been directed to elicit HIV-1 specific immune responses, such as the use of vaccines and of neutralizing antibodies, although the viral ability to mutate complicates the establishment of an efficient strategy.


Vaccines

Thanks to vaccines, smallpox has been eradicated and the population has been protected from widespread infections e. g. chicken pox, measles, and rubella; from the potentially cancer-causing HPV and, more recently, from the pandemic SARS-CoV-2, the aetiological agent of COVID-19. However, despite many years of research, no effective vaccine has been developed yet against HIV-1, nor prophylactic nor therapeutic. In fact, even if some of the vaccine candidates were able to generate anti–HIV-1 antibodies, they were not efficient enough to protect from viral infection/replication.

HIV-1 can escape from vaccines by adopting different clever strategies. First, inter- and intra-patient viral genetic variability implies also antigenic variability, with difficulties in the development of a vaccine able to tackle all the variants. Thus, a rational design of optimal antigens is crucial to generate an immune response potent and highly conserved across the variants (22).

Second, HIV-1 has a high mutational rate and can gain mutations in specific epitopes, which may favor its escape from the immune response (in particular from cytotoxic T-lymphocytes, CTL). For example, studies in non-human primates immunized with a DNA vaccine have shown that even those animals in which the viral replication was initially under control, after some time from the treatment, showed viral escape from CTLs. Interestingly, the selective pressure imposed by the CTLs themselves contributed to this escape (23). Vaccines should thus be designed to limit those pathways adopted by the virus to mutate. The implementation of population modeling studies could give further insights in the impact of resistance to different vaccination strategies at a population level (24, 25).

Third, the viral envelope glycoprotein (Env), responsible for viral entry and the only target for neutralizing antibodies, is heavily glycosylated (it is known as “glycan shield”) and is consequently protected from antigen recognition and neutralization (26). Ferreira and colleagues have modeled structural rearrangements in this shield, showing what happens when a glycan important for the shielding of neutralizing antibodies epitopes (N301) is removed. These authors showed that the remaining glycans are able to change their conformation and compensate for the glycan loss, conferring an even increased resistance to neutralizing antibodies (27). Nevertheless, glycosylated Env remains an important target for vaccination, and many studies are investigating the glycan profiles across different viral subtypes (28) and how to mimic, in recombinant Env-based vaccines, the correct glycosylation sites (29), in order to elicit better immune responses.

Among the many developed approaches  only one vaccine (RV144) has shown a modest efficacy in HIV-1 prevention in a phase III trial, lowering the infection rate of roughly 30% (30). This vaccine is based on an immune prime and boost strategy with 97% of the treated patients developing an antibody response against the Env antigens used for vaccination (31). The reported efficacy was still too low for a vaccine candidate. However, the data collected from this study are an important starting point to develop more efficient strategies.

Despite the lack of successful vaccine candidates, currently, new hope comes from the mRNA-based vaccines, following the results recently achieved with the ones developed against SARS-CoV-2. The mRNA-based vaccines display some advantages, as (i) the easiness in their design and production, which enables fast adaptation to new emerging variants and (ii) the ability to elicit a robust immune response. These vaccines do not represent a novelty in the HIV-1 field. Indeed, some pre–COVID-19 studies on mRNA-based vaccines against HIV-1 were reported (32–34). However, these early works highlighted important limitations to the adoption of this vaccination strategy to tackle HIV-1 infection, e. g. (i) a complex delivery system, (ii) no significant clinical benefit (32) and (iii) the presence of errors in the RNA sequence encoding for the immunogen (33), and (iv) the instability of the therapeutic nucleic acid (34). In the past few years, modifications of the mRNA structure to ameliorate its stability, the use of lipid nanoparticles (LNPs) for its delivery, and an overall improvement of the vaccine formulation has led to a greater efficacy in eliciting an immune response (34) and, thus, to a rapid translation into the clinical setting, as we observed with the vaccines against SARS-CoV-2. The first phase I clinical trial for an HIV-1 mRNA vaccine started in 2021. This trial conducted by Moderna exploits a combination of priming and boosting immunogens and takes advantage of the most promising LNP-based delivery system (ClinicalTrials.gov Identifier: NCT05001373). Currently, other three anti–HIV-1 mRNA vaccines, designed to evoke an immune response against the envelope trimer (35), are in a phase 1 clinical trial (ClinicalTrials.gov Identifier: NCT05217641). These trials altogether are estimated to be completed by the second half of 2023. Their results on one hand will give further insights in the efficiency of the latest improved mRNA vaccines against HIV-1. On the other hand, the well-known establishment of latently infected cells able to escape from the immune system response may still constitute a barrier to this approach, at least in the case of therapeutic vaccines. To solve this limitation, a novel strategy might be to combine this type of vaccination with latency reversal agents (further described in the "Shock and kill" section), which function by reactivating the virus, thus making it visible to the immune system, along with antibodies designed to block the reactivated virus entry in the cells (ClinicalTrials.gov Identifier: NCT03619278).



