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Of the 38 million people currently living with Human Immunodeficiency Virus type-1 (HIV-1), women, especially adolescents and young women, are disproportionally affected by the HIV-1 pandemic. Acquired immunodeficiency syndrome (AIDS) - related illnesses are the leading cause of death in women of reproductive age worldwide. Although combination antiretroviral therapy (cART) can suppress viral replication, cART is not curative due to the presence of a long-lived viral reservoir that persists despite treatment. Biological sex influences the characteristics of the viral reservoir as well as the immune responses to infection, factors that can have a significant impact on the design and quantification of HIV-1 curative interventions in which women are grossly underrepresented. This mini-review will provide an update on the current understanding of the impact of biological sex on the viral reservoir and will discuss the implications of these differences in the context of the development of potential HIV-1 curative strategies, with a focus on the shock and kill approach to an HIV-1 cure. This mini-review will also highlight the current gaps in the knowledge of sex-based differences in HIV-1 persistence and will speculate on approaches to address them to promote the development of more scalable, effective curative approaches for people living with HIV-1.
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Introduction–The need for an HIV-1 cure

More than half of the 38 million people worldwide living with Human Immunodeficiency Virus Type-1 (HIV-1) are women. Combination antiretroviral therapy (cART) to control HIV-1 is lifesaving, but not curative due to the establishment of a persistent, latent, viral reservoir that is not eliminated by cART. cART must therefore be taken lifelong and people living with HIV-1 (PLWH) are burdened with detrimental side effects, social stigma, costs and the possibility of developing drug resistance. Importantly, more than one in four PLWH are currently not on cART, rendering them vulnerable to acquired immunodeficiency syndrome (AIDS)-related complications that could otherwise be prevented by effective cART. Women, in particular, are disproportionally affected by HIV-1 with high burdens of comorbidities (1) and this is reflected in the fact that the leading cause of death among women of reproductive age worldwide is AIDS-related illnesses (2). Despite women accounting for 52% of PLWH worldwide, women are grossly underrepresented in HIV-1 curative clinical trials (3), with only 11% of HIV-1 cure trial participants between 1991 and 2011 being women (4). Therefore, there remains a dire need for the development of scalable HIV-1 curative therapies to control the pandemic (5).

Both the biological attribute of sex and the socio-cultural factor of gender are critical variables to consider in biomedical research, and they have also been reported to influence HIV-1 transmission, pathogenesis and response to treatment [reviewed in Scully (6, 7)]. Although so far under-investigated, understanding the biological sex-specific differences in HIV-1 infection is critical for the development of therapies that are efficacious in both sexes, especially in the quest for an HIV-1 cure. This mini-review briefly discusses what is currently understood about sex-specific differences in HIV-1 persistence and the host immune responses to control the viral reservoir, with a focus on cis-women with an XX sex chromosome living with HIV-1 (herein referred to as WLHIV). These differences will then be analyzed in the context of the development of an HIV-1 cure using a shock and kill approach by laying out the outstanding questions in the field and by speculating on approaches that account for sex-specific differences in HIV-1 infection.



Sex differences in the viral reservoir

The main obstacle to an HIV-1 cure is the establishment of a viral reservoir by HIV-1 upon infection that persists during cART. HIV-1 curative strategies are aimed at either eliminating or reducing the viral reservoir, or permanently silencing it, thereby abrogating the need for lifelong cART (5, 8). An outstanding question in HIV-1 cure research has been the development of a standardized technique to measure the viral reservoir (8). To date, multiple techniques have been used, each with its advantages and limitations (8). These techniques measure different stages of the latent virus and its reactivation from latency, including cell-associated HIV-1 DNA (total, integrated or intact), cell-associated viral RNA (both unspliced-US and multiply spliced-MS), viral proteins expression and the inducibility/replication-competence of viral RNAs (vRNAs) or proteins following latency reversal. Figure 1 depicts different stages of latency reversal and indicates sex-specific differences observed, as discussed below.
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FIGURE 1
 Sex-specific differences in HIV-1 Shock and Kill. The latent HIV-1 provirus needs to undergo multiple steps (in green) to effectively produce virus. Viral quantitation techniques measure different stages of latency reversal (in purple), including HIV-DNA, cell-associated HIV-1 vRNAs (both unspliced US and multiply spliced MS) and released viral protein or vRNA. The steps of the shock and kill approach are indicated in red pentagons: latency reversing agents (LRAs) to reactivate the provirus, followed by either induced cell death (ICD) or immune-mediated killing (ICK) strategies. ICK strategies may include checkpoint inhibition to enhance cytotoxic T-cell lymphocyte (CTL)-mediated killing. The multiple sex-specific differences, both reported and speculated, are depicted in orange boxes.



