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ABSTRACT  1 

Background 2 

The relative stabilities of the intact and defective HIV genomes over time during effective 3 

antiretroviral therapy (ART) have not been fully characterized.  4 

Methods 5 

We used the intact proviral DNA assay (IPDA) to estimate the rate of change of intact and 6 

defective proviruses in a cohort of HIV-infected adults on ART over several years. We used linear 7 

spline models with a knot at seven years; these included a random intercept and slope up to the 8 

knot. We also estimated the influence of covariates on starting levels and rates of change.  9 

Results 10 

We studied 81 individuals for a median of 7.3 (IQR 5.9-9.6) years. In a model allowing for a change 11 

in the rate of decline, we found evidence for a more rapid rate of decline in intact genomes from 12 

initial suppression through seven years (15.7% per year decline; CI -22.8%, -8.0%) followed by a 13 

slower rate of decline after seven years (3.6% per year; CI -8.1%, +1.1%). The estimated half-life 14 

of the reservoir was 4.0 years (CI 2.7-8.3) until year seven and 18.7 years (CI 8.2-infinite) 15 

thereafter. There was substantial variability between individuals in the rate of decline until year 16 

seven. Intact provirus declined at a faster rate than defective provirus (p<0.001). Individuals with 17 

higher CD4+ T cell nadir values had a faster rate of decline in intact provirus. 18 

Conclusions 19 
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These findings provide evidence that the biology of the replication-competent (intact) reservoir 1 

differs from that of the replication-incompetent (non-intact) pool of proviruses. The IPDA will 2 

likely be informative when investigating the impact of interventions targeting the reservoir.   3 
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SCOPE cohort receives additional support from the UCSF/Gladstone Institute of Virology & 6 

Immunology CFAR (P30 AI027763), the CFAR Network of Integrated Systems (R24 AI067039) and 7 

the amfAR Institute for HIV Cure Research (amfAR 109301). Additional support was provided by 8 

the I4C and Beat-HIV Collaboratories, the Howard Hughes Medical Institute, Gilead, and the Bill 9 

and Melinda Gates Foundation. 10 
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BACKGROUND 1 

The latent HIV-1 reservoir is established early in the course of infection and persists despite 2 

suppressive antiretroviral therapy (ART) (1-4). Strategies under development to cure HIV 3 

infection often involve targeting the latent viral reservoir with the goal of decreasing the number 4 

of replication-competent proviruses that contribute to viral rebound (5).  5 

The latent reservoir is not static (6). In addition to accurately and precisely quantifying the 6 

reservoir, it is crucial to understand how its size changes over time in individuals on prolonged 7 

suppressive ART. Understanding variability in the rate of change of the reservoir size, correlates 8 

of this variability, and factors associated with rapid decay is likely to be useful in the design and 9 

interpretation of HIV cure interventions.  10 

Current assays have well-described limitations in their ability to quantify the replication-11 

competent reservoir. Quantitative viral outgrowth assays (QVOA) measure reactivated virus 12 

capable of infecting cells in culture. These assays directly measure the replication-competent 13 

population, but their scalability is limited (7). They are time- and labor-intensive, with a slow 14 

turnaround time to detect outgrowth. In addition, they are relatively insensitive because not all 15 

latently infected cells will be induced by stimulation, underestimating the reservoir size (8, 9). In 16 

contrast, PCR-based assays are easier to perform. They have a larger dynamic range, but are 17 

unable to differentiate between defective and replication-competent virus. These assays vastly 18 

overestimate the size of the replication-competent reservoir (7, 10). 19 

The intact proviral DNA assay (IPDA) was recently developed to address these issues by 20 

separately quantifying intact and defective proviruses (11). The IPDA utilizes droplet digital PCR 21 
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(ddPCR) to simultaneously analyze the packaging signal and env regions of proviruses. Intact 1 

proviruses demonstrate amplification at both regions, while defective proviruses demonstrate 2 

amplification at a single region or do not amplify (11). This assay has the potential to provide a 3 

more useful estimate of the replication-competent reservoir by detecting a greater number of 4 

intact proviruses than QVOA while distinguishing intact sequences from those defective ones that 5 

are unlikely to be clinically relevant. However, the performance of this assay in clinical cohorts 6 

remains unknown.  7 

Using the IPDA, we analyzed proviruses in CD4+ T cells purified from longitudinal peripheral blood 8 

mononuclear cell (PBMC) samples from highly characterized HIV-infected individuals on 9 

suppressive ART to identify changes in intact and defective provirus over time. Based on recent 10 

work using this assay (11), we hypothesized that intact and defective provirus would demonstrate 11 

different rates of change. We further hypothesized that the rate of decline would correlate with 12 

markers of immune status, such as proximal CD4+ T lymphocyte count and CD4+ T cell nadir.  13 

  14 

 15 

  16 
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RESULTS 1 

Characteristics of study participants 2 

Eighty-one individuals were studied (Table 1). Most were male (95.1%) and the mean age was 49 3 

years. The median nadir CD4+ T cell count was 183 cells/mm3 (IQR 60-326), median proximal 4 