Antibodies

As reported in the "Vaccines" section, HIV-1 vaccines aim to elicit broadly neutralizing antibodies (bNAb). These antibodies are defined “neutralizing,” because they are able to neutralize HIV-1 in the early steps of the life cycle, protecting from infection, and “broad” as they are directed to conserved HIV-1 epitopes, to overcome viral variability. The first studies using the administration of single- or first-generation combination of bNAb to block HIV-1 showed a weak and only transient reduction of the viral load, with a fast emergence of antibody-resistant mutants (36–38). Starting from these findings, a study conducted in 2017 reported that the administration of a novel bNAb combination in a non-human primate model of HIV-1 infection led to undetectable level of viral load up to 177 days post-administration. Moreover, a long-term T-cell–mediated immunity was established with only a low level of detectable virus for up to 2 years. By contrast, control primates treated with ART underwent viral rebound upon treatment interruption. Viral suppression duration was related to the half-life of the antibodies used (39). Following this study, the same group conducted a phase I clinical trial, administering a combination of two bNAb directed against Env antigens in patients during ART interruption. Nine patients out of 11 maintained viral suppression for up to 4 months, whereas two of them experienced viral rebound at around 1–2 months. Analysis of the pre-administration viral reservoir in the two resistant individuals highlighted that they harbored mutations, which made them resistant to one of the bNAb, exposing them in fact to a monotherapy rather than to a combinatorial one. Actually, due to HIV-1 variability, this antibody combination has been predicted to function in around 50% of HIV-1 clade B-infected patients, requiring to add or substitute one of the bNAbs to widen its target range (40). The same antibody combination was administered to seven non-virologically suppressed patients. Among these treated individuals, four responded with a decrease of the viral load in the blood and only two of them, which presented the lowest viremia at the beginning of the study, could maintain the suppression for around 3–4 months (41).

Further studies are focusing on improving the bNAb design to prevent the onset of resistance. In this context, Schommers and colleagues were able to design a bNAb targeting the CD4-binding site with one of the most broad activities reported up to date (42). In silico modeling could also help in predicting the resistance of bNAb to HIV-1 variants and guide their rational design (43, 44).

In clinics, Ibalizumab has recently become the first approved monoclonal antibody (mAb) for the treatment of HIV-1 infection (45), used in combination with antiretroviral therapy of multi-drug–resistant patients. Ibalizumab binds to CD4, the primary HIV-1 receptor, and blocks the post-attachment steps involved in viral entry into the cell. The virus can develop resistance to this mAb, leading to a decreased activity. However, it has been observed that the mutants are still dependent on CD4 for the entry process and, therefore, they can be blocked by alternative entry inhibitors. Thus, Ibalizumab does not exert selective pressure toward CD4 resistance (46). Monoclonal antibody approaches could be further improved by the development of antibody conjugates with an increased anti–HIV-1 activity, as reviewed in (47).




