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Abstract

:

A cure for HIV-1 (HIV) remains unrealized due to a reservoir of latently infected cells that persist during antiretroviral therapy (ART), with reservoir size associated with adverse health outcomes and inversely with time to viral rebound upon ART cessation. Once established during ART, the HIV reservoir decays minimally over time; thus, understanding factors that impact the size of the HIV reservoir near its establishment is key to improving the health of people living with HIV and for the development of novel cure strategies. Yet, to date, few correlates of HIV reservoir size have been identified, particularly in pediatric populations. Here, we employed a cross-subtype intact proviral DNA assay (CS-IPDA) to quantify HIV provirus between one- and two-years post-ART initiation in a cohort of Kenyan children (n = 72), which had a median of 99 intact (range: 0–2469), 1340 defective (range: 172–3.84 × 104), and 1729 total (range: 178–5.11 × 104) HIV proviral copies per one million T cells. Additionally, pre-ART plasma was tested for HIV Env-specific antibody-dependent cellular cytotoxicity (ADCC) activity. We found that pre-ART gp120-specific ADCC activity inversely correlated with defective provirus levels (n = 68, r = −0.285, p = 0.0214) but not the intact reservoir (n = 68, r = −0.0321, p-value = 0.800). Pre-ART gp41-specific ADCC did not significantly correlate with either proviral population (n = 68; intact: r = −0.0512, p-value = 0.686; defective: r = −0.109, p-value = 0.389). This suggests specific host immune factors prior to ART initiation can impact proviruses that persist during ART.
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1. Introduction


In its fourth decade of reported cases [1], the ongoing HIV-1 (HIV) pandemic has resulted in roughly 40 million people currently living with HIV, with a disproportionate amount of the global burden located in low- and middle-income countries primarily in sub-Saharan Africa [2]. Though access to antiretroviral therapy (ART) can allow for a near-normal lifespan [3], a cure for HIV remains elusive, as the virus can persist during ART as a latent provirus due to the integration of the HIV genome into that of its host cell. This results in the formation of a reservoir of long-lived, quiescent cells harboring latent HIV provirus capable of host immune evasion and stochastic reactivation, all of which represent a barrier to cure [4,5,6,7]. While the vast majority of persistent provirus during ART is defective [8,9,10] due to large internal deletions or hypermutations [11,12], a fraction of proviruses are intact, of which a subset is able to produce replication competent virus. As a result, cessation of ART ultimately results in rebound of viremia, necessitating life-long administration of ART [5,7,13,14,15].



Despite viral suppression on ART, people living with HIV tend to have increased immune activation and inflammation markers [16,17,18] which are associated with a litany of adverse health outcomes such as cardiovascular disease [19,20], neurological disorders [21], diabetes [22], cancer [23,24], and accelerated aging [25,26,27,28]. Cells harboring HIV provirus, whether intact or defective [10,29,30,31,32,33], are drivers of this chronic immune activation due to their ability to persistently produce and present viral antigens [34], with the size of the reservoir positively associated with inflammation markers [35,36] and risk of comorbidities [21]. Additionally, several studies have demonstrated an inverse relationship between HIV reservoir size and time to viral rebound upon ART interruption, fueling speculation that a functional cure for HIV may be possible by limiting the reservoir’s size [37,38,39,40]. Though the size of the reservoir that persists on ART can vary significantly between people, its rate of decay is low across individuals [41,42]. Thus, it is important to identify correlates of a reduced HIV reservoir and to develop interventions to mediate such a reduction [43].



The notion that an exceedingly low reservoir size can result in a functional cure has received considerable attention in the setting of pediatric HIV infection. There have been several reported cases of children with extremely small reservoirs who initiated ART during very early life who maintained viral suppression for years after ART interruption, perhaps the most notable being the “Mississippi baby” [44,45,46,47]. Larger studies corroborate these findings, revealing that ART initiation within the first year of life is beneficial for limiting pediatric reservoir size [46,48,49]. While early ART initiation in children is common in high resource settings like Europe and North America, children in sub-Saharan Africa, who represent the majority of children living with HIV, typically begin ART during chronic HIV infection [50]. Initiation of ART during chronic infection in children results in a latent reservoir size comparable to that observed in adult populations [51], with long-term ART in children also associated with adverse health outcomes and increased immune activation [52,53,54]. Yet studies of the pediatric HIV reservoir, especially those related to its establishment during chronic HIV infection, remain limited compared to those in adults. Additionally, despite representing a smaller fraction of global HIV cases, most studies on this subject are conducted in resource-rich countries where HIV subtype B is dominant [55,56]. Thus, further work to understand factors that influence the HIV reservoir in pediatric cohorts, particularly in cohorts representing populations where HIV prevalence is highest and the dominant circulating strains are non-subtype B, is crucial [57,58,59].



Although HIV integrates its genome into host cells during viral replication throughout untreated infection, the majority of archived proviral sequences that persist during ART appear to be seeded near the time of ART initiation, as they are typically genetically similar to those of circulating viruses at that time [60,61,62]. This suggests that factors present at ART initiation may impact reservoir seeding and composition and that interventions targeting the HIV reservoir may be advantageous to initiate at this critical time. The host immune response has been implicated as one such factor. For example, studies have shown that cells harboring latent provirus exhibit resistance to CD8+ T cell killing suggesting selection for CTL escape [63,64,65]; however, CD8+ T cell depletion in macaques at ART initiation does not impact the size of the established SIV reservoir [66]. Conversely, broadly neutralizing antibodies (bNAbs) have been shown to prolong viral suppression after ART interruption in humanized mice [67,68], nonhuman primates [69,70], and humans [71,72,73,74,75]. This suggests that in addition to neutralizing capabilities, these administered antibodies may also reduce the latent reservoir. Indeed, animal models have demonstrated the ability of bNAbs to clear HIV-infected cells [73] and even interfere with reservoir establishment through Fc-FcR-mediated mechanisms [67], implying that Fc-mediated effector functions, including antibody-dependent cellular cytotoxicity (ADCC), could influence reservoir establishment.



While these studies focus on the effect of heterologous antibody therapies, fewer studies have investigated the ability of antibodies induced by natural infection to impact the HIV reservoir. A recent study showed that contemporaneous antibodies blocked the viral outgrowth of a majority of viruses in the latent reservoir [76], indicating the ability of infection-induced antibodies to recognize and inhibit reactivated virus. Additionally, ex vivo studies have demonstrated the ability of autologous antibodies to mediate ADCC against paired reactivated CD4+ T cells [77,78,79]. Together, these studies suggest autologous antibodies may influence the HIV reservoir through mechanisms such as ADCC. HIV Env-specific ADCC activity has previously been shown to correlate with clinical outcomes including HIV transmission/acquisition [80,81,82,83], survival [83,84,85,86,87], and elite controller status [88,89,90,91]. However, no studies to date have evaluated the association between HIV infection-induced ADCC and proviral DNA levels that persist during ART.



In this study, we tested the hypothesis that HIV Env-specific ADCC activity at the time of ART initiation inversely correlates with the size of the established HIV reservoir. We leveraged samples from the Pediatric Adherence Diary (PAD) study [92] that enrolled ART-naïve children in Kenya living with HIV with longitudinal samples collected over several years during continuous ART. Using the rapid and fluorometric ADCC (RFADCC) assay [93] that was previously shown to correlate with pediatric clinical outcomes [84,85], and the newly developed cross-subtype intact proviral DNA assay (CS-IPDA) [94], this study investigated the relationship between pre-ART ADCC activity and levels of HIV provirus in children during ART. Our findings suggest that higher HIV Env gp120-specific ADCC activity in plasma at the time of ART initiation may reduce total and defective provirus levels during ART, but not the intact reservoir.




2. Materials and Methods


2.1. Cohort


Between 2004 and 2005, the Pediatric Adherence Diary (PAD) study enrolled ART-naïve children living with HIV in Nairobi, Kenya, aged 18 months to 12 years, in a longitudinal clinical trial to evaluate adherence diaries during ART [92]. The study provided ART at the enrollment visit to 103 children, and blood samples were collected at enrollment and again every three to six months during the first two years after ART initiation for those who remained in follow-up. The study was approved by the University of Washington and Fred Hutchinson Cancer Center Institutional Review Boards and Kenyatta National Hospital Ethics and Research Committee. Caregivers provided written informed consent for their children’s participation and for the use of banked samples in future studies.




2.2. HIV RNA/DNA Measurement


HIV RNA was previously measured in longitudinal plasma samples using Gen-Probe HIV RNA assay with a lower limit of detection of 150 copies/mL [95]. PBMC samples were selected for HIV DNA quantification from timepoints between 12- and 24-months post-ART initiation that had viral suppression (HIV RNA levels < 1000 copies/mL). From the original cohort (n = 103), samples that met this inclusion criteria were available for 72 participants, with up to two PBMC samples available per child. If two PBMC samples from the same child met the inclusion criteria, we quantified HIV provirus in both samples and averaged the two measures. To account for the diverse subtypes of HIV circulating in Kenya [96], CS-IPDA [94] was used to measure the number of total and intact proviral copies isolated from cryopreserved PBMCs. Low-shearing genomic DNA extraction and CS-IPDA were performed as previously described [97]. CS-IPDA reactions were completed in triplicate with additional replicates performed on samples with no detectable intact provirus until either intact provirus was detected or a minimum of 105 cells were interrogated. The CS-IPDA can detect a single copy of intact provirus; samples with undetectable intact provirus were set to 0.5 copies over the number of cells interrogated normalized to 106 cells. In a prior analysis, less than 1% of intact sequences were incorrectly classified as defective, which suggests that underestimating intact provirus because of sequence diversity is rare [94]. The number of defective proviral copies was determined by subtracting the number of intact proviral copies from the total number of proviral copies. Intact provirus levels were only measured if samples had ≤40% DNA shearing as measured by the RPP30 reference assay [97,98]. Thus, total provirus data were included in our analysis for all 72 participants, while intact and defective HIV proviral copies were included for 65 participants that had DNA shearing rates ≤40%.