CD4+ T cell count at the first timepoint sampled was 584 cells/mm3 (IQR 444-751), and median 5 

proximal CD4/CD8 ratio was 0.64 (0.41-1.01). Individuals had been on suppressive ART for a 6 

median of 617 days (IQR 98-1369) at the time of the first PBMC sample included in the IPDA 7 

analysis. Individuals were studied for a median of 7.3 years (IQR 5.9-9.6). A total of 216 8 

measurements across the cohort were performed. On average, 2.7 samples were studied per 9 

subject. At the first visit, 39 individuals were on a regimen including a protease inhibitor, 49 were 10 

on a regimen including a non-nucleoside reverse transcriptase inhibitor, and 9 were on a regimen 11 

including an integrase inhibitor (these were not mutually exclusive). 12 

Baseline HIV-1 provirus measures 13 

Intact proviral DNA levels were measured with the IPDA as previously described (11).  A detailed 14 

description is given in Methods.  Representative assay output, positive and negative controls, 15 

gating, and procedures for dealing with polymorphisms are described in Supplemental Figures 16 

S1-4. 17 

The median intact HIV proviral DNA level at first visit was 151 copies/106 CD4+ T cells (IQR 40-18 

398; Figure 1). The median frequency of provirus containing defects in the 3’ and 5’ regions were 19 

574 and 404 copies/106 cells, respectively. The median ratio of intact/defective genomes was 20 

0.15 (IQR 0.05-0.33).   21 
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In models estimating the effect of covariates on starting levels of intact provirus, there was a 1 

statistically significant effect of CD4+ T cell nadir (0.65-fold change for every 100-cell increase, CI 2 

0.53-0.80; p<0.0001) and proximal CD4/CD8 ratio (0.49-fold change for every twofold increase of 3 

the ratio, CI 0.34-0.70; p=0.0001). CD4+ T cell nadir and CD4/CD8 ratio also had a statistically 4 

significant effect on starting levels of 3’ defective provirus (0.75-fold change for every 100-cell 5 

increase, CI 0.62-0.92; p=0.0064 and 0.67-fold effect for every two-fold increase of the ratio, CI 6 

0.54-0.83; p=0.0006) and 5’ defective provirus (0.52-fold change for every 100-cell increase, CI 7 

0.42-0.64; p<0.0001 and 0.40-fold effect for every twofold increase of the ratio, CI 0.28, 0.59; 8 

p<0.0001). Age, race, gender, protective HLA alleles, and CCR5 heterozygosity did not have a 9 

substantial effect on starting levels of intact or defective proviruses.  10 

Intact HIV-1 decay kinetics 11 

We first modeled the decay of the intact provirus. Our initial model assumed a constant rate of 12 

decline throughout the measured interval, but we found strong evidence that this assumption 13 

was not realistic (p=1.6×10-7).  14 

In a model allowing for a change in the rate of decline, the best fit was achieved with a cut point 15 

of seven years of effective ART (Figure 2a). In this model, there was a 15.7% per year decline (CI 16 

-22.8%, -8.0%; p=0.0002) in the size of the intact reservoir from initial suppression through year 17 

seven of suppression. Following year seven, there was a 3.6% (CI -8.1%, +1.1%; p=0.13) per year 18 

decline in the size of the intact reservoir. The estimated half-life of the reservoir was 4.0 years (CI 19 

2.7-8.3) until year seven. This agrees with the half-life of latently infected cells determined using 20 

the QVOA (3.7 years; (12) After year seven, the half-life was 18.7 years (CI 8.2-infinite). 21 



 8 

There was substantial variability between individuals in the estimated rate of decline until year 1 

seven (Figure 3a). No patterns emerged when this was examined according to whether 2 

individuals had been on suppressive ART for greater than or less than 1 year. While most 3 

individuals exhibited a decline in the intact reservoir, a subset demonstrated little change or 4 

expansion (13/69, 18.8%) over time.  5 

Defective HIV-1 decay kinetics 6 

Figure 2b-d displays models for provirus with 3’ and 5’ defects, as well as the combined pool of 7 

defective provirus. In a model allowing for a change in the rate of decline at seven years, there 8 

was a 4.0% per year (CI -7.0, -0.9; p=0.013) decline in combined defective provirus through year 9 

seven. This was followed by a 1.5% per year (CI -3.2, +0.2; p=0.085) decline in combined defective 10 

provirus after year seven. The estimated half-life of the combined defective proviral DNA was 11 

17.1 years (CI 9.6-78.2) to year seven and 45.1 years (CI 21.1-infinite) after year seven.  12 

Provirus with 3’ defects declined at 5.9% per year (CI -9.3, -2.3; p=0.0018) until year seven. 13 

Seventeen of 69 (24.6%) individuals exhibited an expansion in 3’ defective provirus over the first 14 

seven years. After year seven, this subset of defective provirus declined at 0.9% per year (-2.8, 15 

1.1; p=0.37). The estimated half-life of the 3’ defective proviral DNA was 11.4 years (CI 7.1-29.7) 16 

to year seven and 77.4 years (CI 24.1-infinite) after year seven. 17 

Notably, 5’ defective provirus appeared to be stable and even increased 1.2% per year (CI -6.4, 18 