Shock and kill

“Shock and kill” is one of the most studied functional cure approaches and is designed to work alongside the standard ART to eradicate the latently infected cell compartment. It requires the use of latency reversal agents (LRAs) to induce the provirus expression (“shock”), thus leading to the death of the infected cells due to viral replication or immune clearance (“kill”). LRAs with different mechanisms of action can be employed alone or in combination, as reviewed in (48). These compounds can be epigenetic modifiers (e.g., histone deacetylase [HDAC] inhibitors), agonists of inducible host factors involved in the maintenance of latency (including protein kinase C [PKC], NF-κB, cyclin T1/CDK9 [P-TEFb] complex, Toll-like receptor), activators of the T-cell receptor (TCR), of the PI3K (phosphatidylinositol-3-kinase) pathway, or of AKT/mTOR (mammalian target of rapamycin) (49), Second Mitochondrial-derived Activator of Caspases (SMAC) mimetics, which target the non-canonical NF-κB activation pathway and induce apoptosis (50), or even immunomodulatory agents [including immune checkpoint blockers, cytokines, Toll-like receptor agonists and CD8+ T-cell depletion (51)]. The reactivation of the provirus alone, in most cases, is not sufficient to achieve an effective clearance of the infected cells. Hence, why LRAs are often combined with complementary approaches aimed at inducing apoptosis, as reviewed in (52), or at boosting the HIV-1–specific immune response (53, 54). Recent clinical trials have highlighted that this approach, while effective at reactivating the provirus in vitro, has only a minimal effect on HIV-1 reservoirs in vivo, comparable to the one achieved by using ART alone (55). Even some of the most recent strategies tested in simian models of HIV-1 infection, e.g. the use of a novel drug able to induce HIV-1 replication through the non-canonical NFκB signalling pathway (56) or the one of an interleukin IL-15 superagonist in combination with CD8+ T-cell depletion (57), although showing a robust increase of HIV-1 viral RNA expression, were not able to achieve viral clearance.

Different factors should be taken into consideration to explain why this strategy is not as effective in vivo as it is in vitro and, thus, why HIV-1 is able to resist to shock and kill strategies. One reason is probably to be found in the characteristics of the latent reservoir itself, as HIV-1 latency is, on its own, a mechanism of viral resistance and escape from therapeutic approaches. Viral reservoirs are heterogeneous and contain different cell subsets, so LRAs can have a higher or lower efficiency in reactivating HIV-1 transcription in different subsets. Grau-Expósito and colleagues (58), for example, used a novel fluorescence in situ hybridisation and flow cytometry combined approach (FISH-Flow) to observe HIV-1 RNA and p24 expression in patient-derived cells upon administration of different LRAs, alone or in combination. The advantage of this technique is that it can discern better the differences in expression pattern behavior between cell subsets, on the opposite to what happens, for example, with real-time PCR where the presence of few cells with a higher viral expression could mask differences in the total population. First, they found that the percentage of reactivated cells varied greatly among the different patients. In addition, they observed that different LRAs, even belonging to the same family, impacted in a different way in cell subsets, having a higher efficiency when LRAs were used in combination. Finally, they noticed that T memory stem cells, a long-lived cell subset, were the most difficult to be reactivated (58). Overall these findings prove that shock and kill approaches should take into consideration the heterogeneity of the latent reservoir to achieve a better efficiency, as discussed more extensively in the study by Ait-Ammar and colleagues (59). Furthermore, this strategy may be difficult to be applied to some latently infected cell subsets, such as microglia, as their reactivation could lead to neuroinflammation, a dangerous and unwanted effect (60).

HIV-1 resistance to shock and kill can also be attributed to the fact that HIV-1 latently infected cells are not recognized by the immune system, as they do not express viral antigens, unless they are reactivated and the virus starts replicating. Therefore, if the “shock” is not sufficient to reactivate the majority of the infected cells, these cells can elude immune surveillance, being spared from the “killing” (Figure 2A). Moreover, in vitro studies evidenced that treatment with some LRAs, such as HDAC inhibitors, has immunosuppressive effects by impairing the function of CD8+ T cells, which are the CTL responsible for the recognition and clearance of reactivated latently infected cells (61, 62) (Figure 2B), even though in vivo studies showed no negative effects on T-cell function (63). In addition, some works have particularly focused on natural killer (NK) cells as promising effectors in shock and kill approaches and on the effect that different LRAs have on their function. Studies performed in vitro on patient-derived cells have reported that the impact of different LRAs on these cells is diverse. For example, among HDAC inhibitors, Panobinostat and Romidepsin showed concentration-dependent toxicity and function impairment of NK cells, whereas Vorinostat showed no impact on NK cell function (64). However, in vivo investigations showed that the administration of Vorinostat and Panobinostat did not present negative effects on NK cell function (65). These differences between in vitro and in vivo studies could be related to the drug mechanism itself, to the drug concentration, as sometimes the concentrations used in in vitro studies are not achievable in a clinical setting, as well as to the duration of the treatment (65).