2.3. Rapid and Fluorometric ADCC Assay


The rapid and fluorometric ADCC (RFADCC) assay, which has been associated with clinical outcomes [82,84,85] and is correlated with results from different ADCC assays [85], was performed as previously described [85,93] to measure HIV Env-specific ADCC activity at study enrollment (time of ART initiation) using plasma samples heat-inactivated at 56 °C for 1 h. Briefly, the cytosols of CEM.NKR cells (NIH AIDS Reagent Program, Catalog #458) were stained with CFSE dye (Vybrant CFDA-SE. Cell Tracer Kit, Invitrogen, Waltham, MA, USA) followed by cellular membrane staining with either CellVue Claret Far Red cell linker dye (Sigma Aldrich, Saint Louis, MO, USA) or PKH26 cell linker dye (Sigma Aldrich). These double stained cells were then coated with either Clade A BG505.W6M.ENV.B1 gp120 (Cambridge Biologics, Brookline, MA, USA; GenBank: ABA61515), Clade A/D BL035.W6M.ENV.C1 gp120 (Immune Tech, New York, NY, USA; GenBank: DQ208480), or Clade C ZA.1197MB gp41 (Immune Tech; GenBank: AY463234) antigen at a ratio of 1.5 ug of antigen per 100,000 cells for one hour at room temperature. The clade A BG505 gp120 antigen, which was derived from a Kenyan infant living with untreated HIV infection, is the dominant HIV clade circulating in Kenya [96], and the clade A/D recombinant BL035 gp120 antigen has previously been shown to be representative of gp120 from diverse clades when used in the RFADCC assay [84]. The ZA.1197MB gp41 antigen represents one of the few gp41 antigens derived from a primary isolate. During the one-hour coating step, plasma samples were diluted to either 1:100,000 if BG505 gp120 was the coating antigen or 1:32,000 if BL035 gp120 or ZA.1197 gp41 was the coating antigen. These dilutions were experimentally determined to provide the best separation of measurements across samples from this specific cohort for each individual antigen while also avoiding a prozone effect. Additionally, monoclonal antibodies serving as positive controls were diluted to 100–500 ng/mL, and an Anti-HIV Immune Globulin (HIVIG, NIH ARP, Catalog #3957) positive control and a Human Negative Control Serum (NIH ARP, Catalog #2411) were both diluted to a 1:5000 dilution. All samples were diluted in RPMI containing penicillin (100 U/mL), streptomycin (100 µg/mL), amphotericin B (250 ng/mL), L-glutamine (2 mM), and fetal bovine serum (10%) (RPMI complete). Following the one-hour antigen coating step, the double stained cells were washed, and a total of 5000 double-stained, coated target cells were added to 100 µL of each plasma or control dilution in duplicate in a 96 well U bottom TC-treated plate (Corning, Corning, NY, USA). The target cells and plasma dilutions were mixed and then incubated for 15 min at room temperature, followed by the addition of 250,000 PBMCs from a seronegative donor for an effector to target cell ratio of 50:1. These cells were then left at 37 °C for four hours to allow for RFADCC activity to occur and then washed and fixed in 2% paraformaldehyde (Santa Cruz Biotechnology, Dallas, TX, USA). The next day, RFADCC activity was measured via flow cytometry (BD Symphony). The CFSE, CellVue, and PKH26 dyes were detected in the FITC, APC, and PE channels, respectively. The collected data were then analyzed using FlowJo (v.9.9, Treestar). ADCC was determined as the percentage of either PKH or CellVue-positive, CFSE-negative cells out of the total PKH, or CellVue-positive cells after subtracting for background activity. Background ADCC was determined as the ADCC activity of media against uncoated target cells, which was set to 3–5%. All data were then normalized to the average ADCC activity measured in the HIVIG positive control wells. Three biological replicates, each consisting of two technical replicates, were performed for each antigen. For BG505 gp120 and ZA.1197 gp41 antigens, all three biological replicates were performed using seronegative PBMC donor cells from a different donor to assure that the results were not specific to a particular PBMC donor. The three biological replicates carried out for the BL035 gp120 antigen were performed using PBMCs from two different seronegative donors. The results for both BG505 and BL035 gp120 antigens across all replicates were averaged for each child to report one gp120-specific percent ADCC.




2.4. Statistical Methods


To reduce skewness, all HIV provirus and ADCC data were log transformed for analyses. Pearson correlation coefficients were generated to test for associations between each proviral category and both gp120 and gp41-specific ADCC activity. ADCC data were also stratified into two groups labeled either “ADCC ≥ Median” or “ADCC < Median” based on a participant’s plasma ADCC activity in relation to the cohort median. The ADCC data were additionally stratified into two groups labeled “ADCC High” for those in the highest quartile of ADCC activity or “ADCC Low” for those in the lowest quartile. Student’s T-tests were performed to test for differences in the mean copy number of HIV provirus between ADCC groups. Multivariable linear regression models with backward stepwise selection were used to assess potential predictors of each category of HIV provirus and address confounding effects. Age at ART start, a proxy for time to ART, was included in the model given its established clinical significance. Other potential predictors included pre-ART CD4 percent, pre-ART viral load (log10 copies/mL), gp120 ADCC levels, and gp41 ADCC levels. A pre-determined cutoff for statistical significance was set at a p-value of ≤0.05, with 0.05 < p-value ≤ 0.01 deemed a trend. All analyses were performed using GraphPad Prism Version 9.5.0 or R version 4.0.4 (R Core Team 2021).




2.5. Cell Lines


In the RFADCC assay, CEM.NKR cells (RRID: CVCL_X622; originally derived from female human T-lymphoblastoid cells) were used as target cells. These cells were obtained from the NIH AIDS Reagent Program (cat #: 458) and maintained at 37 °C in RPMI 1640 media with penicillin (100 U/mL), streptomycin (100 µg/mL), amphotericin B (250 ng/mL), L-glutamine (2 mM), and fetal bovine serum (10%) added. We did not further authenticate the cells.





3. Results


3.1. Study Population and Baseline Characteristics


Children living with HIV in Nairobi, Kenya were provided ART at enrollment into the Pediatric Adherence Diary (PAD) study [92] and monitored through two years of longitudinal follow-up visits. For this study, plasma and PBMC samples that met our inclusion criteria, described in Materials and Methods, were available from 72 of the participating children. The median age at study enrollment was 4.92 years, ranging from 1.29 to 12.7 years. Pre-ART median viral load in this cohort was 5.96 log10 copies/mL (min: 4.18, max: 6.96), with median CD4 percent at 6.30% (min: 0.700%, max: 73.4%) and a median CD4 count of 354 cells/mm3 (min: 15.0, max: 2009). Both CD4% and CD4 count are reported because in newborns, the absolute number of T cells is much higher than in adults and gradually decreases to adult-like levels between the ages of six and 12; thus, CD4% is used when comparing children of varying ages [99,100]. Of the children in our study with CD4% data at study enrollment, 79% (n = 45) had a CD4% < 15%, which is considered immunosuppressed, and 21% (n = 12) were not immunosuppressed (CD4 ≥ 15%). Participants assigned female at birth represented 54% (n = 39) of the cohort, with those assigned male representing 46% (n = 33). Following study enrollment, nearly all participants (n = 70) started an ART regimen consisting of one non-nucleoside reverse transcriptase inhibitor (NNRTI) and two different nucleoside reverse transcriptase inhibitors (NRTI), with one participant receiving a triple NRTI regimen and one receiving a combination of one NNRTI, one NRTI, and one protease inhibitor (Table 1).




3.2. Quantifying Persistent HIV Provirus


The CS-IPDA [94], a three-target digital droplet PCR, was used to measure the number of intact and total proviruses per one million CD4+ T cells using available cryopreserved PBMCs obtained between 12 and 24 months post-ART initiation during viral suppression. The number of defective proviruses, defined as those lacking at least one region of the genome detected by CS-IPDA, was determined by subtracting the number of intact from the total HIV proviral copies. Though this assay cannot directly measure replication competence and may overestimate reservoir size if defects in the genome occur outside of the probed regions, intact (containing all three targets) provirus is used as a proxy measure for the replication competent reservoir, as IPDA measurements correlate with results from the quantitative viral outgrowth assay (QVOA) [101]. Due to the QVOA’s requirement for a high volume of sample input, the CS-IPDA was employed, as it is a high-throughput assay that requires less sample volume, can interrogate provirus across clades, and has an absolute limit of detection of one copy per reaction [94]. In this study, there was a considerable range in the number of proviral copies per one million CD4+ T cells measured for total (median: 1729, min: 178, max: 5.1 × 104), intact (median: 99, min: 0, max: 2469), and defective (median: 1340, min: 172, max: 3.84 × 104) provirus (Figure 1A). As has previously been observed [8,9,10], the vast majority of detected provirus was defective (mean % defective: 86.3%, range: 6.5–100%).




3.3. HIV Env gp120-Specific ADCC Activity Is Inversely Associated with Levels of Defective Provirus


Most of the HIV reservoir is established near the time of ART initiation [60,61,62]; thus, plasma ADCC activity against HIV Env gp120 was evaluated at study enrollment just prior to ART start. We independently tested two gp120 antigens, BG505 and BL035, which were both derived from Kenyan infants living with HIV. The average ADCC activity for each participant measured against BG505 was highly significantly correlated with ADCC activity measured against BL035 (r = 0.773, p-value = <0.0001) (Supplementary Figure S1A). The results for both antigens across three replicates were averaged for each child to report one gp120-specific percent ADCC. Median cohort ADCC activity against gp120 was 62.0%, ranging from 25.1% to 161% when normalized to the activity of a standard HIV plasma pool (Figure 1B).



To test our hypothesis that pre-ART HIV Env-specific ADCC activity is inversely associated with the size of the HIV reservoir, we first examined how pre-ART gp120-specific ADCC activity correlated with levels of total HIV provirus during ART. The results demonstrated a trend for an inverse association between HIV Env gp120-specific ADCC activity and the level of total provirus that persists during ART (r = −0.214, p-value = 0.0707) (Figure 2A). Since total HIV provirus comprises both intact and defective proviruses, we repeated the analysis for these two proviral categories separately. Based on studies demonstrating faster natural decay of cells harboring intact compared to defective provirus on long-term ART [102,103,104,105], we anticipated an inverse association with gp120-specific ADCC activity and the size of the intact reservoir but not with levels of defective provirus. To our surprise, there was no observed association between the size of the intact reservoir and gp120-specific ADCC activity (r = −0.0321, p-value = 0.800) (Figure 2B). In contrast, the results did demonstrate a statistically significant, moderate inverse association between gp120-specific ADCC activity and levels of defective HIV provirus (r = −0.285, p-value = 0.0214) (Figure 2C). We also performed these same analyses with a more restrictive inclusion criteria to only include reservoir measurements from samples taken with viral suppression both at reservoir measure as well as for six months prior. This yielded similar results, demonstrating a trend for an inverse association between gp120-specific ADCC and levels of defective provirus (Pearson correlations: total: r = −0.155, p-value = 0.208; intact: r = 0.0194, p-value = 0.881; defective: r = −0.219, p-value = 0.0867). In this analysis, a decrease in statistical significance was observed, potentially due to a decrease in statistical power (total: n = 68 versus n = 72; intact and defective: n = 62 versus n = 65).