+9.3; p=0.76) through year seven of suppression. Twenty-eight of 69 (40.5%) individuals exhibited 19 

an expansion in 5’ defective provirus during this period. Afterwards, this subset of defective 20 
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provirus declined at 1.5% per year (CI -7.1, +4.5; p=0.62). After year seven, the estimated half-1 

life of the 5’ defective proviral DNA was 47.3 years (CI 9.4-infinite).  2 

A paired t-test comparing the individuals’ fitted slopes during the first seven years of suppression 3 

for intact versus defective provirus had p<0.0001. 4 

Correlates of provirus rate of decline 5 

We also estimated factors associated with the rate of the decline in the intact and non-intact 6 

populations over the first seven years of suppression (Figure 4; Table S1). 7 

Individuals with higher CD4+ T cell count nadir values had a faster rate of decline in cells 8 

containing intact genomes. For every 100 cells higher the nadir CD4, there was an estimated 9 

additional 5.4% per year decline. There was also evidence of an association of proximal CD4+ T 10 

cell values with the rate of decline of intact provirus, along with proximal CD8+ T cells (when log 11 

transformed) and proximal CD4/CD8 ratio (when not log transformed).  12 

In models that included both CD4+ T cell nadir and one of the three concurrent T cell measures 13 

(Table S2), nadir CD4 remained associated with the intact proviral decay rate (estimates -4.0% to 14 

-5.4%, p=0.0001 to p=0.0066). The estimates for the concurrent measures remained similar when 15 

controlled for nadir CD4, except the estimate for CD4/CD8 ratio, which decreased to -6.4% 16 

(p=0.20).  17 

The estimates described above are from models that assume no influence of nadir CD4+ T cell 18 

count on the initial level at the beginning of viral suppression. Models that allowed nadir CD4+ T 19 

cell count to be associated with both the initial level and the subsequent rate of decline provided 20 
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strong evidence of association with at least one, but could not provide strong evidence for which 1 

one. 2 

The rate of decline of defective provirus also correlated with CD4+ T cell nadir. In models that 3 

included both nadir and one of the three concurrent measures, CD4+ T cell nadir again remained 4 

associated (estimates -1.3% to -2.2%, p=0.0031 to p=0.0084).   5 

As compared with NNRTI- and INSTI- based regimens, PI-based regimens were associated with 6 

slower decline of the intact proviral reservoir, although this association was not statistically 7 

significant. 8 

There was a statistically significant correlation between the rate of decline and starting level of 9 

intact provirus (Figure 3b). The rate of decline of intact provirus did not substantially correlate 10 

with the rate of decline of 3’ or 5’ defective provirus (Figures 3c-d).  11 

A subset of individuals appeared to have very rapid declines in intact provirus. Of the seven 12 

individuals in the top decile of intact proviral decline (rates faster than -33% per year), only one 13 

had a protective HLA allele. The baseline levels of intact and 3’ defective genomes in these rapid 14 

decliners was higher than that observed in the remainder of the cohort (median 1989 vs 140 15 

copies, p=0.005; 1464 vs 531, p=0.006). There was little difference in the median baseline level 16 

of 5’ defective genomes. The age, CD4+ T cell nadir and CD4/CD8 ratio were similar in those with 17 

rapid declines as compared to the remainder of the cohort.  18 

  19 
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DISCUSSION 1 

Using an established and well-characterized cohort of treated HIV-infected adults, we 2 

characterized the intact and non-intact genomes over several years, using the IPDA to estimate 3 

the size of these two populations. We found that both populations declined over time, with a 4 

more rapid decline found during the first seven years of ART. Importantly, we found that cells 5 

containing intact genomes decayed faster than those containing non-intact or defective 6 

genomes. The rate of decay correlated with the CD4+ T cell nadir, with higher nadir values 7 

associated with a higher rate of decay of both intact and defective provirus. These findings 8 

provide strong evidence that the biology of the replication-competent (intact) reservoir likely 9 

differs from that of the replication-incompetent (non-intact) pool of persistent proviruses. Assays 10 

that provide a more direct estimate of the intact population will likely be more useful and 11 

informative when investigating the impact of interventions targeting the reservoir.   12 

Intact and defective proviruses exhibited different rates of decay during the first seven years 13 

following ART initiation. Intact proviruses decayed at a faster rate. A similar finding was suggested 14 

in a smaller number of participants with two time points analyzed in the development of the IPDA 15 

(11). In addition, a recent study utilizing single-genome, near full-length sequencing techniques 16 

suggested differences in the rate of decline between cells containing intact proviruses (13). There 17 

are several potential mechanisms that could explain this. Cells containing intact virus may be 18 

more likely to produce proteins and be more effectively cleared by the host immune response, 19 

even as it has been shown that cells containing defective genomes may still be targeted (9, 14). 20 

Cells harboring replication-competent virus may be more likely to produce virions, resulting in a 21 

higher frequency of cell death by direct cytotoxic effects. 22 



 12 

The estimated half-life of the latent reservoir, particularly after seven years, continues to be a 1 

significant obstacle to HIV eradication. Prior work utilizing longitudinal QVOA estimated the half-2 

life of the reservoir as approximately 44 months, similar to the 48 months estimated here for the 3 

first seven years of viral suppression (12, 15). These prior studies had not included observations 4 

beyond seven years.  5 

We observed a non-constant decay over time, and the decay rate slowed substantially after 6 

longer duration of suppression. Our model estimates that 226 years of effective ART would be 7 

necessary to achieve a 4-log10 decrease in intact proviral DNA levels. This suggests once more 8 

that ART alone will be insufficient to clear the HIV reservoir and further supports that novel 9 

agents will be needed for eradication. While this study did not investigate the mechanism 10 

through which this non-constant decay occurs, one possibility is that it reflects the dynamics of 11 

different populations of CD4+ T cells, with the initial steeper slope associated with 12 

transcriptionally active, shorter-lived cells carrying intact proviruses followed by a slower slope 13 

reflective of a second cell population of infected CD4+ T cells that is longer-lived or replenished. 14 