Are cell-associated HIV-1 DNA levels comparable between sexes?

Two early cross-sectional studies in ART-treated PLWH (n = 243, 28% women) (9) and (n = 522, 29% women) (10) that aimed to characterize the factors associated with a smaller viral reservoir by measuring total HIV-1 DNA found that WLHIV were more likely to have lower HIV-1 DNA levels than men. In a longitudinal study with 101 ART-treated donors (21% women), WLHIV also had lower levels of HIV-1 DNA, although the results did not reach statistical significance (11). In seminal work by Scully et al., sex differences in viral reservoir size and activity were specifically studied in a cohort of 84 well-matched ART suppressed men and WLHIV (49% women) (12). They observed comparable levels of total or integrated HIV-1 DNA between the sexes (12). Three later studies also observed no significant differences in total, integrated or intact HIV-1 DNA in men compared to WLHIV (13–15). This discrepancy could be because the earliest two studies (9, 10) were measuring HIV-1 DNA in whole peripheral blood mononuclear cells (PBMCs), rather than in isolated CD4+ T-cells and women have a different lymphocyte percentage in whole PBMCs before and after menopausal transition (16).

One longitudinal study also addressed sex-specific differences in reservoir dynamics during aging using more than 400 samples collected longitudinally from 90 donors (56% WLHIV) (17). They found that although both men and women have a significant decline in total HIV-1 DNA over time, WLHIV reservoirs are more dynamic and have a significantly slower rate of decline than men, a difference that becomes more pronounced with age (17). The onset of menopause can cause alterations in immune responses and viral replication in WLHIV [reviewed in Abelman and Tien (18)], which could contribute to this difference seen in slower reservoir decay in aging women. Work by the same group showed that in a sample size of 50 women, premenopausal women have lower levels of HIV-1 DNA than post-menopausal women (15), implying that some loss of viral control is observed after the onset of menopause, thereby resulting in an increase in the size of the viral reservoir. However, this study measured HIV-1 DNA from whole PBMCs and post-menopausal women have a higher percentage of leukocytes in PBMCs than pre-menopausal women (16), which may also explain this effect observed. An outstanding question in the field that remains is whether there is indeed a difference in reservoir size between post and pre-menopausal women when quantifying total, integrated or intact HIV-1 DNA from isolated CD4+ T-cells.



What is the significance of apparent lower MS-VRNA levels in WLHIV?

In a study by Scully et al. to assess sex-specific differences in the HIV-1 reservoir, no differences in cell-associated US-vRNA were observed between WLHIV and men. However, they reported that WLHIV have a six-fold lower expression of cell-associated MS-vRNA than men (12). This study also measured the inducibility of the viral reservoir by using TILDA, a reservoir quantification tool that measures the frequency of the induction of MS-vRNA transcripts. When normalized to the levels of integrated HIV-1 DNA, WLHIV had a statistically insignificant yet considerable two-fold decrease in the inducibility of the MS-vRNA transcripts compared to men (12). Another study by Gianelli et al. also reported that in a cohort of 99 PLWH (51% women), cell-associated MS-vRNA could be detected in only 54% of WLHIV, but it could be detected in all the male participants of the study (15). The production of MS-vRNA is associated with viral production and higher plasma vRNA levels (19) and the balance of MS-vRNA to US-vRNAs ratio can have implications for the maintenance of viral latency [discussed in Pasternak and Berkhout (20)]. Lower expression of MS-vRNA could explain why WLHIV have lower levels of plasma viral RNA and residual viremia during cART than men (21–23), but this needs to be validated with further research. It also remains to be assessed if sex-specific differences in alternative splicing (24, 25), differences in pharmacokinetics and pharmacodynamics of cART in WLHIV (26) or increased immune clearance of MS-vRNA-producing cells in WLHIV are responsible for lower cell-associated MS-vRNA levels in WLHIV. Other areas that warrant further investigation are to understand what the clinical implications of the apparent lower MS-vRNA levels in WLHIV are, whether this correlates to better immune control and the lower HIV-1 plasma levels observed in WLHIV (22), whether lower MS-vRNA levels in WLHIV result in less viral protein (p24) production upon restimulation and what the implications of this are in the readouts of the efficacy of HIV-1 curative interventions in clinical trials.