To further examine these associations, each participant was stratified based on ADCC activity relative to the median ADCC activity of the cohort. The two groups were labeled either “ADCC ≥ Median” or “ADCC < Median.” T-tests were performed to assess differences in mean HIV proviral copies between the two groups. This analysis did not demonstrate significantly fewer total HIV proviral copies, on average, in the ADCC ≥ Median compared to the ADCC < Median group (p-value = 0.112) (Figure 2D). There was also no significant difference for the mean number of intact proviral copies between the two groups (p-value = 0.420) (Figure 2E). Additionally, the ADCC ≥ Median group also did not demonstrate statistically significantly fewer defective proviral copies compared to the ADCC < Median group, though the results appeared to potentially be in that direction (p-value = 0.176) (Figure 2F). To further separate those with high and low ADCC, a binning approach was performed by including participants with ADCC activity at, or above, the cohort 75th percentile into an “ADCC High” group (n = 18) and participants with ADCC activity at, or below, the 25th percentile into an “ADCC Low” group (n = 18). The results demonstrated no change in statistical significance for total provirus (p-value = 0.254) or intact provirus (p-value = 0.280) but did demonstrate a shift to a statistically significant difference between the two groups for mean defective proviral copies (p-value = 0.0232) despite the smaller sample size (Supplemental Figure S2A–C).



To address potential confounding effects, we ran univariate analyses to test for an association of age at ART start, pre-ART viral load, CD4%, and CD4 count, independently, with the levels of each proviral category. While we do not know the exact timing of seroconversion for each child, we assume vertical transmission near the time of birth and use participant age at ART start as a proxy for time to ART initiation. In univariate analysis, none of the potentially confounding factors we analyzed were significantly associated with the levels of any proviral category in our cohort. However, as several studies have reported an association with time to ART initiation and the size of the HIV reservoir in children [45,106,107], we performed a multivariate linear regression controlling for time to ART initiation in the model. This analysis also demonstrated a moderate inverse correlation of gp120-specific ADCC activity with levels of defective HIV provirus in both a univariate linear regression (coefficient = −0.635, p = 0.0202) and a multivariate model controlling for age at ART start (coefficient = −0.588, p = 0.0414) (Supplementary Table S1). Taken together, the results suggest increased ADCC activity against HIV Env gp120 may be associated with a reduced number of defective, but not intact, copies of HIV provirus during ART.




3.4. HIV Env gp41-Specific ADCC Activity Is Not Associated with Levels of Persistent HIV Provirus


Since HIV Env consists of both gp120 and gp41, we next wanted to determine if gp41-specific ADCC activity demonstrated the same associations with levels of HIV provirus as those observed for gp120-specific ADCC. Median gp41-specific ADCC activity across the cohort was 41.4%, ranging from 11.8% to 96.7% (Figure 1B). The ADCC activity specific for gp41 strongly correlated with the ADCC activity specific for gp120 (r = 0.511, p-value < 0.0001) (Supplemental Figure S1B). However, there was no statistically significant association observed between gp41-specific ADCC activity and total proviral levels (r = 0.110, p-value = 0.356) (Figure 3A). Examining each individual proviral category, we again observed no significant association between gp41-specific ADCC activity and neither the size of the intact reservoir (r = −0.0512, p-value = 0.686) (Figure 3B) nor the number of defective proviral copies (r = −0.109, p-value = 0.389) (Figure 3C). Multivariate linear regression analyses controlling for potential confounding effects, as described above, for gp41-specific ADCC activity reported similar results (Supplementary Table S1). When the analyses were run with the inclusion criteria requiring viral suppression at the time of HIV DNA quantification as well as for six months prior, again we did not observe a significant change in the reported results (Pearson correlation: total: r = 0.150, p-value = 0.223; intact: r = −0.0185, p-value = 0.887; defective: r = −0.0720, p-value = 0.578).



Employing the previously described binning approach in relation to the cohort median gp41-specific ADCC activity, no significant difference was observed between the two groups for mean total (p-value = 0.538), intact (p-value = 0.508), or defective (p-value = 0.531) copies of HIV provirus (Figure 3D–F). When binning was performed based on a participant’s relation to the cohort 75th and 25th percentile, there was no change in the observed statistical significance for any of the proviral categories (total: p-value = 0.242; intact: p-value = 0.742; defective: p-value = 0.770) (Supplementary Figure S2D–F). Therefore, in contrast to what was observed with gp120-specific ADCC activity, ADCC activity against HIV Env gp41 at the time of ART initiation is not associated with levels of any proviral category. These contrasting findings suggest a unique role for ADCC-mediating antibodies specific for gp120 to impact the persistent proviral landscape during ART.





4. Discussion


The cytolytic nature of host immune-mediated effector functions such as ADCC supports the potential for antibody responses present prior to ART to impact the establishment of the HIV reservoir, yet our understanding of this remains limited. To address this, we assessed the association between pre-ART HIV Env-specific ADCC activity and levels of persistent HIV provirus. The results suggest a moderate inverse correlation between gp120-specific, but not gp41-specific, ADCC activity and levels of defective persistent provirus. The moderate nature of this observed association may reflect the fact that several factors presumably impact establishment of persistent HIV provirus, with our results implicating gp120-specific ADCC as one of these factors. Interestingly, we did not observe this same association with the size of the intact reservoir, which adds to the mounting evidence of potential differences in kinetics between these two proviral populations [101,102,104,105].



HIV Env is presented on the surface of reactivated latent cells largely as gp120 or gp41 monomers [108] and is the main HIV protein targeted by ADCC-mediating antibodies [109,110], with ADCC epitopes predominately exposed when Env binds CD4 within the same infected cell [78,79,110,111]. Importantly, HIV uses its Nef and Vpu proteins to downmodulate cell surface levels of CD4, decreasing Env-CD4 interactions and limiting exposure of ADCC epitopes [110,112,113]. Thus, one hypothesis to explain the differences we observed in associations between gp120-specific ADCC and intact, versus defective, HIV provirus is that a defective provirus with nonfunctional Nef and/or Vpu could result in suboptimal CD4 downregulation, promoting exposure of Env-CD4-induced epitopes on a cell’s surface and increasing susceptibility to ADCC-mediated clearance [114,115,116]. Studies probing the detailed structure of defective proviruses and the corresponding functionality of their Nef and Vpu genes would be needed to test this hypothesis.



While epitope targets capable of mediating ADCC are found in both gp120 and gp41 subunits [117,118], gp41-specific ADCC activity did not significantly correlate with levels of persistent provirus in our study. The Env trimer regularly sheds its gp120 subunit, leaving a gp41 stump displaying an immunodominant epitope on its ectodomain [119,120], which is the primary antibody target during acute HIV infection [120,121]. However, due to its highly variable nature, gp120 continually escapes antibody responses during chronic HIV infection, promoting a broad polyclonal antibody response resulting in gp120 becoming the dominant antibody target [120,122,123,124]. This could similarly lead to increased ADCC activity targeting gp120 versus gp41. Thus, one hypothesis to explain the differences we observed in associations with HIV provirus levels and gp120-specific ADCC compared to gp41-specific ADCC activity is that there is a greater quantity, and quality, of antibodies targeting gp120 compared to gp41.



Our results demonstrating an inverse association between gp120-specific ADCC activity and levels of defective HIV provirus are particularly interesting given that ADCC-mediating antibodies specific for the V2 region in gp120 were identified as correlates of protection in the moderately successful RV144 vaccine trial [81]. This finding is notable as therapeutic vaccines intended to mediate clearance of cells harboring HIV provirus are currently beginning to enter clinical trials [125,126]. The results of this study provide evidence to support consideration of ADCC activity as an immune outcome measure in these trials. While our observation that gp120-specific ADCC activity inversely correlates only with levels of defective provirus, an intervention capable of targeting cells with defective provirus could still prove useful in decreasing the overall number of cells capable of contributing to chronic immune activation during long-term ART [10,29,30,31,32,33].



There are several limitations to our study, the most relevant being that the investigated cohort included a wide age range at time of ART initiation. This is pertinent because for children living with untreated HIV infection, by the age of two, there is approximately a 50% mortality rate [58,59,127], reaching 80% by the age of five [128]. Thus, the children in this study include the roughly 20% of children who lived past age five despite untreated HIV infection. Therefore, the cohort studied here may represent a unique population with less applicability to the broader population. This study also had several unique strengths, including access to pediatric samples beginning at the point of ART initiation. By leveraging the CS-IPDA, this study investigated intact and defective proviruses separately, which is important as recent studies have demonstrated differences in population dynamics between these two proviral populations such as a significantly higher decay rate of intact proviruses compared to defective proviruses during long-term ART [101,102,104,105]. Additionally, the CS-IPDA allowed for the study of a cohort from Kenya, where HIV subtypes A and D are most prevalent, whereas subtype B has been the primary focus of most reservoir studies up to this point despite representing a relatively small fraction of the global HIV burden [56].



To date, the most relevant factor associated with the size of the established reservoir is time between primary HIV infection and ART initiation. Here, we observe gp120-specific ADCC activity inversely associates with the levels of defective HIV provirus during ART with a similar magnitude of association to that of time to ART initiation [129]. These findings suggest that host immune effector functions may limit the number of cells harboring defective HIV provirus during ART. Additionally, these data support the idea that the dynamics of cells harboring intact HIV provirus differ from those harboring defective HIV provirus and thus should be studied, and treated, individually.



In summary, our data suggest that HIV gp120-specific antibodies capable of mediating ADCC may reduce the established levels of defective, but not intact, persistent HIV provirus. Importantly, this represents a factor that can be manipulated via biomedical interventions and thus could be of interest as a possible strategy to augment ART. Therefore, further studies on the impact of ADCC-mediating antibodies on levels of HIV provirus that persist during ART in larger, more diverse cohorts are warranted.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v15102055/s1, Figure S1. ADCC Measures Using Different Env Antigens are Highly Correlated. (A) Pearson correlation of log10 ADCC activity measured against the Clade A BG505 gp120 antigen (x-axis) and the Clade A/D BL035 gp120 antigen (y-axis); (B) Pearson correlation of log10 gp120-specific ADCC activity (x-axis) and log10 gp41-specific ADCC activity (y-axis). SFigure S2. Comparing HIV Provirus Levels in ADCC High Versus Low Groups. Unpaired t test of log10 mean HIV proviral copies between “ADCC Strong” and “ADCC Weak” groups. Participants with ADCC activity at, or above, the cohort 75th percentile were labeled “ADCC Strong” (n = 18) with those at, or below, the cohort 25th percentile labeled as “ADCC Weak” (n = 18). (A–C) Stratification based on gp120-specific ADCC activity. (A) Total HIV provirus; (B) Intact HIV provirus; (C) Defective HIV provirus; (D–F) Stratification based on gp41-specific ADCC activity. (D) Total HIV provirus; (E) Intact HIV provirus; (F) Defective HIV provirus. * denotes a p-value ≤ 0.05. Table S1. Linear Regression Models.