Changes in T cell subset frequencies might also contribute if cells that are infected at a lower rate 15 

(e.g., naïve T cells) expand over time and dilute the reservoir, although this has yet to be 16 

confirmed as a mechanism governing reservoir dynamics (16, 17). Furthermore, if changing T cell 17 

subset frequencies were alone responsible for decay, this would not explain the variable decay 18 

between intact and defective provirus unless certain subsets are enriched for certain proviruses.   19 

Our analysis only provides perspectives on the rates at which intact and defective genomes 20 

change over time. Notably, we did not measure the composition of the reservoir, which is known 21 
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to be dynamic. HIV is maintained in large part due to clonal expansion of infected cells, a process 1 

that presumably reflects the effect of homeostatic cytokines and antigen on maintenance of T 2 

cell memory (6, 18-23). These clones are known to wax and wane over time (24). During long-3 

term ART, the reservoir tends to become more clonal in nature (25). Most clones contain 4 

defective genomes, but clonal populations containing intact genomes have been reported (19, 5 

20, 26-28). Our findings are consistent with a recent small (n=4) study (13), which found that 6 

proviruses with a 5’ deletion tended to expand over time. The authors postulated that this could 7 

be due to a lack of negative selection pressure related to inefficient protein expression in these 8 

clones or due to enhanced immune evasion related to Nef (13). While we evaluated fewer 9 

timepoints per individual, our study lends additional support to this observation within a larger 10 

sample. Additional studies are clearly needed.  11 

Individuals with higher nadir CD4+ T cell values exhibited a faster rate of decay of intact provirus 12 

in the first seven years, suggesting that this marker of immune status is important in determining 13 

reservoir dynamics. A similar association has been described with total viral DNA (29). Net decay 14 

in intact proviruses includes rates of expansion (e.g., homeostatic proliferation) and decay (e.g., 15 

immune mediated clearance, memory T cell deletion). If a lower nadir favors the former, the 16 

slower decay could be driven by higher amounts of homeostatic proliferation. Similarly, those 17 

who start ART earlier will theoretically have more robust clearance mechanisms of virus-infected 18 

cells. This observation continues to lend support to the benefit of early ART initiation and 19 

suggests that those who have initiated ART early in the course of their infection may be optimal 20 

participants for cure-related interventions. 21 
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We also observed a potentially differential effect of ART agents, with individuals on PI-based 1 

regimens exhibiting slower decay dynamics than those not on such regimens.  Notably, in two 2 

intensification studies in which episomal DNA (2-LTR circles) were measured prospectively, those 3 

individuals on protease inhibitor regimens were more likely to exhibit a transient increase in DNA 4 

levels (a marker of residual virus replication) (30, 31). The clinical significance of these 5 

observations remains uncertain.       6 

We did not encounter an individual for whom amplification consistently failed for either the Psi 7 

or Env reaction across all timepoints tested. However, intact proviruses and/or 5’ defective 8 

proviruses were not detectable in a small number of individuals at baseline. One explanation for 9 

this observation is that intact or 5’ defective proviruses could have been present at levels below 10 

the detection limit of the assay. We anticipate that in such scenarios, analysis of a larger number 11 

of CD4+ T cells would likely enable detection of intact proviruses. Total proviral DNA levels were 12 

very low in rare individuals, such that even defective proviruses were difficult to detect. In some 13 

of these cases, dual-positive droplets (intact proviruses) comprised a higher percentage of the 14 

overall infected cell population than expected, and there were lower levels of single-positive 15 

droplets (defective proviruses). These findings are potentially consistent with a recent period of 16 

viremia or expansion of a T cell clone harboring an intact provirus.  It is also possible that some 17 

individuals may harbor a polymorphism in an IPDA primer or probe binding site that might 18 

interfere with amplification and result in inability to detect Env or Psi positive droplets (see 19 

Methods and discussion below). Because the IPDA employs duplex PCR reactions, complete 20 

amplification failures for a single amplicon are readily apparent (see Figure S4) (11).  In this sense, 21 

the IPDA has a distinct advantage over single amplicon PCR assays for which the absence of signal 22 
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can be due either to a low frequency of target template or polymorphisms that preclude 1 

amplification.  When only one of the IPDA reactions give positive droplets, a polymorphism may 2 

be present and require the use of alternative primers or probes in order to detect intact 3 

proviruses.              4 

This study has several limitations. First, while all participants had been on ART for at least one 5 

year at the first IPDA timepoint, there was variability in the preceding duration of documented 6 

suppression because of sample availability. This meant that we were able to evaluate intact 7 

proviral measurements at the initial point of suppression for only 20 participants (25% of the 8 

cohort). Importantly, this prevented our data alone from being able to determine whether CD4+ 9 

T cell nadir influences the rate of decline during suppression or the initial level of provirus 10 

subtypes at the start of suppression (or both), but we believe that the former is biologically 11 

plausible. Second, our study cohort was primarily composed of white men due to sample 12 

availability, and we were therefore unable to explore with much precision sex- or race-based 13 

differences. While a recent study did not show sex-based differences in HIV-1 DNA levels in CD4+ 14 