Do WLHIV have lesser inducible viral reservoirs than men?

Some reservoir quantitation techniques like the quantitative viral outgrowth assay (qVOA) measure the induction of replication-competent virus by measuring released viral proteins or vRNA in the produced virus. Using this technique, two groups describe conflicting reports on the effect of sex on the inducible viral reservoir (13, 14). In one study in Rakai, Uganda (n=90, 63% women), WLHIV had a lower replication-competent virus than men. In contrast, another report (n = 61, 36% women) could not find any differences in the frequency of cells harboring replication-competent virus as measured both by qVOA or by quantifying the intact HIV-1 DNA (14). These differences could be due to sampling size or other sources of variation such as the HIV-1 subtype since the study in Uganda had participants with predominantly D or A HIV-1 subtypes compared to the predominantly B HIV-1 subtypes present in the West where the other study was conducted. Further investigation is necessary to assess if WLHIV indeed have lower inducible reservoirs than men, whether the lower MS-vRNA observed in women contributes to these differences and whether sex-specific differences are comparable across different HIV-1 subtypes.




Sex differences in shock and kill

One of the most widely investigated strategies for an HIV-1 cure is known as the “Shock and Kill” approach which employs the use of latency-reversing agents (LRAs) to reactivate the viral reservoir followed by the use of pharmacological or immunomodulatory interventions to eliminate the reactivated infected cells (5). How sex-specific differences may influence the application of this strategy is discussed below and depicted in Figure 1.


Shock: How latency reversal may work differently for WLHIV

Post-integration HIV-1 latency is controlled by multiple epigenetic mechanisms like nucleosome positioning, histone modifications, DNA methylations or silencing activities mediated by non-coding RNAs [reviewed in Verdikt et al. (27)]. Most latency-reversing agents currently described target these stages epigenetic mechanisms to induce latency reversal. Sex-differences in DNA-methylation patterns have been reported in whole blood and brain samples (28, 29). Sex-differences in chromatin accessibility and histone modifications have also been reported (30, 31). Therefore, it is important to include participants of both sexes when assessing latency reversal agents that target epigenetic mechanisms. These differences could also be relevant when considering the “block and lock” approach to an HIV-1 cure involves permanently silencing the HIV-1 provirus by inducing silencing of the 5'-LTR of the virus.

Although latency was earlier speculated to be due to an inhibition of transcription initiation, it has recently come to light that latency is also regulated at post-transcriptional levels like vRNA splicing (32, 33). Although commonly used LRAs induce US-vRNA production, they do not induce robust MS-vRNA indicating a block at splicing (19, 32, 34), possibly contributing to their limited clinical efficacy in reducing the size of the viral reservoir. WLHIV produce lower levels of cell-associated MS-vRNA and are suggested to have lesser inducible viral reservoirs (12, 13). Therefore, the vRNA splicing block observed upon LRA treatment may be more pronounced in WLHIV, resulting in suboptimal latency reversal with lesser released viral proteins as a marker of the inducible viral reservoir. The development of LRAs that also modulate vRNA splicing may promote more robust latency reversal in WLHIV. Given the differences in MS-vRNA production in WLHIV and the clinical significance of MS-vRNA production (19), it is important that any studies, pre-clinical or clinical, that quantify latency reversal include a measurement of MS-vRNA as well as US-vRNA and then stratify their findings based on sex.