Author Contributions


E.M.-O., G.J.-S., D.W. and J.O. were involved in clinical data and sample acquisition; R.Y., G.J.-S., J.O. and D.A.L. conceived the study; R.Y., M.L.L., C.S.F., Z.A.Y., J.O. and D.A.L. designed experimental approaches; R.Y., M.L.L., C.S.F. and Z.A.Y. performed experiments; R.Y., M.L.L., C.S.F., Z.A.Y., B.A.R., J.O. and D.A.L. analyzed and interpreted the experimental data; G.J.-S., J.O. and D.A.L. were involved in funding acquisition; R.Y. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the National Institutes of Health: R01-AI076105 to JO, and R01-HD094718 to DAL and GJS (MPIs), and P30AI027757 to the University Washington Center for AIDS Research. This research was also supported by the Flow Cytometry shared resource of the Fred Hutch/University of Washington Cancer Consortium (P30 CA015704).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved through protocol 25937 by the Institutional Review Boards of the University of Washington and the Fred Hutchinson Cancer Center as well as the Ethics and Research Committee of the Kenyatta National Hospital. Banked samples for this study were collected from participants enrolled in clinical trial NCT00194545.




Informed Consent Statement


Caregivers provided written informed consent for their children’s participation and the use of banked samples for future studies.




Data Availability Statement


The data are available upon request from the corresponding author.




Acknowledgments


We are extremely grateful to the children and their caregivers who participated in the study, to the clinic team that provided care and monitoring of the cohort participants, and to the research personnel, laboratory staff, and data management teams in both Nairobi, Kenya, and Seattle, Washington. We are also grateful to Sahil Bhatti for his extensive help with experimental setup.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Centers for Disease Control (CDC). Pneumocystis pneumonia—Los Angeles. MMWR Morb. Mortal. Wkly. Rep. 1981, 30, 250–252. [Google Scholar]

	



Frank, T.D.; Carter, A.; Jahagirdar, D.; Biehl, M.H.; Douwes-Schultz, D.; Larson, S.L.; Arora, M.; Dwyer-Lindgren, L.; Steuben, K.M.; Abbastabar, H.; et al. Global, regional, and national incidence, prevalence, and mortality of HIV, 1980–2017, and forecasts to 2030, for 195 countries and territories: A systematic analysis for the Global Burden of Diseases, Injuries, and Risk Factors Study 2017. Lancet HIV 2019, 6, e831–e859. [Google Scholar] [CrossRef] [PubMed]

	



Samji, H.; Cescon, A.; Hogg, R.S.; Modur, S.P.; Althoff, K.N.; Buchacz, K.; Burchell, A.N.; Cohen, M.; Gebo, K.A.; Gill, M.J.; et al. Closing the Gap: Increases in Life Expectancy among Treated HIV-Positive Individuals in the United States and Canada. PLoS ONE 2013, 8, e81355. [Google Scholar] [CrossRef] [PubMed]

	



Chun, T.-W.; Carruth, L.; Finzi, D.; Shen, X.; DiGiuseppe, J.A.; Taylor, H.; Hermankova, M.; Chadwick, K.; Margolick, J.; Quinn, T.C.; et al. Quantification of latent tissue reservoirs and total body viral load in HIV-1 infection. Nature 1997, 387, 183–188. [Google Scholar] [CrossRef]

	



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

	



Finzi, D.; Hermankova, M.; Pierson, T.; Carruth, L.M.; Buck, C.; Chaisson, R.E.; Quinn, T.C.; Chadwick, K.; Margolick, J.; Brookmeyer, R.; et al. Identification of a Reservoir for HIV-1 in Patients on Highly Active Antiretroviral Therapy. Science 1997, 278, 1295–1300. [Google Scholar] [CrossRef]

	



Wong, J.K.; Hezareh, M.; Günthard, H.F.; Havlir, D.V.; Ignacio, C.C.; Spina, C.A.; Richman, D.D. Recovery of Replication-Competent HIV Despite Prolonged Suppression of Plasma Viremia. Science 1997, 278, 1291–1295. [Google Scholar] [CrossRef]

	



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

	



Ho, Y.-C.; Shan, L.; Hosmane, N.N.; Wang, J.; Laskey, S.B.; Rosenbloom, D.I.; Lai, J.; Blankson, J.N.; Siliciano, J.D.; Siliciano, R.F. Replication-Competent Noninduced Proviruses in the Latent Reservoir Increase Barrier to HIV-1 Cure. Cell 2013, 155, 540–551. [Google Scholar] [CrossRef]

	



Imamichi, H.; Dewar, R.L.; Adelsberger, J.W.; Rehm, C.A.; O’Doherty, U.; Paxinos, E.E.; Fauci, A.S.; Lane, H.C. Defective HIV-1 proviruses produce novel protein-coding RNA species in HIV-infected patients on combination antiretroviral therapy. Proc. Natl. Acad. Sci. USA 2016, 113, 8783–8788. [Google Scholar] [CrossRef]

	



Mangeat, B.; Turelli, P.; Caron, G.; Friedli, M.; Perrin, L.; Trono, D. Broad antiretroviral defence by human APOBEC3G through lethal editing of nascent reverse transcripts. Nature 2003, 424, 99–103. [Google Scholar] [CrossRef] [PubMed]

	



Piantadosi, A.; Humes, D.; Chohan, B.; McClelland, R.S.; Overbaugh, J. Analysis of the Percentage of Human Immunodeficiency Virus Type 1 Sequences That Are Hypermutated and Markers of Disease Progression in a Longitudinal Cohort, Including One Individual with a Partially Defective Vif. J. Virol. 2009, 83, 7805–7814. [Google Scholar] [CrossRef] [PubMed]

	



Davey, R.T.; Bhat, N.; Yoder, C.; Chun, T.-W.; Metcalf, J.A.; Dewar, R.; Natarajan, V.; Lempicki, R.A.; Adelsberger, J.W.; Miller, K.D.; et al. HIV-1 and T cell dynamics after interruption of highly active antiretroviral therapy (HAART) in patients with a history of sustained viral suppression. Proc. Natl. Acad. Sci. USA 1999, 96, 15109–15114. [Google Scholar] [CrossRef]

	



Finzi, D.; Blankson, J.; Siliciano, J.D.; Margolick, J.B.; Chadwick, K.; Pierson, T.; Smith, K.; Lisziewicz, J.; Lori, F.; Flexner, C.; et al. Latent infection of CD4+ T cells provides a mechanism for lifelong persistence of HIV-1, even in patients on effective combination therapy. Nat. Med. 1999, 5, 512–517. [Google Scholar] [CrossRef]

	



Joos, B.; Fischer, M.; Kuster, H.; Pillai, S.K.; Wong, J.K.; Böni, J.; Hirschel, B.; Weber, R.; Trkola, A.; Günthard, H.F.; et al. HIV rebounds from latently infected cells, rather than from continuing low-level replication. Proc. Natl. Acad. Sci. USA 2008, 105, 16725–16730. [Google Scholar] [CrossRef]

	



French, M.A.; King, M.S.; Tschampa, J.M.; da Silva, B.A.; Landay, A.L. Serum Immune Activation Markers Are Persistently Increased in Patients with HIV Infection after 6 Years of Antiretroviral Therapy despite Suppression of Viral Replication and Reconstitution of CD4+T Cells. J. Infect. Dis. 2009, 200, 1212–1215. [Google Scholar] [CrossRef] [PubMed]

	



Neuhaus, J.; Jacobs, D.R., Jr.; Baker, J.V.; Calmy, A.; Duprez, D.; La Rosa, A.; Kuller, L.H.; Pett, S.L.; Ristola, M.; Ross, M.J.; et al. Markers of Inflammation, Coagulation, and Renal Function Are Elevated in Adults with HIV Infection. J. Infect. Dis. 2010, 201, 1788–1795. [Google Scholar] [CrossRef]

	



Turner, C.T.; Brown, J.; Shaw, E.; Uddin, I.; Tsaliki, E.; Roe, J.K.; Pollara, G.; Sun, Y.; Heather, J.M.; Lipman, M.; et al. Persistent T Cell Repertoire Perturbation and T Cell Activation in HIV After Long Term Treatment. Front. Immunol. 2021, 12, 634489. [Google Scholar] [CrossRef]

	



Freiberg, M.S.; Chang, C.C.H.; Kuller, L.H.; Skanderson, M.; Lowy, E.; Kraemer, K.L.; Butt, A.A.; Goetz, M.B.; Leaf, D.; Oursler, K.A.; et al. HIV Infection and the Risk of Acute Myocardial Infarction. JAMA Intern. Med. 2013, 173, 614–622. [Google Scholar] [CrossRef]

	



van Zoest, R.A.; Born, B.-J.H.v.D.; Reiss, P. Hypertension in people living with HIV. Curr. Opin. HIV AIDS 2017, 12, 513–522. [Google Scholar] [CrossRef]

	



Spudich, S.; Robertson, K.R.; Bosch, R.J.; Gandhi, R.T.; Cyktor, J.C.; Mar, H.; Macatangay, B.J.; Lalama, C.M.; Rinaldo, C.; Collier, A.C.; et al. Persistent HIV-infected cells in cerebrospinal fluid are associated with poorer neurocognitive performance. J. Clin. Investig. 2019, 129, 3339–3346. [Google Scholar] [CrossRef]

	



Nansseu, J.R.; Bigna, J.J.; Kaze, A.D.; Noubiap, J.J. Incidence and Risk Factors for Prediabetes and Diabetes Mellitus Among HIV-infected Adults on Antiretroviral Therapy: A Systematic Review and Meta-analysis. Epidemiology 2018, 29, 431–441. [Google Scholar] [CrossRef] [PubMed]

	



Grulich, A.E.; van Leeuwen, M.T.; Falster, M.O.; Vajdic, C.M. Incidence of cancers in people with HIV/AIDS compared with immunosuppressed transplant recipients: A meta-analysis. Lancet 2007, 370, 59–67. [Google Scholar] [CrossRef] [PubMed]

	



Silverberg, M.J.; Chao, C.; Leyden, W.A.; Xu, L.; Tang, B.; Horberg, M.A.; Klein, D.; Quesenberry, C.P., Jr.; Towner, W.J.; Abrams, D.I. HIV infection and the risk of cancers with and without a known infectious cause. AIDS 2009, 23, 2337. [Google Scholar] [CrossRef] [PubMed]

	



Deeks, S.G.; Phillips, A.N. HIV infection, antiretroviral treatment, ageing, and non-AIDS related morbidity. BMJ 2009, 338, a3172. [Google Scholar] [CrossRef]

	



Desquilbet, L.; Jacobson, L.P.; Fried, L.P.; Phair, J.P.; Jamieson, B.D.; Holloway, M.; Margolick, J.B. HIV-1 Infection Is Associated with an Earlier Occurrence of a Phenotype Related to Frailty. J. Gerontol. Ser. A 2007, 62, 1279–1286. [Google Scholar] [CrossRef]