T cells (32), previous studies have shown differences in PBMCs; further work should aim to 15 

include a higher proportion of women. Third, we chose to study individuals who initiated ART 16 

during chronic infection. Those who started therapy during acute infection likely have different 17 

dynamics, as has been suggested by prior studies (33-35). Fourth, our models were based on a 18 

median 2.7 timepoints per individual. This limits the precision of estimates of half-life and 19 

relationships with covariates. If possible, future studies could include a greater number of 20 

timepoints per participant. Fifth, the direction of causation could be reversed or bi-directional 21 

for some covariates, such as concurrent CD4 and CD8.  22 
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There are also limitations with respect to assay performance.  The IPDA was developed as a high 1 

throughput molecular assay aimed at quantifying the intact proviruses. Because the IPDA utilizes 2 

ddPCR for proviral discrimination, the assay cannot be used to separately quantify clonal 3 

proviruses. As such, deconvolution of the dynamics of clonal expansion and/or decay of intact 4 

and defective proviruses was not possible in this longitudinal analysis. As described (11), 5 

proviruses with defects affecting both proviral discrimination reactions are not quantified by the 6 

IPDA. Previous analysis indicates that such proviruses comprise a small fraction of the total 7 

population of persistent proviruses (11). Nevertheless, the dynamics of these proviruses remains 8 

unknown. In addition, polymorphisms affecting the IPDA primer or probe binding sites may lead 9 

to an underestimate of intact proviruses in some situations. Polymorphisms precluding 10 

amplification in one of the IPDA reactions at all time points were not observed in this cohort but 11 

have been observed in other patient populations and are readily discernable (R. Siliciano et. al., 12 

unpublished).  In these situations, the use of alternative primers is required. When both IPDA 13 

reactions give positive droplets for a given individual, it remains possible that a subset of 14 

proviruses in that individual harbor polymorphisms that interfere with amplification.  However, 15 

as we have previously shown (11), the frequencies of intact proviruses detected by the IPDA are 16 

on average about 100 fold higher than those obtained with the QVOA, likely because it detects 17 

many proviruses that are not induced by a single round of T cell activation used in the QVOA 18 

(9,19).  In any event, because IPDA values greatly exceed QVOA values, these undetected 19 

variants, if present, are likely to make only a minor contribution to the reservoir.  It is important 20 

to note that the IPDA primers and probes bind to highly conserved regions of the viral genome.  21 

In addition, the digital droplet PCR format of the assay is tolerant of minor polymorphisms in 22 
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primer and probe binding sites owing to its use of endpoint PCR amplification.   Importantly, 1 

despite this tolerance for minor polymorphisms, the IPDA has essentially no background as 2 

demonstrated by uninfected donor control material processed and analyzed in parallel with 3 

every IPDA batch (Figure S1).   Polymorphisms reducing PCR efficiency can result in droplets with 4 

slightly lower amplitude, but these are still correctly scored as positive droplets so long as the 5 

droplet amplitude exceeds the gates set with DNA from uninfected donors..  It is also worth 6 

noting that all molecular assays employed in the HIV persistence field – both absolutely 7 

quantitative (e.g. IPDA, CA-RNA, CA-DNA) and relatively quantitative (e.g. near full-length 8 

proviral sequencing and related approaches) – are sensitive to polymorphisms at primer and/or 9 

probe binding sites. Defining specific polymorphisms that affect amplification, their frequency 10 

across people infected with HIV-1, and approaches for mitigating these effects for any molecular 11 

assay for persistent HIV-1 will require the analysis of large and diverse cohorts of infected 12 

individuals. With respect to the IPDA, this is an area of active study.  13 

Finally, while near full-length proviral sequencing might have provided more accurate 14 

discrimination of intact from defective proviruses, this method is not currently feasible to use in 15 

large studies such as this and, importantly, does not directly provide absolute quantitation of 16 

proviral frequencies per measured input cells. Furthermore, near full-length sequencing and 17 

related approaches rely on the long-range amplification of proviruses. While the overall technical 18 

limitations of long-range PCR amplification are well known, it is conceivable that there are 19 

differences in the amplification efficiency of intact versus defective proviruses due to differences 20 

in length (as a result of large deletions) or nucleotide content (as a result of extensive 21 



 18 

hypermutation). These sources of bias are under active investigation and should be considered 1 

when interpreting proviral sequencing datasets.  2 

In conclusion, we found a differential rate of decay for intact and defective provirus in a cohort 3 

of HIV-infected individuals and confirmed several prior observations about reservoir dynamics 4 

and their correlates that utilized less optimal assays. The IPDA, despite potential limitations, 5 

could be a useful tool in evaluating the impact of upcoming curative interventions for HIV 6 

infection. 7 

  8 
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METHODS 1 

Study participants and samples 2 

Study participants had been enrolled in the University of California, San Francisco (UCSF) SCOPE 3 

cohort between 2001 and 2017. SCOPE is a large, longitudinal cohort of HIV-infected individuals 4 

with detailed characterization of clinical and virologic outcomes. From this cohort, we identified 5 

individuals who had been on ART for at least one year, had plasma HIV RNA levels that were 6 

below the level of quantification at the baseline visit for this analysis, and subsequently 7 

maintained viral suppression for at least two years, allowing for isolated HIV RNA levels that were 8 

above the limit of quantification but below 200 copies RNA/mL. We prioritized those participants 9 

who had the longest duration of viral suppression and who had stored PBMCs that spanned this 10 

period; samples for subsequent analysis were then selected that spanned this period of 11 

suppression. We calculated the duration of suppression as the time between the first 12 

documented suppressed plasma HIV RNA and the IPDA sample. In some cases, a participant had 13 

been on ART for a year but had not had confirmation of plasma HIV RNA suppression prior to the 14 