The increased viral control in WLHIV is also attributed to the findings that estrogen can inhibit HIV-1 transcription (35, 36) and can control viral replication also during acute HIV-1 infection (37). In untreated HIV-1 infection, plasma viral loads dropped as levels of β-estradiol increased in menstruating women (38). In a longitudinal study in cells from WLHIV, incrementally increasing levels of inducible MS-vRNA cells were observed during reproductive aging, as biologically active estrogen levels declined (17), thereby further implicating estrogen in being able to control HIV-1 viral production. Estrogen was shown to repress HIV-1 promoter activity by inducing the formation of a complex containing β-catenin that binds the HIV- LTR (36). In an unbiased shRNA screen, the estrogen receptor ESR-1 was found to be a negative regulator of viral reactivation by accumulating on the HIV-1 LTR, with ESR-1 agonists reinforcing HIV-1 latency and antagonists reactivating HIV-1 (39). In a primary CD4+ T-cell model of HIV-1 latency, ESR-1 agonists like tamoxifen were also shown to synergise with known LRAs like SAHA or TNF-α (39). In a cohort of 12 matched donors (50% women), latency reversal in cells from WLHIV by T-cell receptor engagement resulted in lower production of MS-vRNA than in males. The addition of ESR-1 agonists further decreased MS-vRNA induction in cells from both sexes with more robust effects in cells from WLHIV (39), a finding also later observed by Scully et al. (12). Conversely, a combination of an ESR-1 antagonist with SAHA resulted in a more robust latency reversal in cells from WLHIV than in those from men (39). Follow up work resulted in a clinical trial with 31 post-menopausal WLHIV to assess if tamoxifen and SAHA treatment could result in enhanced latency reversal in vivo than SAHA alone (40). No synergistic activity was observed in co-treated participants, but this could also be alluded to the modest latency reversal by SAHA, the postmenopausal status of participants and low levels of vRNA expression below limits of detection result. This study however was the first ever HIV-1 cure clinical trial to be conducted exclusively in women, and further work is necessary to address how latency reversal can be influenced by sex hormones like estrogen. This is also very relevant for trans-women living with HIV-1 who may be on gender-affirming hormone therapy. Since most of the studies on the effect of estradiol on latency reversal were conducted using subtype-B HIV-1, it still remains to be assessed if similar effects of estradiol are observed in non-B HIV-1 subtypes that have distinct LTRs. This may have implications for latency-reversal approaches and it may be possible that women require an additional intervention to antagonize ESR-1 to sensitize them for more effective latency reversal.



Kill: How do we target the viral reservoir in WLHIV?

The second aspect of the shock and kill approach involves the clearance of the reactivated cells by pharmacological or immunomodulatory interventions that depend on the host immune response, of which biological sex is an important determinant (41), also in the context of HIV-1 (7). One approach to clear the reservoir is by pharmacologically inducing cell death (ICD) by activating the host innate immune pathways to trigger selective cell death of infected cells (42); as we have shown with the use of inhibitors of DEAD-box helicase 3X (DDX3) that induced the production of pro-apoptotic Type-I interferons (IFNs) in vRNA-expressing cells resulting in their selective cell death and a reduction in the size of the inducible reservoir (43). Women are reported to produce higher levels of IFN-α upon toll-like receptor (TLR)7 stimulation as compared to men (44), mediated by the stimulatory effect of estrogen on plasmacytoid dendritic cells (pDCs) function (45). This is also observed in HIV-1 infection where higher levels of TLR-7-induced IFN-α and Interferon-stimulated genes (ISGs) production have been reported in WLHIV (14, 46, 47). TLR7 agonists are highly investigated in HIV-1 cure approaches due to their latency reversal and immunomodulatory effect [reviewed in Martinsen et al. (48)], and their use may result in different effects in WLHIV that need to be considered and reported in clinical trials. Given that IFNs and ISGs are key mediators of apoptosis (49), also in the context of viral infections (43, 50), it remains to be studied if ICD approaches to target the viral reservoir may demonstrate sex-specific differences due to enhanced IFN-α production in WLHIV. Another outstanding question is if the apparent splicing block of vRNAs in WLHIV leads to the accumulation of intron-containing US-vRNA that is a potent activator of innate immune signaling (51, 52), thereby resulting in increased innate immune responses in WLHIV.