	



Horvath, S.; Levine, A.J. HIV-1 Infection Accelerates Age According to the Epigenetic Clock. J. Infect. Dis. 2015, 212, 1563–1573. [Google Scholar] [CrossRef]

	



Kuller, L.H.; Tracy, R.; Belloso, W.; De Wit, S.; Drummond, F.; Lane, H.C.; Ledergerber, B.; Lundgren, J.; Neuhaus, J.; Nixon, D.; et al. Inflammatory and Coagulation Biomarkers and Mortality in Patients with HIV Infection. PLOS Med. 2008, 5, e203. [Google Scholar] [CrossRef]

	



Imamichi, H.; Smith, M.; Adelsberger, J.W.; Izumi, T.; Scrimieri, F.; Sherman, B.T.; Rehm, C.A.; Imamichi, T.; Pau, A.; Catalfamo, M.; et al. Defective HIV-1 proviruses produce viral proteins. Proc. Natl. Acad. Sci. USA 2020, 117, 3704–3710. [Google Scholar] [CrossRef]

	



Kuniholm, J.; Coote, C.; Henderson, A.J. Defective HIV-1 genomes and their potential impact on HIV pathogenesis. Retrovirology 2022, 19, 13. [Google Scholar] [CrossRef]

	



Pollack, R.A.; Jones, R.B.; Pertea, M.; Bruner, K.M.; Martin, A.R.; Thomas, A.; Capoferri, A.A.; Beg, S.A.; Huang, S.-H.; Karandish, S.; et al. Defective HIV-1 Proviruses Are Expressed and Can Be Recognized by Cytotoxic T Lymphocytes, which Shape the Proviral Landscape. Cell Host Microbe 2017, 21, 494–506.e4. [Google Scholar] [CrossRef]

	



Olson, A.; Coote, C.; Snyder-Cappione, J.E.; Lin, N.; Sagar, M. HIV-1 Transcription but Not Intact Provirus Levels are Associated with Systemic Inflammation. J. Infect. Dis. 2021, 223, 1934–1942. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Dhummakupt, A.; Khetan, P.; Nilles, T.; Zhou, W.; Mudvari, P.; Szewczyk, J.; Chen, Y.H.; Boritz, E.; Ji, H.; et al. Immune activation and exhaustion marker expression on T-cell subsets in ART-treated adolescents and young adults with perinatal HIV-1 infection as correlates of viral persistence. Front. Immunol. 2023, 14, 1007626. [Google Scholar] [CrossRef] [PubMed]

	



Elahi, S.; Weiss, R.H.; Merani, S. Atorvastatin restricts HIV replication in CD4+ T cells by upregulation of p21. AIDS 2016, 30, 171–183. [Google Scholar] [CrossRef] [PubMed]

	



Dalzini, A.; Ballin, G.; Dominguez-Rodriguez, S.; Rojo, P.; Petrara, M.R.; Foster, C.; Cotugno, N.; Ruggiero, A.; Nastouli, E.; Klein, N.; et al. Size of HIV-1 reservoir is associated with telomere shortening and immunosenescence in early-treated European children with perinatally acquired HIV-1. J. Int. AIDS Soc. 2021, 24, e25847. [Google Scholar] [CrossRef]

	



Hatano, H.; Jain, V.; Hunt, P.W.; Lee, T.-H.; Sinclair, E.; Do, T.D.; Hoh, R.; Martin, J.N.; McCune, J.M.; Hecht, F.; et al. Cell-Based Measures of Viral Persistence Are Associated with Immune Activation and Programmed Cell Death Protein 1 (PD-1)–Expressing CD4+ T cells. J. Infect. Dis. 2013, 208, 50–56. [Google Scholar] [CrossRef]

	



Conway, J.M.; Perelson, A.S. Post-treatment control of HIV infection. Proc. Natl. Acad. Sci. USA 2015, 112, 5467–5472. [Google Scholar] [CrossRef]

	



Goujard, C.; Girault, I.; Rouzioux, C.; Lécuroux, C.; Deveau, C.; Chaix, M.-L.; Jacomet, C.; Talamali, A.; Delfraissy, J.-F.; Venet, A.; et al. Hiv-1 Control after Transient Antiretroviral Treatment Initiated in Primary Infection: Role of Patient Characteristics and Effect of Therapy. Antivir. Ther. 2012, 17, 1001–1009. [Google Scholar] [CrossRef]

	



Kuhn, L.; Paximadis, M.; Dias, B.D.C.; Loubser, S.; Strehlau, R.; Patel, F.; Shiau, S.; Coovadia, A.; Abrams, E.J.; Tiemessen, C.T. Age at antiretroviral therapy initiation and cell-associated HIV-1 DNA levels in HIV-1-infected children. PLoS ONE 2018, 13, e0195514. [Google Scholar] [CrossRef]

	



Williams, J.P.; Hurst, J.; Stöhr, W.; Robinson, N.; Brown, H.; Fisher, M.; Kinloch, S.; Cooper, D.; Schechter, M.; Tambussi, G.; et al. HIV-1 DNA predicts disease progression and post-treatment virological control. eLife 2014, 3, e03821. [Google Scholar] [CrossRef]

	



Bachmann, N.; von Siebenthal, C.; Vongrad, V.; Turk, T.; Neumann, K.; Beerenwinkel, N.; Bogojeska, J.; Roth, V.; Kok, Y.L.; Thorball, C.W.; et al. Determinants of HIV-1 reservoir size and long-term dynamics during suppressive ART. Nat. Commun. 2019, 10, 3193. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Kreider, E.F.; Bar, K.J. HIV-1 Reservoir Persistence and Decay: Implications for Cure Strategies. Curr. HIV/AIDS Rep. 2022, 19, 194–206. [Google Scholar] [CrossRef] [PubMed]

	



Frange, P.; Faye, A.; Avettand-Fenoël, V.; Bellaton, E.; Descamps, D.; Angin, M.; David, A.; Caillat-Zucman, S.; Peytavin, G.; Dollfus, C.; et al. HIV-1 virological remission lasting more than 12 years after interruption of early antiretroviral therapy in a perinatally infected teenager enrolled in the French ANRS EPF-CO10 paediatric cohort: A case report. Lancet HIV 2016, 3, e49–e54. [Google Scholar] [CrossRef] [PubMed]

	



Luzuriaga, K. Early Combination Antiretroviral Therapy Limits HIV-1 Persistence in Children. Annu. Rev. Med. 2016, 67, 201–213. [Google Scholar] [CrossRef] [PubMed]

	



Persaud, D.; Gay, H.; Ziemniak, C.; Chen, Y.H.; Piatak, M.; Chun, T.-W.; Strain, M.; Richman, D.; Luzuriaga, K. Absence of Detectable HIV-1 Viremia after Treatment Cessation in an Infant. New Engl. J. Med. 2013, 369, 1828–1835. [Google Scholar] [CrossRef]

	



Violari, A.; Cotton, M.F.; Kuhn, L.; Schramm, D.B.; Paximadis, M.; Loubser, S.; Shalekoff, S.; Dias, B.D.C.; Otwombe, K.; Liberty, A.; et al. A child with perinatal HIV infection and long-term sustained virological control following antiretroviral treatment cessation. Nat. Commun. 2019, 10, 412. [Google Scholar] [CrossRef]

	



Rainwater-Lovett, K.; Ziemniak, C.; Watson, D.; Luzuriaga, K.; Siberry, G.; Petru, A.; Chen, Y.; Uprety, P.; McManus, M.; Ho, Y.-C.; et al. Paucity of Intact Non-Induced Provirus with Early, Long-Term Antiretroviral Therapy of Perinatal HIV Infection. PLoS ONE 2017, 12, e0170548. [Google Scholar] [CrossRef]

	



Uprety, P.; Patel, K.; Karalius, B.; Ziemniak, C.; Chen, Y.H.; Brummel, S.S.; Siminski, S.; Van Dyke, R.B.; Seage, G.R.; Persaud, D.; et al. Human Immunodeficiency Virus Type 1 DNA Decay Dynamics with Early, Long-term Virologic Control of Perinatal Infection. Clin. Infect. Dis. 2017, 64, 1471–1478. [Google Scholar] [CrossRef]

	



The Collaborative Initiative for Paediatric HIV Education and Research (CIPHER) Global Cohort Collaboration; Slogrove, A.L.; Schomaker, M.; Davies, M.-A.; Williams, P.; Balkan, S.; Ben-Farhat, J.; Calles, N.; Chokephaibulkit, K.; Duff, C.; et al. The epidemiology of adolescents living with perinatally acquired HIV: A cross-region global cohort analysis. PLOS Med. 2018, 15, e1002514. [Google Scholar] [CrossRef]

	



Persaud, D.; Pierson, T.; Ruff, C.; Finzi, D.; Chadwick, K.R.; Margolick, J.B.; Ruff, A.; Hutton, N.; Ray, S.; Siliciano, R.F. A stable latent reservoir for HIV-1 in resting CD4+ T lymphocytes in infected children. J. Clin. Investig. 2000, 105, 995–1003. [Google Scholar] [CrossRef]

	



Barlow-Mosha, L.; Eckard, A.R.; McComsey, G.A.; Musoke, P.M. Metabolic complications and treatment of perinatally HIV-infected children and adolescents. J. Int. AIDS Soc. 2013, 16, 18600. [Google Scholar] [CrossRef] [PubMed]

	



Cotugno, N.; Douagi, I.; Rossi, P.; Palma, P. Suboptimal Immune Reconstitution in Vertically HIV Infected Children: A View on How HIV Replication and Timing of HAART Initiation Can Impact on T and B-cell Compartment. Clin. Dev. Immunol. 2012, 2012 (Suppl. 6), 805151. [Google Scholar] [CrossRef] [PubMed]

	



Vreeman, R.C.; Scanlon, M.L.; McHenry, M.S.; Nyandiko, W.M. The physical and psychological effects of HIV infection and its treatment on perinatally HIV-infected children. J. Int. AIDS Soc. 2015, 18, 20258. [Google Scholar] [CrossRef] [PubMed]

	



Flynn, P.M.; Abrams, E.J. Growing up with perinatal HIV. AIDS 2019, 33, 597–603. [Google Scholar] [CrossRef] [PubMed]

	



Hemelaar, J.; Elangovan, R.; Yun, J.; Dickson-Tetteh, L.; Fleminger, I.; Kirtley, S.; Williams, B.; Gouws-Williams, E.; Ghys, P.D.; on behalf of the WHO–UNAIDS Network for HIV Isolation Characterisation. Global and regional molecular epidemiology of HIV-1, 1990–2015: A systematic review, global survey, and trend analysis. Lancet Infect. Dis. 2019, 19, 143–155. [Google Scholar] [CrossRef] [PubMed]

