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            Abstract
A stable latent reservoir for HIV-1 in resting CD4+ T cells is the principal barrier to a cure1,2,3. Curative strategies that target the reservoir are being tested4,5 and require accurate, scalable reservoir assays. The reservoir was defined with quantitative viral outgrowth assays for cells that release infectious virus after one round of T cell activation1. However, these quantitative outgrowth assays and newer assays for cells that produce viral RNA after activation6 may underestimate the reservoir size because one round of activation does not induce all proviruses7. Many studies rely on simple assays based on polymerase chain reaction to detect proviral DNA regardless of transcriptional status, but the clinical relevance of these assays is unclear, as the vast majority of proviruses are defective7,8,9. Here we describe a more accurate method of measuring the HIV-1 reservoir that separately quantifies intact and defective proviruses. We show that the dynamics of cells that carry intact and defective proviruses are different in vitro and in vivo. These findings have implications for targeting the intact proviruses that are a barrier to curing HIV infection.
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                    Fig. 1: DNA PCR assays predominantly measure defective proviruses.[image: ]


Fig. 2: Distinguishing intact and defective HIV-1 proviruses.[image: ]


Fig. 3: IPDA.[image: ]


Fig. 4: IPDA reveals differential dynamics of intact and defective proviruses.[image: ]
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                Data availability

              
              The IPDA was developed through an analysis of published near full genome HIV-1 sequences (refs 8,9, GenBank accession numbers KX505390â€“KX505744 and KU677989â€“KU678196, respectively). All other data are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Analysis of hypermutation.
a, Most hypermutated proviruses show both GGâ†’AG and GAâ†’AA patterns of hypermutation. Analysis based on hypermutated full-genome sequences in the database (nÂ =Â 100). Sequences were analysed for GGâ†’AG and GAâ†’AA patterns using all available sequences for each clone and the Los Alamos Hypermut algorithm17. b, Hypermutation discrimination using two probes in the RRE of the env gene. The intact probe hybridizes with a region containing two adjacent APOBEC3G consensus sites (red underline) in intact proviruses. It is labelled with a fluorophore (VIC) and a quencher (Q). Also present in the reaction is a hypermutated probe that lacks the fluorophore and does not bind (arrow) to intact proviral sequences owing to Gâ†’A mutations at both APOBEC3G consensus sites. Dashed boxes indicate the nucleotide positions of sequence differences between the intact and hypermutated probes. The hypermutated probe preferentially binds to the same region in hypermutated proviruses. It lacks a fluorophore and prevents binding of the fluorophore-labelled intact probe (arrow). Therefore, no fluorescent signal is generated for 95% of hypermutated proviruses (Fig.Â 2f).


Extended Data Fig. 2 Plasmid controls show the specificity of the IPDA.
a, Maps of proviral plasmid control templates. Plasmids E44E11, 39G2 and 4F11 have deletions in the indicated regions (white). Plasmid 2G10 is a heavily hypermutated patient-derived sequence with Gâ†’A mutations in the probe-binding region of the env amplicon (enlarged region). Plasmid 19B3 has GA point mutations in this region. These Gâ†’A mutations (red) occur at two APOBEC3G consensus sites (TGGG, underlined) in this region. These plasmids have been previously described12,34. bâ€“e, IPDA on plasmids representing the indicated defective proviruses showing positive droplets only in the expected quadrants.


Extended Data Fig. 3 IPDA accuracy, reproducibility and limit of quantification.
a, Correlation between expected and IPDA-measured frequencies of intact proviruses per 106 cells. Genomic DNA from uninfected donor CD4+ T cells was spiked with JLat6.3 DNA cell equivalents and subjected to a serial fourfold dilution. This material was then analysed by the IPDA, and the IPDA-measured frequencies of intact proviruses per million cells were compared to the expected frequencies (998, 249.5, 62.4, 15.6 and 3.9 intact proviruses per 106 CD4+ T cells). This experiment was performed independently three times. The agreement between the expected and IPDA-measured frequencies of intact proviruses was determined using Pearson correlation. b, Reproducibility of the IPDA across independent assay runs. Reproducibility was assessed by determining the coefficient of variation (CV) across three independent assay measurements of genomic DNA from uninfected donor CD4+ T cells spiked with JLat6.3 cell equivalents and subject to serial fourfold dilution, as described in a.


Extended Data Fig. 4 IPDA reproducibility.
aâ€“c, Frequencies of cells containing proviruses with 3â€² deletions and/or hypermutation (a), 5â€² deletions (b), or no defects (intact; c) in CD4+ T cells from 28 treated patients. Each data point represents a replicate IPDA determination from a single sample from the indicated patient. The mean and s.e.m. of the replicates are plotted. The variability between patients is much greater than the variation between replicates from a single patient. Technical replicates are shown to indicate low intrinsic variability of the IPDA.