Figure 2 | Schematic representation of selected mechanisms of HIV-1 resistance to shock and kill approaches. (A) The inability of the latency reversal agents (LRAs) to activate the provirus in all the infected cells interferes with the exposure of viral antigens on this subset of cells (in gray), which cannot be targeted by cytotoxic T lymphocytes (CTLs)–mediated clearance; (B) histone deacetylase inhibitors (HDACi) may hinder CTL function, affecting CTL-mediated clearance of the infected cells; (C) some PKC agonists can phosphorylate BCL2, blocking the intrinsic apoptotic pathway and promoting the survival of the infected cells.



Another reason why the “kill” might be ineficient could be due to the cellular response to specific LRAs, which enhances resistance to apoptosis and, thus, to clearance. French and collaborators, by adopting patient-derived CD4+ T cells, reported that some PKC agonists, such as bryostatin-1 and prostratin, are able to inhibit the intrinsic apoptotic pathway. These Authors showed that the anti-apoptotic effect was linked to an enhanced phosphorylation of BCL2, responsible for the binding and inhibition of pro-apoptotic proteins (66) (Figure 2C). Some viral proteins themselves, such as Tat, Nef, and Vpr, may act as mediators both of pro- and anti-apoptotic signals (67) and could therefore contribute to the resistance of the infected cells to the “kill”.

The resistance mechanisms presented above are more related to the characteristics of the infected cell compartments rather than to escape mutations of the virus. However, HIV-1 itself can acquire resistant mutations, such as those involving CD8+ T-cell reactive epitopes, which allow the virus to evade CTL recognition and immune clearance (68). It has been shown that not only these mutations are present in the latently infected cell compartment but also that they may represent the dominant population in chronically infected patients (69). A more recent study, by contrast, reported that the prevalence of CTLs resistant mutants may have been overestimated, as the unbiased proteome-wide analysis of the persistent HIV-1 reservoir showed an escape frequency of around 30% (70). Despite this discrepancy, both these studies agree in the conclusion that a strategy to counteract resistant mutants might be the stimulation of the T-cell immunity and the boost of a broad-acting CTL response, for example, by administering viral peptides.

Given the still low efficiency of shock and kill strategies, to overcome HIV-1 current resistance to this therapeutic approach, different studies have tackled the problem by dealing with various aspects.

Some studies have investigated the inefficient reactivation of the provirus by employing alternative strategies to induce latency reversal. Mann and collaborators (71), for example, used an HIV-1–based viral-like particle (VLP) formulation, namely, ACT-VEC, in patient-derived cells, to induce T-cell receptor response in latently infected HIV-1–specific CD4+ T cells and, thus, stimulation of viral transcription. They obtained a significant increase of the viral RNA expression, even greater compared to the one achieved adopting standard LRAs such as HDAC inhibitors and PKC agonists. At the same time, a boost of the immune response was achieved (71). In another investigation, the use of antigen-presenting type 1–polarized monocyte-derived dendritic cells was successful at inducing latency reversal and at activating a cytotoxic T-lymphocyte–mediated response for the clearance of cells harbouring replication-competent virus (72). A further alternative system to the classical LRAs is the use of a “dead” Cas9 (dCas9) nuclease, whose cleavage sites have been inactivated, but which is still able to specifically bind to the DNA, coupled with activators of transcription. This strategy allows to specifically target proviral promoter regions and induce viral expression, with important advantages over classical LRAs as it is potentially less toxic for the cells. Furthermore, a rapid and potent reactivation of the provirus can be obtained, with no need for additional immunotherapy to eliminate the infected cells and only rare off-target effects (73–75).