	



Ndung’u, T.; McCune, J.M.; Deeks, S.G. Why and where an HIV cure is needed and how it might be achieved. Nature 2019, 576, 397–405. [Google Scholar] [CrossRef]

	



Obimbo, E.M.M.; Mbori-Ngacha, D.A.; Ochieng, J.O.B.; Richardson, B.A.; Otieno, P.A.M.; Bosire, R.M.; Farquhar, C.; Overbaugh, J.; John-Stewart, G.C. Predictors of Early Mortality in a Cohort of Human Immunodeficiency Virus Type 1-Infected African Children. Pediatr. Infect. Dis. J. 2004, 23, 536–543. [Google Scholar] [CrossRef]

	



Obimbo, E.M.M.; Wamalwa, D.M.; Richardson, B.; Mbori-Ngacha, D.M.; Overbaugh, J.; Emery, S.B.; Otieno, P.M.; Farquhar, C.; Bosire, R.M.; Payne, B.L.; et al. Pediatric HIV-1 in Kenya: Pattern and Correlates of Viral Load and Association with Mortality. J. Acquir. Immune Defic. Syndr. 2009, 51, 209–215. [Google Scholar] [CrossRef]

	



Abrahams, M.-R.; Joseph, S.B.; Garrett, N.; Tyers, L.; Moeser, M.; Archin, N.; Council, O.D.; Matten, D.; Zhou, S.; Doolabh, D.; et al. The replication-competent HIV-1 latent reservoir is primarily established near the time of therapy initiation. Sci. Transl. Med. 2019, 11, eaaw5589. [Google Scholar] [CrossRef]

	



Brodin, J.; Zanini, F.; Thebo, L.; Lanz, C.; Bratt, G.; Neher, R.A.; Albert, J. Establishment and stability of the latent HIV-1 DNA reservoir. eLife 2016, 5, e18889. [Google Scholar] [CrossRef] [PubMed]

	



Pankau, M.D.; Reeves, D.B.; Harkins, E.; Ronen, K.; Jaoko, W.; Mandaliya, K.; Graham, S.M.; McClelland, R.S.; Iv, F.A.M.; Schiffer, J.T.; et al. Dynamics of HIV DNA reservoir seeding in a cohort of superinfected Kenyan women. PLOS Pathog. 2020, 16, e1008286. [Google Scholar] [CrossRef] [PubMed]

	



Borrow, P.; Lewicki, H.; Wei, X.; Horwitz, M.S.; Peffer, N.; Meyers, H.; Nelson, J.A.; Gairin, J.E.; Hahn, B.H.; Oldstone, M.B.; et al. Antiviral pressure exerted by HIV-l-specific cytotoxic T lymphocytes (CTLs) during primary infection demonstrated by rapid selection of CTL escape virus. Nat. Med. 1997, 3, 205–211. [Google Scholar] [CrossRef] [PubMed]

	



Deng, K.; Pertea, M.; Rongvaux, A.; Wang, L.; Durand, C.M.; Ghiaur, G.; Lai, J.; McHugh, H.L.; Hao, H.; Zhang, H.; et al. Broad CTL response is required to clear latent HIV-1 due to dominance of escape mutations. Nature 2015, 517, 381–385. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Statzu, M.; Jin, W.; Fray, E.J.; Wong, A.K.H.; Kumar, M.R.; Ferrer, E.; Docken, S.S.; Pinkevych, M.; McBrien, J.B.; Fennessey, C.M.; et al. CD8+ lymphocytes do not impact SIV reservoir establishment under ART. Nat. Microbiol. 2023, 8, 299–308. [Google Scholar] [CrossRef]

	



Halper-Stromberg, A.; Lu, C.-L.; Klein, F.; Horwitz, J.A.; Bournazos, S.; Nogueira, L.; Eisenreich, T.R.; Liu, C.; Gazumyan, A.; Schaefer, U.; et al. Broadly Neutralizing Antibodies and Viral Inducers Decrease Rebound from HIV-1 Latent Reservoirs in Humanized Mice. Cell 2014, 158, 989–999. [Google Scholar] [CrossRef]

	



Kim, J.T.; Zhang, T.-H.; Carmona, C.; Lee, B.; Seet, C.S.; Kostelny, M.; Shah, N.; Chen, H.; Farrell, K.; Soliman, M.S.A.; et al. Latency reversal plus natural killer cells diminish HIV reservoir in vivo. Nat. Commun. 2022, 13, 121. [Google Scholar] [CrossRef]

	



Barouch, D.H.; Whitney, J.B.; Moldt, B.; Klein, F.; Oliveira, T.Y.; Liu, J.; Stephenson, K.E.; Chang, H.-W.; Shekhar, K.; Gupta, S.; et al. Therapeutic efficacy of potent neutralizing HIV-1-specific monoclonal antibodies in SHIV-infected rhesus monkeys. Nature 2013, 503, 224–228. [Google Scholar] [CrossRef]

	



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

	



Bar, K.J.; Sneller, M.C.; Harrison, L.J.; Justement, J.S.; Overton, E.T.; Petrone, M.E.; Salantes, D.B.; Seamon, C.A.; Scheinfeld, B.; Kwan, R.W.; et al. Effect of HIV Antibody VRC01 on Viral Rebound after Treatment Interruption. N. Engl. J. Med. 2016, 375, 2037–2050. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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

	



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

	



Scheid, J.F.; Horwitz, J.A.; Bar-On, Y.; Kreider, E.F.; Lu, C.L.; Lorenzi, J.C.; Feldmann, A.; Braunschweig, M.; Nogueira, L.; Oliveira, T.; et al. Faculty Opinions recommendation of HIV-1 antibody 3BNC117 suppresses viral rebound in humans during treatment interruption. Nature 2016, 535, 556–560. [Google Scholar] [CrossRef]

	



Bertagnolli, L.N.; Varriale, J.; Sweet, S.; Brockhurst, J.; Simonetti, F.R.; White, J.; Beg, S.; Lynn, K.; Mounzer, K.; Frank, I.; et al. Autologous IgG antibodies block outgrowth of a substantial but variable fraction of viruses in the latent reservoir for HIV-1. Proc. Natl. Acad. Sci. USA 2020, 117, 32066–32077. [Google Scholar] [CrossRef]

	



Dhande, J.; Angadi, M.; Murugavel, K.; Poongulali, S.; Nandagopal, P.; Vignesh, R.; Ghate, M.; Kulkarni, S.; Thakar, M. Brief Report: The Anti–HIV-1 ADCC-Mediating Antibodies from Cervicovaginal Secretions of HIV-Infected Women Have an Ability to Mediate Lysing of Autologous CD4+ HIV-Infected Cells. J. Acquir. Immune Defic. Syndr. 2018, 79, 277–282. [Google Scholar] [CrossRef]

	



Lee, W.S.; Prévost, J.; Richard, J.; van der Sluis, R.M.; Lewin, S.R.; Pazgier, M.; Finzi, A.; Parsons, M.S.; Kent, S.J. CD4- and Time-Dependent Susceptibility of HIV-1-Infected Cells to Antibody-Dependent Cellular Cytotoxicity. J. Virol. 2019, 93, 10–1128. [Google Scholar] [CrossRef]

	



Lee, W.S.; Richard, J.; Lichtfuss, M.; Smith, A.B., III; Park, J.; Courter, J.R.; Melillo, B.N.; Sodroski, J.G.; Kaufmann, D.E.; Finzi, A.; et al. Antibody-Dependent Cellular Cytotoxicity against Reactivated HIV-1-Infected Cells. J. Virol. 2016, 90, 2021–2030. [Google Scholar] [CrossRef]

	



Gray, G.E.; Huang, Y.; Grunenberg, N.; Laher, F.; Roux, S.; Andersen-Nissen, E.; De Rosa, S.C.; Flach, B.; Randhawa, A.K.; Jensen, R.; et al. Immune correlates of the Thai RV144 HIV vaccine regimen in South Africa. Sci. Transl. Med. 2019, 11, eaax1880. [Google Scholar] [CrossRef]

	



Haynes, B.F.; Gilbert, P.B.; McElrath, M.J.; Zolla-Pazner, S.; Tomaras, G.D.; Alam, S.M.; Evans, D.T.; Montefiori, D.C.; Karnasuta, C.; Sutthent, R.; et al. Immune-Correlates Analysis of an HIV-1 Vaccine Efficacy Trial. N. Engl. J. Med. 2012, 366, 1275–1286. [Google Scholar] [CrossRef] [PubMed]

	



Mabuka, J.; Nduati, R.; Odem-Davis, K.; Peterson, D.; Overbaugh, J. HIV-Specific Antibodies Capable of ADCC Are Common in Breastmilk and Are Associated with Reduced Risk of Transmission in Women with High Viral Loads. PLOS Pathog. 2012, 8, e1002739. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, A.S.; Moreau, Y.; Jiang, W.; Isaac, J.E.; Ewing, A.; White, L.F.; Kourtis, A.P.; Sagar, M. Pre-existing infant antibody-dependent cellular cytotoxicity associates with reduced HIV-1 acquisition and lower morbidity. Cell Rep. Med. 2021, 2, 100412. [Google Scholar] [CrossRef] [PubMed]

	



Milligan, C.; Richardson, B.A.; John-Stewart, G.; Nduati, R.; Overbaugh, J. Passively Acquired Antibody-Dependent Cellular Cytotoxicity (ADCC) Activity in HIV-Infected Infants Is Associated with Reduced Mortality. Cell Host Microbe 2015, 17, 500–506. [Google Scholar] [CrossRef]

	



Yaffe, Z.A.; Naiman, N.E.; Slyker, J.; Wines, B.D.; Richardson, B.A.; Hogarth, P.M.; Bosire, R.; Farquhar, C.; Ngacha, D.M.; Nduati, R.; et al. Improved HIV-positive infant survival is correlated with high levels of HIV-specific ADCC activity in multiple cohorts. Cell Rep. Med. 2021, 2, 100254. [Google Scholar] [CrossRef]

	



Ljunggren, K.; Moschese, V.; Broliden, P.-A.; Giaquinto, C.; Quinti, I.; Fenyö, E.-M.; Wahren, B.; Rossi, P.; Jondal, M. Antibodies Mediating Cellular Cytotoxicity and Neutralization Correlate with a Better Clinical Stage in Children Born to Human Immunodeficiency Virus-Infected Mothers. J. Infect. Dis. 1990, 161, 198–202. [Google Scholar] [CrossRef]

	



Tranchat, C.; Van de Perre, P.; Simonon-Sorel, A.; Karita, E.; Benchaïb, M.; Lepage, P.; Desgranges, C.; Boyer, V.; Répo, C. Maternal humoral factors associated with perinatal human immunodeficiency virus type-1 transmission in a cohort from Kigali, Rwanda, 1988–1994. J. Infect. 1999, 39, 213–220. [Google Scholar] [CrossRef]