Extended Data Fig. 5 Plasmid controls confirm specificity of the IPDA.
a, Map of the plasmid pNL4-3 carrying an intact HIV-1 provirus. Positions of the Î¨ (blue) and env (green) IPDA amplicons and of a distinct set of plasmid shearing control (PSC, magenta boxes) amplicons are indicated. Spacing between PSC amplicons is equal to spacing between Î¨ and env amplicons. Dotted lines indicate positions of deletions in plasmids carrying previously described12 defective proviruses E44E11 and 4F12 with 5â€² and 3â€² deletions, respectively. b, IPDA analysis of the indicated ZraI-cut plasmids representing intact, 5â€²-deleted and 3â€²-deleted proviruses. c, Summary of droplet counts for the experiment shown in b. E44E11 and 4F12 give positive droplets only in quadrants 4 and 1 (Q4 and Q1), respectively. For pNL4-3, more than 95% of droplets are in Q2, with the remainder attributable to shearing between the Î¨ and env amplicons. d, Analysis of shearing. For IPDA analysis of patient samples, shearing was measured using amplicons in the RPP30 gene (Fig.Â 3a, d, e). For plasmid control experiments, shearing of ZraI-cut plasmids was analysed using two sets of amplicons, the Î¨ and env IPDA amplicons and the equally spaced PSC amplicons shown in a. ddPCR analysis was done on fresh (D0) maxipreps of pNL4-3 linearized with ZraI at a concentration mimicking patient samples. To assess the effects of higher levels of DNA fragmentation, IPDA analysis was also done on pNL4-3 DNA that had been incubated at 4Â Â°C for 5 days (D5), and on pNL4-3 DNA cut with both ZraI and EcoRI (two cuts). The mean and range of duplicate determinations of the DSI is shown for each set of amplicons. The DSI was the same for the IPDA and PSC amplicons at three different levels of shearing. The DSI was used to correct the IPDA droplet counts in e. Negative values were set to 0. e, Uncorrected and DSI-corrected IPDA analysis of the intact proviral construct pNL4-3 at different levels of fragmentation. After correction, positive droplets were almost exclusively in Q2 even at higher levels of fragmentation.


Extended Data Fig. 6 Sequence analysis of Q2 proviruses.
a, Sorting of productively infected CD4+ T cells. Cell preparations with a high fraction of intact proviruses were obtained by infecting CD4+ T lymphoblasts with a replication-competent HIV-1 carrying GFP in the nef ORF (R7-GFP37). After 48Â h, GFP+ cells were collected by sorting. Genomic DNA was isolated, subjected to pulse field electrophoresis to remove unintegrated intermediates, and analysed by IPDA. b, IPDA analysis of high molecular mass DNA from sorted cells. Droplets in Q1 and Q4 largely reflect the shearing of intact proviruses (DSIÂ =Â 0.46) during in DNA isolation and purification. c, Frequency of intact proviruses in GFPâˆ’ and GFP+ cells before and after correction for shearing. After correction for shearing, the frequency of intact proviruses in sorted GFP+ cells is close to the expected value of 1. d, Map of the HIV-1 genome in GFP-expressing HIV-1 vector R7-GFP used in a. GFP is inserted in the nef ORF. Positions of outer primers in the LTR and GFP used in single genome amplifications are indicated. e, Sequence analysis of nine independent single genomes. Arrows indicate positions of the Î¨ and env IPDA amplicons. Orange lines indicate intact sequence without deletions or hypermutation and identical to R7-GFP except for single base mutations (black lines).


Extended Data Fig. 7 DSI for patient samples.
The DSI was determined by ddPCR using two amplicons in a cellular gene (RPP30) spaced at exactly the same distance as the Î¨ and env amplicons. It is the fraction of templates in which DNA shearing has occurred between the amplicons. Horizontal bars indicate median and interquartile range; data from nÂ =Â 62 patient samples.


Extended Data Fig. 8 In vivo decay rates of cells with intact and defective proviruses.
The frequency of cells carrying intact proviruses, proviruses with 3â€² deletion and/or hypermutation (3â€² del/hyper), and proviruses with 5â€² deletions (5â€² del) was measured in resting CD4+ T cells from patients on long-term suppressive ART. Data are plotted in terms of decay rate assuming exponential decay. Half-life values for the same decay curves are shown in Fig.Â 4c. Negative decay rate indicates proliferation.


Extended Data Fig. 9 Variability in decay slopes.
Shown are the mean and s.d. of the decay slopes for intact and defective proviruses in infected individuals on ART sampled longitudinally (nÂ =Â 14). Analysis based on decay data in Fig.Â 4a.
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