In addition to these improved approaches, investigations focused on viral reactivation at a single-cell level to understand the heterogenous characteristics of latency could be important to find new LRAs with enhanced efficacy. For example, Golumbeanu and collaborators used single-cell sequencing to identify more than 130 differentially expressed genes in latently infected and reactivated cells (76). In another study, Lu and co-workers adopted fluorescence-activated cell sorting and mathematical modeling to understand the fluctuations and reactivation dynamics at a single-cell level within the same clonal population. The results obtained by Lu’s group confirmed that the use of multiple LRAs with a periodic treatment could be more efficient than a single administration (77), although further experiments using heterogeneous non-clonal populations are needed for a better understanding. Other than the periodic administration of a single LRA, the efficiency of the system could also be boosted by the sequential administration of different LRAs, in a combinatorial approach. In this context, Bouchat and collaborators demonstrated that the sequential administration of the DNA methylation inhibitor 5-AzadC and of histone deacetylase inhibitors (HDACi), compared to their simultaneous administration, displayed a synergistic effect in the reactivation of viral gene expression both in latently infected cell models (in vitro) and in patient-derived cells (ex vivo) (78).

Of note, an alternative and more recently developed method, namely, “block and lock” strategy, could overcome some of the limitations discussed in this section. This approach, in fact, instead of aiming at the latent provirus reactivation, is designed to permanently suppress viral transcription. This might lead to a state of “deep latency,” which possibly helps in avoiding the issue of HIV-1 variability and resistance. To accomplish this goal, latency promoting agents (LPAs) are employed, targeting both viral- and host-specific mechanisms. These compounds are generally more well-tolerated by the patients than LRAs, even though the use of LPAs targeting host-specific mechanisms could, by their function, impair pro-inflammatory signals, thus further weakening the immunocompromised patient, as reviewed in (79). It has been recently proposed that the “shock and kill” and “block and lock” approaches could complement each other. In particular, these strategies might be combined to, on one hand, target and kill those cells, which are easily reached by the shock and kill strategy and, on the other hand, silence and block the residual latently infected cells (80).



RNA interference

Among the innovative therapeutic approaches aimed at controlling viral replication with a single administration, is gene therapy, that is, the introduction of genetic sequences in target cells to produce therapeutic nucleic acids or proteins. RNA interference (RNAi) has been used as a gene therapy strategy against HIV-1 and has shown promising results in different studies and clinical trials (81), as reviewed in (82). Particularly, RNAi works as a post-transcriptional gene regulatory system by using small RNA sequences (short hairpin RNA [shRNA], small interfering RNA [siRNA], micro RNA [miRNA]), which pair specifically with the target messenger RNA (mRNA). This, in turn, affects mRNA translation or, eventually, it may lead to its degradation, thus inhibiting gene expression, reviewed more extensively in (83).

RNAi has been exploited to target and silence the expression of almost all HIV-1 specific genes, among which tat and rev, which encode for regulatory proteins (Tat and Rev, respectively) essential for viral gene expression and for the transcription of full-length viral genomic RNA, structural genes such as gag, encoding for the nucleocapsid proteins, and the LTR. Despite proof of efficiency in the first short-term studies, longer term studies soon evidenced the emergence of resistant mutants due to mutations at the shRNA or siRNA target, depending on the approach used. In one of the first long-term expression investigations, the Authors showed that, in tat-targeting shRNA stably expressing cell lines, viral inhibition lasted only up to 25 days, and then the virus started replicating again, thanks to a point mutation acquired within the shRNA target region (84). The same finding was reported in a long-term study employing nef-targeting siRNA, where the Authors observed escape mutants at around the 23rd–27th day. This result was due, in some of the escape mutants, to a single base mutation at the siRNA target site, and in some others to more extensive deletions (more than 100 bp) of the nef region, which can accommodate bigger nucleotide removals, as even in the absence of Nef, viral replication can occur in vitro (85). These mutations had the signature of mutation introduced by the RT, as this viral enzyme able to transcribe RNA in DNA does not have a proofreading activity. HIV-1 resistance mechanisms are not only limited to the insertion of mutations at the target site, but they can also be related to mutations nearby, which induce an alternative three-dimensional structure in the viral RNA, making it inaccessible to RNAi (86).