IPDA timepoint. In these cases, we took a conservative approach and used the timepoint for the 15 

IPDA sample as the date of first suppression. Basic HIV parameters, including plasma HIV RNA 16 

and CD4+ T lymphocyte count, were measured using clinical assays at the time of specimen 17 

collection. 18 

Intact proviral DNA assay (IPDA) measurements 19 

An in-depth description of the IPDA rationale and procedure is available in Bruner et. al., Nature 20 

2019 (11). In this study, the IPDA was performed by Accelevir Diagnostics under company 21 
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standard operating procedures. Cryopreserved PBMCs from each participant were viably thawed 1 

and total CD4+ T cells were obtained via immunomagnetic selection (EasySep Human CD4+ T cell 2 

Enrichment Kit, Stemcell Technologies), with cell count, viability, and purity assessed by flow 3 

cytometry both pre- and post-selection. An average of 2.5 million untouched CD4+ T cells were 4 

recovered for each sample.  Genomic DNA was isolated using the QIAamp DNA Mini Kit (Qiagen). 5 

DNA concentrations were determined by fluorometry (Qubit dsDNA BR Assay Kit, ThermoFisher 6 

Scientific) and DNA quality was determined by UV/VIS spectrophotometry (QIAxpert, Qiagen). 7 

Genomic DNA was then analyzed by IPDA.  8 

As described previously (11), each IPDA consists of two multiplex ddPCR reactions performed in 9 

parallel: (1) the HIV-1 Proviral Discrimination reaction, which distinguishes intact from defective 10 

proviruses; and (2) the Copy Reference/Shearing reaction, which quantifies DNA shearing and 11 

input diploid cell equivalents. The HIV-1 Proviral Discrimination reactions employ two 12 

independent hydrolysis probe reactions that simultaneously interrogate the packaging signal and 13 

Rev-response element on individual proviruses to discriminate intact from defective proviruses 14 

(11). ddPCR droplets containing intact proviruses exhibit probe signal from both discriminatory 15 

amplicons, while droplets containing defective proviruses exhibit only one probe signal from a 16 

single discriminatory amplicon. The Copy Reference/Shearing reactions employ two independent 17 

hydrolysis probe reactions targeting the human RPP30 gene (chromosome 10: 90,880,081 on 18 

GRCh38). As described and demonstrated previously (11), assay results are impacted by DNA 19 

shearing between IPDA amplicons, which artificially reduces intact provirus counts while 20 

increasing defective provirus counts. The amount of intra-amplicon shearing is directly measured 21 

by the Copy Reference/Shearing reaction for each sample. The rationale for the design of this 22 
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duplex ddPCR reaction was previously described in-depth (11). For each sample, the DNA 1 

shearing index (DSI) is calculated based on the ratio of dual fluorescent to single fluorescent 2 

droplets to determine the frequency of intra-amplicon shearing which occurred during DNA 3 

isolation and assay setup. The average DSI measured for the samples was 0.36. Shearing 4 

correction is applied to both IPDA component reactions to account for the measured intra-5 

amplicon shearing using the DSI, and final IPDA results are reported as proviral frequencies per 6 

million CD4+ T cells. ddPCR reactions were assembled via automated liquid handlers maximize 7 

reproducibility. As described previously (11), ddPCR was performed on the Bio-Rad QX200 8 

AutoDG Digital Droplet PCR system using the appropriate manufacturer supplied consumables 9 

and the ddPCR Supermix for probes (no dUTPs) (Bio-Rad Laboratories). HIV-1 Proviral 10 

Discrimination reactions were performed using the primer and probe sequences as described 11 

(11). Copy Reference / DNA Shearing reactions were performed with the DNA Shearing Control 12 

for IPDA Multiple digital PCR primer/probe mix (20x) (Accelevir Diagnostics, Catalog 19-1001). As 13 

described previously (11), up to 700 ng of genomic DNA was analyzed in each HIV-1 proviral 14 

discrimination reaction to ensure optimal droplet occupancy. For Copy Reference / DNA Shearing 15 

reactions, the input genomic DNA was diluted 1:100 such that up to 7 ng of genomic DNA was 16 

analyzed per reaction. Final input DNA concentrations were dependent upon the concentration 17 

of recovered DNA. Samples were batch processed and analyzed. For each batch, CD4+ T cells 18 

from uninfected donors were parallel processed and analyzed as negative controls (Figure S1).  19 

Gates were established using these negative control reactions. JLat full-length clone 6.3 cells 20 

were used as positive controls (Figure S1). The JLat full-length clone 6.3 from E. Verdin was 21 

obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH. Cells were 22 
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authenticated through short tandem repeat analysis and tested negative for mycoplasma. 1 

Operators were blinded to subject identity and timepoint. Typical patient sample results are 2 

shown in Figure S2.  Atypical patterns possibly reflecting polymorphisms are illustrated in Figures 3 