An alternative approach to clear the viral reservoir is to stimulate infected cell killing (ICK) by enhancing humoral or cell-mediated immune responses with broadly neutralizing antibodies, therapeutic vaccinations, engineered T-cells or other immunomodulatory agents to eliminate reactivating cells (53). Immune exhaustion is prevalent during chronic HIV-1 infection, with increased expression of immune checkpoint PD-1 on infected cells (54). Lower levels of PD-1 were reported in CD4+ and CD8+ T-cells from WLHIV (12) and the size of the inducible viral reservoir was positively correlated with PD-1 expression in men, but not in WLHIV (13). Another study did not observe any difference in PD-1 expression in WLHIV and men (14), but differences in sample size number and participant characteristics could explain this apparent lack of phenotype. Immune checkpoint inhibitors are widely explored as immunomodulators in controlling HIV-1 [reviewed in Castelli et al. (55)], and with the reported sex-specific differences in immune checkpoint marker expression in WLHIV, the use of these inhibitors needs to be specifically evaluated in WLHIV. Although sex-specific differences in broadly-neutralizing antibody production and HIV-1 vaccine responses have not been explicitly reported, the sex-specific differences in general immune responses (41) warrant further attention to evaluating ICK in HIV-1 cure trials.




Reduce and control for WLHIV

In the HIV-1 cure field, studies indicate that the complete elimination of the viral reservoir is unlikely to be achieved with the current approaches. Therefore, shock and kill can be used to reduce the size of the reservoir, not eliminate it, followed by approaches to enhance post-ART viral control, a strategy known collectively as “reduce and control” providing a functional cure for HIV-1 (8). Effective viral control is observed in “elite controllers” who can spontaneously control viremia or “post-treatment controllers” who have sustained viral suppression after interruption of ART (56, 57). In one case report, a WLHIV who demonstrated elite control of the virus had no detectable provirus in >1.5 billion cells, indicating a possibility of spontaneous viral clearance (58). Pharmacologically reinforcing the splicing block observed in WLHIV who have lower levels of MS-vRNA could also lead to enhanced viral control. Some studies demonstrate that WLHIV are more likely to be elite controllers than men (crude odds ratio, 2.35; 95% confidence interval (CI), 1.63–3.37) (59, 60). These reports indicate that the “reduce and control” approach may also demonstrate sex-specific differences that can be exploited.



Outstanding questions and what we can do

An HIV-1 cure has been elusive in the last 40 years of living with the virus, and sex-specific differences in HIV-1 biology may further occlude the development of a scalable cure effective in WLHIV. This mini-review has laid out some key areas of investigation in context of the shock and kill HIV-1 cure approach, but multiple questions remain to understand HIV-1 persistence in WLHIV and how this may influence a cure. For example, it is still not understood if the viral reservoir in WLHIV is harbored in the same anatomical locations as in men or if the provirus is contained in the same CD4+ T-cell subsets. Although this mini-review is focussed on cis-women, HIV-1 cure studies also need to include transgender individuals since they are disproportionally burdened by HIV-1 (61). HIV-1 cure clinical trials need to be designed to ensure sufficient representation of WLHIV and their participation must be actively encouraged. This is critically important given the demonstrated differences in pharmacokinetics and pharmacodynamics in women (26), also in response to antiretroviral treatment (62), that could affect drug delivery in WLHIV. Gene therapy is also a widely pursued approach to an HIV-1 cure [reviewed in Peterson and Kiem (63)] and although no sex differences in in vitro efficacy of gene editing strategies have been reported, in vivo delivery of these therapies may be require a different approach in WLHIV because of the distinct pharmacokinetic profiles of women. Time to viral rebound followed by analytical treatment interruption is a common endpoint in HIV-1 cure trials, and since women are better at controlling viral replication, they may take longer to viral rebound (64). Moreover, since viral reservoirs may be less inducible in WLHIV and produce less MS-vRNA, trial design must take into account these differences by using appropriate clinical endpoints. Sex-specific differences must also be accounted for in pre-clinical HIV-1 research. Studies using cell lines should report the sex of the cell line used since this can also influence results (65). When using primary cells in vitro models of HIV-1 latency and ex vivo cells from PLWH in pre-clinical, the sex of the donors need to be taken into account when analyzing the results. Finally, in all pre-clinical and clinical HIV-1 cure research that measure latency reversal, immune activation or reservoir depletion, sex stratification and reporting of data will contribute to filling in the many gaps in understanding HIV-1 persistence in WLHIV. Only if we can effectively treat WLHIV, can we control the current global pandemic.
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