As it happens with ART, the use of a combinatorial approach could limit viral escape. In fact, targeting more than one site in the viral genome (or also in the host genome as it will be described below) has been proven to be more effective at inhibiting viral replication than single-gene targeting, while, at the same time, significantly delaying the emergence of resistant mutants (87). However, targeting more than one site does not guarantee that escape will not occur. Indeed, indirect resistance mechanisms are also possible, when mutations at the HIV-1 promoter modulate and enhance transcriptional activity, conferring a generalised resistance to RNAi (88). In addition to using combinatorial strategies, a careful selection of the targets is paramount for the system’s efficiency, as the more HIV-1 target is conserved across different viral strains and subtypes, the less is the chance that they could harbour variants with RNAi resistant mutations (89, 90).

RNAi-based approaches have also been used to target CCR5, a cellular co-receptor used by HIV-1 to enter into host cells, for example, by shRNA-mediated CCR5 knockdown (91). In fact, up to date, only two people resulted functionally cured by HIV-1, the Berlin (92) and London (93) patients, who underwent a bone marrow transplantation from a donor with CCR5 homozygous 32 base pairs deletion, hence why CCR5 represents a very attractive target. Even if this approach has shown encouraging results, HIV-1 can switch its co-receptor usage from CCR5 to CXCR4, with a consequent viral escape from CCR5 knockdown approaches (94).

To solve this problem, a recent investigation reported the combined administration through lentiviral vectors of a shRNA-targeting CCR5 and of maC46, a fusion inhibitor which impedes the viral fusion to the cell membrane, thus possibly blocking CXCR4-tropic virus entry. Infection in Peripheral Blood Mononuclear Cells (PBMCs) was inhibited by 60% compared to the controls, without emergence of resistant mutants for up to 12 days (95). This study has been advanced to a phase 1/2 clinical trial designed as an ex vivo approach, reinfusing patients with hematopoietic stem cells (HSPCs) and CD4+ T lymphocytes modified with the combined strategy (ClinicalTrials.gov identifier: NCT01734850).

The most promising route to avoid the limitations presented in this section is probably the use of combinatorial therapies, which include diverse shRNA/siRNA targeting both host and viral genome as well as additional viral suppressive factors (96–99). Some studies have explored combinations of up to seven shRNAs (100).

Other than its efficiency, the main advantage of RNAi is that it only requires the delivery of small nucleotide sequences, potentially in a single administration, to achieve target-specific expression silencing. A step forward moving from this technique is the development of the CRISPR-Cas gene editing technologies, which can directly edit viral or host DNA and bring forward an alternative to the post-transcriptional regulation provided by RNAi approaches, as explored in the next section (101).



CRISPR-Cas9 gene editing

The CRISPR-Cas system is a bacteria-derived gene editing system which uses a nuclease (e.g., Cas9) complexed to a short guide RNA sequence (gRNA) to target specific DNA sequences that will be cut. This approach leads to the knockout of the targeted gene by disruption of the sequence/reading frame, or to the knock-in of the desired sequence when a homology template is provided (102, 103). As already mentioned, one of the main limitations of the current antiretroviral therapies is that they are not able to eliminate the integrated virus, especially in latently infected cells. Thus, the adoption of CRISPR-Cas9 to directly target the provirus is a very promising therapeutic approach. Indeed, many studies have reported the feasibility to disrupt, when targeting HIV-1 functional genes (104), or to excise, when targeting the LTRs (105), the provirus from latently or productively infected cells and from animal models of infection (18, 106, 107). This system has also been used to target the CCR5 host co-receptor, to block viral entry (108), as it had been proposed with RNAi-based strategies. Despite the efficiency of the system, HIV-1 may be able to escape even from this approach, by the introduction of mutations at the CRISPR-Cas9 target site.

In a seminal work from 2016 (109), an infected T-cell line was established stably expressing the CRISPR-Cas9 system. By adopting this tool, breakthrough of viral replication was observed over a time ranging from 10 to more than 40 days after infection, showing that the virus had successfully escaped. The fact that the breakthrough happened faster when less conserved HIV-1 sequences were targeted did not come as a surprise, as it had been already reported when using RNAi (101). What was surprising was that the escape mutants showed a peculiar mutation pattern. While in RNAi approaches escape mutants are mainly due to base substitutions introduced by the RT activity during viral replication, in this case, most of the mutations were concentrated as small indels (insertions/deletions) at the CRISPR-Cas9 cleavage site. Data suggested that the indels introduced by the cell non-homologous end joining (NHEJ) repair mechanisms, occurring at the DNA double-strand break (DSB), led to the formation of a viral sequence, which still retained its function and ability to replicate but was not recognized by gRNAs (Figure 3). In this way, the CRISPR-Cas9 system activity by itself accelerates the generation of escape mutants resistant to a new cut by the nuclease (109).