S3 and S4. 4 

Statistical methods 5 

We sought to estimate the rate of change over time in log(copies per million cells), along with 6 

the influence of covariates on that rate of change, both for the primary outcome of intact provirus 7 

and the secondary outcomes of defective provirus (total combined defective provirus, and its 8 

two sub-types). Our primary predictor was therefore the duration of viral suppression at the time 9 

of each sample collection, which is a time-varying predictor that changes within each person 10 

across their different measurements, permitting longitudinal estimation of rates of change. We 11 

used mixed-effects models for repeated measures and did not calculate differences or rates of 12 

change between observations prior to modeling. Because some observations were zero (no 13 

copies detected), we initially evaluated mixed effects negative binomial regression models, which 14 

permit inclusion of observations of zero without modifications (36).  In simple preliminary 15 

models, however, we encountered a convergence problem for one type of defective provirus, 16 

and a modified linear regression approach (see below) produced very similar results for the 17 

models that converged without issues. In addition, observations of zero were infrequent for 18 

intact provirus (7%), with 84% of observations having >10 copies measured, and even less 19 

frequent for defective provirus. We therefore applied random-intercept-random-slope linear 20 

regression to loge(0.5 + copies per million cells), allowing a covariance term between the two 21 

random effects. The addition of 0.5 permits log transformation when no copies were detected, 22 
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but it results in very little change to most observations, thus approximately preserving the 1 

interpretation of back-transformed regression coefficients as multiplicative effects. For rates of 2 

change and the influence of covariates on it, we present percent effects as 100*(exp(coefficient) 3 

- 1). 4 

We initially modeled intact provirus over time using a linear effect of duration of suppression, 5 

implying a constant rate of change regardless of how long viral load has been suppressed, but 6 

there was evidence of nonlinearity, implying that a single, global rate of decline would not be 7 

meaningful. We therefore evaluated linear spline models with one knot, which allow the rate of 8 

change to slow after a specified duration of suppression (the knot). We evaluated different 9 

placements for the knot at 3 to 9 years, and selected seven years as the value that optimized the 10 

Akaike Information Criterion (AIC) (37). A likelihood ratio test of this versus the model with 11 

constant rate of decline at all times produced p=1.6×10-7. These models included a random 12 

intercept and a random slope up to the knot. Additionally, allowing for random person-to-person 13 

variation in the slope after the knot did not improve the model (the estimated random effect 14 

variance was zero, corresponding to no person-to-person variation in the rate of decline after 15 

seven years). Our “base model” therefore estimated a rate of decline up to seven years of viral 16 

suppression and a rate after seven years, while allowing for random person-to-person variation 17 

in levels at the start of suppression and in the rate of change over the first seven years of 18 

suppression. We also attempted to fit two-compartment (or “two-phase”) models that have 19 

previously been used in similar applications (22, 38), but these did not fit as well as the simpler 20 

linear spline model. Adding an additional knot before or after seven years also did not improve 21 

the AIC. We obtained p-values for the different rates of decline for intact vs defective virus by 22 
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applying a paired t-test to the individuals’ fitted slopes up to seven years (fixed plus random 1 

effects). In plots of fitted random slopes, we excluded individuals with no data on the rate of 2 

decline over seven years (n=11), due to a single timepoint being studied or the first sample timed 3 

after year seven of suppression. To compare rates of decline in intact versus defective virus, we 4 

applied paired t-tests to fitted slopes from the base model with no covariates. 5 

For the primary analysis, we estimated the influence of covariates on rates of change over the 6 

first seven years of suppression. To do so, we used interaction terms for the covariate with 7 

duration of suppression, which were calculated for each observation based on the covariate’s 8 

history up to the time of the observation. We included covariates that change over time by 9 

making two assumptions: (1) the influence of the covariate between the start of suppression and 10 

the first observation in this study is absorbed into the random effects terms and so is not explicitly 11 

modeled; and (2) the influence of a covariate during an interval between observations is 12 

determined by the average of its values at the beginning and end of the interval. For example, a 13 

covariate X that for a given person takes on values x1, x2, x3, and x4 at times t1, t2, t3, and t4 14 

after the start of suppression would have an interaction term that takes on the values: 0 at time 15 

t1; (t2-t1)*(x1+x2)/2 at time t2; (t2-t1)*(x1+x2)/2+(t3-t2)*(x2+x3)/2 at time t3; and (t2-16 

t1)*(x1+x2)/2+(t3-t2)*(x2+x3)/2+(t4-t3)*(x3+x4)/2 at time t4. The interaction terms reflect the 17 

cumulative effect that the influence of X on the rate of change has had up to each time. For each 18 

interval between time points, the influence of X on the rate of change is reflected in the 19 

measurement at the end of the interval, with the influence during the interval equal to the 20 

duration of the interval (the first term in each of the of the expressions given above) times the 21 

average value of the covariate in the interval (the second term in the expressions above). The 22 
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measurements at the ends of the later intervals reflect the influence from all the previous 1 

intervals. Because the estimated rate of change in the base model was much slower after seven 2 

years, with an estimate of no person-to-person variation, we did not evaluate the influence of 3 

covariates on the rate of change after seven years of suppression.  4 

As a secondary analysis, we estimated the effects of covariates on levels of intact and defective 5 

virus (rather than rates of change), again using random-intercept-random-slope linear regression 6 

models with the same linear spline model for the effect of duration of suppression. In these 7 

models, fixed covariates can be interpreted as influencing the level at the start of viral 8 

suppression. This simple interpretation is less clear for covariates that change over time, so we 9 

recommend consideration of the plausibility of such an influence and the alternative possibilities 10 

of reverse or bi-directional causation. For the effects of covariates on levels, we report fold-11 

effects defined as exp(coefficient). Models allowing fixed covariates to influence both initial 12 

levels and rates of decline were also evaluated as an additional secondary analysis. 13 