	



Kant, S.; Zhang, N.; Barbé, A.; Routy, J.-P.; Tremblay, C.; Thomas, R.; Szabo, J.; Côté, P.; Trottier, B.; LeBlanc, R.; et al. Polyfunctional Fc Dependent Activity of Antibodies to Native Trimeric Envelope in HIV Elite Controllers. Front. Immunol. 2020, 11, 583820. [Google Scholar] [CrossRef]

	



Madhavi, V.; Wines, B.D.; Amin, J.; Emery, S.; ENCORE1 Study Group; Lopez, E.; Kelleher, A.; Sydney LTNP Study Group; Center, R.J.; Hogarth, P.M.; et al. HIV-1 Env- and Vpu-Specific Antibody-Dependent Cellular Cytotoxicity Responses Associated with Elite Control of HIV. J. Virol. 2017, 91, 10–1128. [Google Scholar] [CrossRef]

	



Lambotte, O.; Ferrari, G.; Moog, C.; Yates, N.L.; Liao, H.-X.; Parks, R.J.; Hicks, C.B.; Owzar, K.; Tomaras, G.D.; Montefiori, D.C.; et al. Heterogeneous neutralizing antibody and antibody-dependent cell cytotoxicity responses in HIV-1 elite controllers. AIDS 2009, 23, 897–906. [Google Scholar] [CrossRef]

	



Wren, L.H.; Chung, A.W.; Isitman, G.; Kelleher, A.D.; Parsons, M.S.; Amin, J.; Cooper, D.A.; Stratov, I.; Navis, M.; Kent, S.J.; et al. Specific antibody-dependent cellular cytotoxicity responses associated with slow progression of HIV infection. Immunology 2013, 138, 116–123. [Google Scholar] [CrossRef]

	



Wamalwa, D.C.; Farquhar, C.; Obimbo, E.M.; Selig, S.; Mbori-Ngacha, D.A.; A Richardson, B.; Overbaugh, J.; Egondi, T.; Inwani, I.; John-Stewart, G. Medication diaries do not improve outcomes with highly active antiretroviral therapy in Kenyan children: A randomized clinical trial. J. Int. AIDS Soc. 2009, 12, 8. [Google Scholar] [CrossRef]

	



Gómez-Román, V.R.; Florese, R.H.; Patterson, L.J.; Peng, B.; Venzon, D.; Aldrich, K.; Robert-Guroff, M. A simplified method for the rapid fluorometric assessment of antibody-dependent cell-mediated cytotoxicity. J. Immunol. Methods 2006, 308, 53–67. [Google Scholar] [CrossRef] [PubMed]

	



Cassidy, N.A.; Fish, C.S.; Levy, C.N.; Roychoudhury, P.; Reeves, D.B.; Hughes, S.M.; Schiffer, J.T.; Benki-Nugent, S.; John-Stewart, G.; Wamalwa, D.; et al. HIV reservoir quantification using cross-subtype multiplex ddPCR. iScience 2022, 25, 103615. [Google Scholar] [CrossRef] [PubMed]

	



Wamalwa, D.; Benki-Nugent, S.; Langat, A.; Tapia, K.; Ngugi, E.; Moraa, H.; Maleche-Obimbo, E.; Otieno, V.; Inwani, I.; Richardson, B.A.; et al. Treatment interruption after 2-year antiretroviral treatment initiated during acute/early HIV in infancy. AIDS 2016, 30, 2303–2313. [Google Scholar] [CrossRef]

	



Neilson, J.R.; John, G.C.; Carr, J.K.; Lewis, P.; Kreiss, J.K.; Jackson, S.; Nduati, R.W.; Mbori-Ngacha, D.; Panteleeff, D.D.; Bodrug, S.; et al. Subtypes of Human Immunodeficiency Virus Type 1 and Disease Stage among Women in Nairobi, Kenya. J. Virol. 1999, 73, 4393–4403. [Google Scholar] [CrossRef]

	



Fish, C.S.; Cassidy, N.A.; Levy, C.N.; Hughes, S.M.; Jerome, K.R.; Overbaugh, J.; Hladik, F.; Lehman, D.A. Protocol for high-throughput reservoir quantification across global HIV subtypes using a cross-subtype intact proviral DNA assay. STAR Protoc. 2022, 3, 101681. [Google Scholar] [CrossRef]

	



Levy, C.N.; Hughes, S.M.; Roychoudhury, P.; Reeves, D.B.; Amstuz, C.; Zhu, H.; Huang, M.-L.; Wei, Y.; Bull, M.E.; Cassidy, N.A.; et al. A highly multiplexed droplet digital PCR assay to measure the intact HIV-1 proviral reservoir. Cell Rep. Med. 2021, 2, 100243. [Google Scholar] [CrossRef] [PubMed]

	



Schatorjé, E.J.H.; Gemen, E.F.A.; Driessen, G.J.A.; Leuvenink, J.; van Hout, R.W.N.M.; de Vries, E. Paediatric Reference Values for the Peripheral T cell Compartment. Scand. J. Immunol. 2012, 75, 436–444. [Google Scholar] [CrossRef] [PubMed]

	



Shearer, W.T.; Rosenblatt, H.M.; Gelman, R.S.; Oyomopito, R.; Plaeger, S.; Stiehm, E.; Wara, D.W.; Douglas, S.D.; Luzuriaga, K.; McFarland, E.J.; et al. Lymphocyte subsets in healthy children from birth through 18 years of age: The pediatric AIDS clinical trials group P1009 study. J. Allergy Clin. Immunol. 2003, 112, 973–980. [Google Scholar] [CrossRef]

	



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

	



Gandhi, R.T.; Cyktor, J.C.; Bosch, R.J.; Mar, H.; Laird, G.M.; Martin, A.; Collier, A.C.; Riddler, S.A.; Macatangay, B.J.; Rinaldo, C.R.; et al. Selective Decay of Intact HIV-1 Proviral DNA on Antiretroviral Therapy. J. Infect. Dis. 2021, 223, 225–233. [Google Scholar] [CrossRef] [PubMed]

	



Hartana, C.A.; Garcia-Broncano, P.; Rassadkina, Y.; Lian, X.; Jiang, C.; Einkauf, K.B.; Maswabi, K.; Ajibola, G.; Moyo, S.; Mohammed, T.; et al. Immune correlates of HIV-1 reservoir cell decline in early-treated infants. Cell Rep. 2022, 40, 111126. [Google Scholar] [CrossRef] [PubMed]

	



Peluso, M.J.; Bacchetti, P.; Ritter, K.D.; Beg, S.; Lai, J.; Martin, J.N.; Hunt, P.W.; Henrich, T.J.; Siliciano, J.D.; Siliciano, R.F.; et al. Differential decay of intact and defective proviral DNA in HIV-1-infected individuals on suppressive antiretroviral therapy. JCI Insight 2020, 5, e132997. [Google Scholar] [CrossRef]

	



White, J.A.; Simonetti, F.R.; Beg, S.; McMyn, N.F.; Dai, W.; Bachmann, N.; Lai, J.; Ford, W.C.; Bunch, C.; Jones, J.L.; et al. Complex decay dynamics of HIV virions, intact and defective proviruses, and 2LTR circles following initiation of antiretroviral therapy. Proc. Natl. Acad. Sci. USA 2022, 119, e2120326119. [Google Scholar] [CrossRef]

	



Ananworanich, J.; Puthanakit, T.; Suntarattiwong, P.; Chokephaibulkit, K.; Kerr, S.J.; Fromentin, R.; Bakeman, W.; Intasan, J.; Mahanontharit, A.; Sirivichayakul, S.; et al. Reduced markers of HIV persistence and restricted HIV-specific immune responses after early antiretroviral therapy in children. AIDS 2014, 28, 1015–1020. [Google Scholar] [CrossRef]

	



Martínez-Bonet, M.; Puertas, M.C.; Fortuny, C.; Ouchi, D.; Mellado, M.J.; Rojo, P.; Noguera-Julian, A.; Muñoz-Fernández, M.A.; Martinez-Picado, J. Establishment and Replenishment of the Viral Reservoir in Perinatally HIV-1-infected Children Initiating Very Early Antiretroviral Therapy. Clin. Infect. Dis. 2015, 61, 1169–1178. [Google Scholar] [CrossRef]

	



Moore, P.L.; Crooks, E.T.; Porter, L.; Zhu, P.; Cayanan, C.S.; Grise, H.; Corcoran, P.; Zwick, M.B.; Franti, M.; Morris, L.; et al. Nature of Nonfunctional Envelope Proteins on the Surface of Human Immunodeficiency Virus Type 1. J. Virol. 2006, 80, 2515–2528. [Google Scholar] [CrossRef]

	



Marchitto, L.; Benlarbi, M.; Prévost, J.; Laumaea, A.; Descôteaux-Dinelle, J.; Medjahed, H.; Bourassa, C.; Gendron-Lepage, G.; Kirchhoff, F.; Sauter, D.; et al. Impact of HIV-1 Vpu-mediated downregulation of CD48 on NK-cell-mediated antibody-dependent cellular cytotoxicity. Mbio 2023, 14, e0078923. [Google Scholar] [CrossRef]

	



Veillette, M.; Désormeaux, A.; Medjahed, H.; Gharsallah, N.-E.; Coutu, M.; Baalwa, J.; Guan, Y.; Lewis, G.; Ferrari, G.; Hahn, B.; et al. Interaction with Cellular CD4 Exposes HIV-1 Envelope Epitopes Targeted by Antibody-Dependent Cell-Mediated Cytotoxicity. J. Virol. 2014, 88, 2633–2644. [Google Scholar] [CrossRef]

	



Veillette, M.; Coutu, M.; Richard, J.; Batraville, L.-A.; Dagher, O.; Bernard, N.; Tremblay, C.; Kaufmann, D.E.; Roger, M.; Finzi, A. The HIV-1 gp120 CD4-Bound Conformation Is Preferentially Targeted by Antibody-Dependent Cellular Cytotoxicity-Mediating Antibodies in Sera from HIV-1-Infected Individuals. J. Virol. 2015, 89, 545–551. [Google Scholar] [CrossRef] [PubMed]

	



Pham, T.N.; Lukhele, S.; Hajjar, F.; Routy, J.-P.; Cohen, É.A. HIV Nef and Vpu protect HIV-infected CD4+ T cells from antibody-mediated cell lysis through down-modulation of CD4 and BST2. Retrovirology 2014, 11, 15. [Google Scholar] [CrossRef] [PubMed]

	