Figure 3 | Schematic representation of the HIV-1 mechanisms of resistance to CRISPR-Cas9. The Cas9 nuclease operates a double-strand break (DSB) in the viral DNA sequence, which is repaired by the cellular non-homologous end joining (NHEJ) mechanisms of DNA repair. Indels introduced at the NHEJ site can effectively disrupt the virus, or can generate a sequence which is still functional, but in which the Cas9 recognition site is abolished, successfully generating CRISPR-Cas9–resistant mutant viruses.



The same year, a different research group (110) performed an in-depth analysis of the mutation pattern at the CRISPR-Cas9 target sites of resistant mutants. Different from Wang and co-workers, which hypothesized that most, if not all, the mutations at the target sites were due to the involvement of nuclease-activity–related NHEJ repair mechanisms, the Authors of this study also observed RT activity-derived base substitution escape mutants. In fact, they recognized that transitions were highly favoured upon transversions, signature of mutations introduced by the reverse transcription process. However, in concordance with the previous study, they also observed that the resistant mutants exhibited NHEJ-typical indels at the DSB, with the 5%–10% of them due to ±3 base pairs indels. This mostly happened when HIV-1 coding regions were targeted and lead to the preservation of viral gene reading frame (110).

A second mechanism through which the application of the CRISPR-Cas9 system itself could favor HIV-1 escape, is the formation of circular proviral DNA (111). Even though during the natural infection circular unintegrated forms of the proviral genome are normally present, it has been shown that, by targeting LTRs with a single gRNA, circular forms of the provirus increase both in latently and acutely infected cell models. In rare cases, the Authors observed in latently infected cells the re-integration of the circular DNA in a different region from the original one. This finding might be due to the integration of the excised proviral DNA in off-target DSB sites sharing partial homology with the excised segments, through a homology-directed repair mechanism. However, this phenomenon could not be observed in acutely infected cells, and the Authors did not further investigate its molecular features (111).

In all these studies, HIV-1 escape was faster when a single-guide RNA was used to target the provirus and when the DSB occurred in less conserved regions. Thus, targeting multiple and highly conserved sites in the viral genome seems to be the key to limit the onset of resistances, as it was reported by Wang and collaborators. They compared single and dual gRNAs targeting different HIV-1 regions and found that the latter approach showed no virus replication and no escape for up to 60 days, extended to an even longer period for gRNA combinations targeting highly conserved sites (112). To aid the design of more broad-acting and effective gRNA sequences, in silico predictive pipelines based on sequences shared by genetic variants and viral subtypes have been developed (113, 114). This further optimization may help in reducing viral escape from the CRISPR-Cas9 system. Interestingly, the most employed nuclease in HIV-1 gene targeting experiments has been Cas9 in its different orthologs (e.g., SpCas9 and SaCas9), as it was the first to be characterized and the most widely used. Some studies adopted alternative nucleases, such as Cas12a (115) or the RNA-targeting Cas13 (116), which have distinct sequence recognition and cleavage mechanisms, allowing to target regions different than those adjacent to a Cas9-specific PAM sequence and limiting resistance. Cas12a, in particular, was found to be very effective to inactivate HIV-1 provirus in long-term studies even when using only one gRNA, the opposite of what it had been previously observed with Cas9. This efficiency was attributed to a different mutation pattern introduced by the nuclease (115). While the use of different and optimized Cas nucleases could limit viral escape, it is important to note that older generation gene editing system such as zinc finger nucleases (ZFN) and transcription activator-like effector nucleases (TALEN) could lead to equally promising results, as both the systems were shown to be able to effectively excise HIV-1 provirus in infected cells (117, 118). Nevertheless, escape mechanisms are possible also in this case as reported in a 2016 study where, after targeting the HIV-1 pol sequence with ZFN, a ZFN-resistant virus with mutations in the RT region of pol was identified (119).

Overall, gene editing technologies are a rapidly developing field, and their importance as an innovative HIV-1 therapeutic approach is growing. As the issue of viral resistance could be overcome by exploiting different strategies, and taking into account the promising results obtained in vitro and in vivo, application of gene editing in vivo should be possible in a near future. In fact, clinical trials employing this technology in HIV-1–infected patients are already ongoing (e.g., EBT-101, ClinicalTrials.gov Identifier: NCT05144386). However, while envisioning its broad implementation in vivo, taking into account the potential limitations of this approach is paramount. First, gene editing could lead to unwanted off-target effects, which may be difficult to determine in vivo, although new strategies are under development to tackle this problem (120). In particular, efforts are directed at improving both the nuclease fidelity as well as the design of the gRNAs (121). Second, in vivo applications of this technique, especially in the context of HIV-1 latent infection, are limited by the delivery system. Different methods (both viral and non-viral) have been tested to deliver gene editing components in vivo. Up to now, the most promising results in murine and simian models of HIV-1 infection were accomplished by means of an adeno-associated viral vector (AAV9), able to allow transgene expression in different tissues (18, 107). This vector is currently being tested in the aforementioned EBT-101 clinical trial. Furthermore, there is no known marker of latency which could help to target latently infected cells, especially the even rarer subset harbouring replication-competent viruses (122). In addition, the fact that these cells are possibly hosted in difficult-to-reach tissues and body districts make the delivery of gene editing components where needed very challenging.



Conclusions

The current unfeasibility to achieve a definitive cure against HIV-1 infection has pushed forward the development of therapeutic approaches alternative or complementary to the standard of care. However, high genomic variability and mutational rate provide HIV-1 with the ability to escape from the most varied applications, making the quest to the cure a difficult goal to accomplish.

As discussed in this review, innovative therapeutic approaches do exist that, although promising, still suffer of the viral capability to resist and escape. Different strategies are under evaluation to overcome these issues. HIV-1 replication cycle is complex and deeply connected with the infected cell status and the antiviral immune response. What we have learned from the application of immunotherapies and shock and kill approaches is that the virus is able to hide from the immune response. For example, different studies here presented showed how (i) HIV-1 can mask its epitopes (glycan shield), (ii) the non-exposure of viral antigens in latently infected cells protects them from immune clearance, (iii) escape mutations can be introduced at the target sites of antibodies or CTLs, and (iv) the overall extreme viral heterogeneity requires the use of approaches which encompass antigen variability and their rational design and modelling. Strategies based on RNAi and CRISPR-Cas9 are additional promising technologies, which work at a genetic level by recognizing and targeting viral transcripts or the provirus itself. However, also in this case, experimental evidence demonstrated that the virus can readily escape by introducing mutations at the RNAi/nuclease recognition sites. Targeting highly conserved and multiple sequences may limit the onset of resistant mutants.

Indeed, those strategies which led to a control of viral replication for the longer periods of time suggest that combination is the key to success. Given the high-viral variability, it is difficult to think of one single drug, antibody, gene editing target, or other system that could cover all the possible variants. On the other side, it is challenging to envisage one single approach able to bypass all the strategies that HIV-1 has evolved to persist in different host compartments. Thus, not only combining the targeting of different conserved viral regions in the context of the same therapeutic strategy (e.g., using combinations of antibodies, LRAs, siRNAs, and gRNAs) but also applying different approaches together, with their various mechanisms of action, half-life, and penetration, could reduce, if not overcome, the problem of the viral escape. One clear example of the power of combination comes from a proof of principle study, published in 2019, which has shown, in a humanized mouse model of infection, that the use of a CRISPR-Cas9–based strategy targeting multiple viral sequences together with a novel, highly penetrating ART formulation, could lead to the eradication of the provirus from cells in one third of the animals, with no detectable viral rebound for the time of the experiment (up to 5 weeks) (18).

Altogether, the studies reported here give a bright outlook on the future development of innovative therapeutic approaches against HIV-1, showing how, even if the virus is apt to find ways to escape, numerous strategies may be devised and implemented to target different variants and to limit the emergence of resistances.
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