Prévost, J.; Richard, J.; Medjahed, H.; Alexander, A.; Jones, J.; Kappes, J.C.; Ochsenbauer, C.; Finzi, A. Incomplete Downregulation of CD4 Expression Affects HIV-1 Env Conformation and Antibody-Dependent Cellular Cytotoxicity Responses. J. Virol. 2018, 92, e00484-18. [Google Scholar] [CrossRef]

	



Alsahafi, N.; Ding, S.; Richard, J.; Markle, T.; Brassard, N.; Walker, B.; Lewis, G.K.; Kaufmann, D.E.; Brockman, M.A.; Finzi, A. Nef Proteins from HIV-1 Elite Controllers Are Inefficient at Preventing Antibody-Dependent Cellular Cytotoxicity. J. Virol. 2015, 90, 2993–3002. [Google Scholar] [CrossRef]

	



Alsahafi, N.; Richard, J.; Prévost, J.; Coutu, M.; Brassard, N.; Parsons, M.S.; Kaufmann, D.E.; Brockman, M.; Finzi, A. Impaired Downregulation of NKG2D Ligands by Nef Proteins from Elite Controllers Sensitizes HIV-1-Infected Cells to Antibody-Dependent Cellular Cytotoxicity. J. Virol. 2017, 91, 10–128. [Google Scholar] [CrossRef] [PubMed]

	



Duette, G.; Hiener, B.; Morgan, H.; Mazur, F.G.; Mathivanan, V.; Horsburgh, B.A.; Fisher, K.; Tong, O.; Lee, E.; Ahn, H.; et al. The HIV-1 proviral landscape reveals that Nef contributes to HIV-1 persistence in effector memory CD4+ T cells. J. Clin. Investig. 2022, 132, e154422. [Google Scholar] [CrossRef]

	



Pollara, J.; Bonsignori, M.; Moody, M.A.; Pazgier, M.; Haynes, B.F.; Ferrari, G. Epitope Specificity of Human Immunodeficiency Virus-1 Antibody Dependent Cellular Cytotoxicity [ADCC] Responses. Curr. HIV Res. 2013, 11, 378–387. [Google Scholar] [CrossRef]

	



Williams, K.L.; Stumpf, M.; Naiman, N.E.; Ding, S.; Garrett, M.; Gobillot, T.; Vézina, D.; Dusenbury, K.; Ramadoss, N.S.; Basom, R.; et al. Identification of HIV gp41-specific antibodies that mediate killing of infected cells. PLOS Pathog. 2019, 15, e1007572. [Google Scholar] [CrossRef]

	



Cook, J.D.; Khondker, A.; Lee, J.E. Conformational plasticity of the HIV-1 gp41 immunodominant region is recognized by multiple non-neutralizing antibodies. Commun. Biol. 2022, 5, 291. [Google Scholar] [CrossRef]

	



Jin, S.; Ji, Y.; Wang, Q.; Wang, H.; Shi, X.; Han, X.; Zhou, T.; Shang, H.; Zhang, L. Spatiotemporal hierarchy in antibody recognition against transmitted HIV-1 envelope glycoprotein during natural infection. Retrovirology 2016, 13, 12. [Google Scholar] [CrossRef]

	



Tomaras, G.D.; Yates, N.L.; Liu, P.; Qin, L.; Fouda, G.G.; Chavez, L.L.; Decamp, A.C.; Parks, R.J.; Ashley, V.C.; Lucas, J.T.; et al. Initial B-Cell Responses to Transmitted Human Immunodeficiency Virus Type 1: Virion-Binding Immunoglobulin M (IgM) and IgG Antibodies Followed by Plasma Anti-gp41 Antibodies with Ineffective Control of Initial Viremia. J. Virol. 2008, 82, 12449–12463. [Google Scholar] [CrossRef] [PubMed]

	



Burton, D.R.; Mascola, J.R. Antibody responses to envelope glycoproteins in HIV-1 infection. Nat. Immunol. 2015, 16, 571–576. [Google Scholar] [CrossRef] [PubMed]

	



Steckbeck, J.D.; Craigo, J.K.; Barnes, C.O.; Montelaro, R.C. Highly Conserved Structural Properties of the C-terminal Tail of HIV-1 gp41 Protein Despite Substantial Sequence Variation among Diverse Clades: Implications for Functions in Viral Replication. J. Biol. Chem. 2011, 286, 27156–27166. [Google Scholar] [CrossRef] [PubMed]

	



Wyatt, R.; Sodroski, J. The HIV-1 Envelope Glycoproteins: Fusogens, Antigens, and Immunogens. Science 1998, 280, 1884–1888. [Google Scholar] [CrossRef] [PubMed]

	



Llano, A.; Parera, M.; Lopez, M.; Oriol-Tordera, B.; Ruiz-Riol, M.; Coll, J.; Perez, F.; Leselbaum, A.R.; McGowan, I.; Sengupta, D.; et al. Safety, immunogenicity and effect on viral rebound of HTI vaccines in early treated HIV-1 infection: A randomized, placebo-controlled phase 1 trial. Nat. Med. 2022, 28, 2611–2621. [Google Scholar] [CrossRef]

	



Landovitz, R.J.; Scott, H.; Deeks, S.G. Prevention, treatment and cure of HIV infection. Nat. Rev. Microbiol. 2023, 21, 657–670. [Google Scholar] [CrossRef]

	



Newell, M.-L.; Coovadia, H.; Cortina-Borja, M.; Rollins, N.; Gaillard, P.; Dabis, F. Mortality of infected and uninfected infants born to HIV-infected mothers in Africa: A pooled analysis. Lancet 2004, 364, 1236–1243. [Google Scholar] [CrossRef]

	



World Health Organization. Treatment and Care in Children and Adolescents. Available online: https://www.who.int/teams/global-hiv-hepatitis-and-stis-programmes/hiv/treatment/treatment-and-care-in-children-and-adolescents (accessed on 11 September 2023).

	



Shelton, E.M.; Reeves, D.B.; Ignacio, R.A.B. Initiation of Antiretroviral Therapy during Primary HIV Infection: Effects on the Latent HIV Reservoir, Including on Analytic Treatment Interruptions. Aids Rev. 2020, 23, 28–39. [Google Scholar] [CrossRef]








[image: Viruses 15 02055 g001] 





Figure 1. Distribution of HIV Proviral Copies and ADCC Activity Measured Across the Cohort. (A). Distribution of the number of HIV proviral copies measured across the study cohort for total (left) (n = 72), defective (middle) (n = 68), and intact (right) (n = 68) provirus; (B). Distribution of ADCC activity measured across the study cohort for both gp120 (left) (n = 72) and gp41 (right) (n = 72). 
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Figure 2. Association Between gp120-Specific ADCC Activity and Levels of HIV Provirus. (A–C) Pearson correlation of log10 gp120-specific ADCC activity and copies of HIV provirus measured for each proviral category. The best fit line and its 95% confidence interval are imposed onto each graph. (A) Total HIV provirus (n = 72); (B) Intact HIV provirus (n = 68); (C) Defective HIV provirus (n = 68); (D–F) Unpaired t test comparing mean log10 HIV proviral copies between “ADCC ≥ Median” and “ADCC < Median” groups. Participants were stratified into either group based on a participant’s ADCC activity in relation to the cohort median; Participants at, or above, cohort median were labeled “ADCC ≥ Median” with those below the cohort median labeled as “ADCC < Median.” (D) Total HIV provirus (n = 72); (E) Intact HIV provirus (n = 68); (F) Defective HIV provirus (n = 68). Different colors in the figures designate which proviral category is being analyzed: purple: total; yellow: intact; blue: defective. In figures D–F, the ADCC ≥ Median group is denoted by filled in triangles pointing upward, with the ADCC < Median group denoted by empty triangles pointing downward. * denotes a p-value ≤ 0.05. 
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Figure 3. Association Between gp41-Specific ADCC Activity and Levels of HIV Provirus. (A–C) Pearson correlation of log10 gp41-specific ADCC activity and copies of HIV provirus measured for each proviral category. The best fit line and its 95% confidence interval are imposed onto each graph. (A) Total HIV provirus (n = 72); (B) Intact HIV provirus (n = 68); (C) Defective HIV provirus (n = 68); (D–F) Unpaired t test comparing mean log10 HIV proviral copies between “ADCC ≥ Median” and “ADCC < Median” groups. Participants were stratified into either group based on a participant’s ADCC activity in relation to the cohort median; Participants at, or above, cohort median were labeled “ADCC ≥ Median” with those below the cohort median labeled as “ADCC < Median.” (D) Total HIV provirus (n = 72); (E) Intact HIV provirus (n = 68); (F) Defective HIV provirus (n = 68). Different colors in the figures designate which proviral category is being analyzed: purple: total; yellow: intact; blue: defective. In figures D–F, the ADCC ≥ Median group is denoted by filled in triangles pointing upward, with the ADCC < Median group denoted by empty triangles pointing downward. 






Figure 3. Association Between gp41-Specific ADCC Activity and Levels of HIV Provirus. (A–C) Pearson correlation of log10 gp41-specific ADCC activity and copies of HIV provirus measured for each proviral category. The best fit line and its 95% confidence interval are imposed onto each graph. (A) Total HIV provirus (n = 72); (B) Intact HIV provirus (n = 68); (C) Defective HIV provirus (n = 68); (D–F) Unpaired t test comparing mean log10 HIV proviral copies between “ADCC ≥ Median” and “ADCC < Median” groups. Participants were stratified into either group based on a participant’s ADCC activity in relation to the cohort median; Participants at, or above, cohort median were labeled “ADCC ≥ Median” with those below the cohort median labeled as “ADCC < Median.” (D) Total HIV provirus (n = 72); (E) Intact HIV provirus (n = 68); (F) Defective HIV provirus (n = 68). Different colors in the figures designate which proviral category is being analyzed: purple: total; yellow: intact; blue: defective. In figures D–F, the ADCC ≥ Median group is denoted by filled in triangles pointing upward, with the ADCC < Median group denoted by empty triangles pointing downward.



[image: Viruses 15 02055 g003]







 





Table 1. Cohort Descriptive Statistics.
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	N = 72
	Median
	[Min, Max]





	Age at Enrollment
	
	



	Months
	59
	15.5, 152



	Years
	4.9
	1.3, 12.7



	Viral Load (log10 c/mL)
	5.96
	4.18, 6.96



	CD4 %
	6.3
	0.70, 73.4



	CD4 Count (cells/mm3)
	354
	15, 2009



	
	N
	%



	Gender
	
	



	Male
	33
	46%



	Female
	39
	54%



	ART Regimen
	
	



	NNRTI, NRTI
	70
	97.2%



	NRTI
	1
	1.4%



	NNRTI, NRTI, Protease Inhibitor
	1
	1.4%







Abbreviations: Min, minimum; Max, maximum; c/mL, copies/mL; NNRTI, non-nucleoside reverse transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor.
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