 Study approval 14 

The SCOPE protocol was approved by the UCSF Institutional Review Board (San Francisco, 15 

California). All individuals provided informed consent at the time of enrollment. 16 
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FIGURE CAPTIONS 1 

  2 

Figure 1. Baseline proviral DNA in participants at the first study timepoint. Note that the 3 

preceding duration of suppressive ART differs between participants. NC; no copies detected. 4 

Circles indicate participants with detectable provirus. Diamonds indicate participants without 5 

detectable provirus. Crossed circles and diamonds indicate participants who did not exhibit decay 6 

of intact provirus over the first 7 years in longitudinal analyses.  7 
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 1 

Figure 2. Longitudinal dynamics of proviral populations measured using IPDA. Light gray lines 2 

indicate each participant; dashed lines denote participants who did not exhibit decay of intact 3 

provirus over the first 7 years in longitudinal analyses. Thick colored lines indicate the fitted 4 

model. Note the knot (cut point where slope can change) at 7 years in the fitted models. (a) Intact 5 

virus declines at -15.7% (-22.8, -8.0) per year to year 7 (p=0.0002), after which it declines at -3.6% 6 

per year (-8.1, 1.1; p=0.13). (b) Combined defective virus declines at -4.0% (-7.0, -0.9) per year to 7 

year 7 (p=0.013), after which it declines at -1.5% per year (-3.2, 0.2; p=0.085). (c) 3’ defective 8 

virus declines at -5.9% (-9.3, -2.3) per year to year 7 (p=0.0018), after which it declines at -0.9% 9 

per year (-2.8, 1.1; p=0.37). (d) 5’ defective virus increases at +1.2% (-6.4, 9.3) per year to year 7 10 

(p=0.76), after which it declines at -1.5% per year (-7.1, 4.5; p=0.62).   11 
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 1 

Figure 3. Proviral decay rates in study participants. (a) Percent change per year in intact and 2 

defective provirus measured in study participants using IPDA. Note these slopes correspond to 3 

the first seven years of virologic suppression. Values are estimated person-specific random slope 4 

from a mixed effects model plus the overall fixed-effect slope. (b) Intact proviral decay rate as a 5 

function of intact provirus at baseline. Note that intact provirus at baseline is the fitted random 6 

intercept plus the overall fixed-effect intercept, corresponding to the level at the start of viral 7 

suppression. (c) Intact proviral decay rate does not substantially correlate with 3’ provirus decay 8 

rate. (d) Intact proviral decay rate does not substantially correlate with 5’ provirus decay rate. 9 

Crossed circles indicate participants who did not exhibit decay of intact provirus over the first 7 10 

years in longitudinal analyses. 11 

intact slope 3' slope 5' slope

0

+100%

+50%

-50%

-25%

%
 c

ha
ng

e 
pe

r y
ea

r

E
xpansion

D
ecline

0 +100+50-50 -25

0

+100

+50

-50

-25

5’ Defective Provirus Decay Rate

In
ta

ct
 P

ro
vi

ru
s 

D
ec

ay
 R

at
e

r = 0.16
p = 0.18

0 +100+50-50 -25

0

+100

+50

-50

-25

3’ Defective Provirus Decay Rate

In
ta

ct
 P

ro
vi

ru
s 

D
ec

ay
 R

at
e

r = 0.19
p = 0.11

0 1 10 100 1000 10000

0

+100

+25

-50

-25

Intact Provirus Starting Level

In
ta

ct
 P

ro
vi

ru
s 

D
ec

ay
 R

at
e

r = -0.81
p < 0.001

a. b.

c. d.



 36 

 1 

Figure 4. Estimated effects of covariates on the rate of decline of intact and combined defective 2 

provirus during the first 7 years of suppression. (a) Effect of demographic characteristics on rate 3 

of decline. (b) Effect of immunologic parameters on rate of decline. Note: these effects are from 4 

models that do not include the effect of the covariate on the level of provirus at the start of viral 5 

suppression. Abbreviations: MTF, male-to-female transgender; NNRTI, non-nucleoside reverse 6 

transcriptase inhibitor; PI, protease inhibitor; INSTI, integrase strand transfer inhibitor. 7 
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TABLES 1 

Characteristic N=81 

Age (years) 49 (42-53.5) 

Male, n (%) 77 (95.1%) 

Race/Ethnicity, n (%) 

White 59 (72.8%) 

African American 10 (12.3%) 

Latinx 6 (7.4%) 

Other 6 (7.4%) 

CD4 Nadir (cells/mm3) 183 (60-326) 

Days since initial documented suppression 617 (84-1369) 

CD4 at initial timepoint (cells/mm3)  584 (444-751) 

CD4/CD8 Ratio at initial timepoint 0.64 (0.41-1.01) 

Protective HLA Allele, n (%) 11 (13.6%) 

CCR5 Heterozygosity, n (%) 5 (6.2%) 

Initial Regimen Containing, n (%) 

NNRTI 49 (60.5%) 

PI 39 (48.1%) 
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INSTI 9 (11.1%) 

Table 1. Characteristics of study participants at earliest IPDA study timepoint. Values are reported as 1 

median (interquartile range) unless otherwise specified. Abbreviations: NNRTI, non-nucleoside reverse 2 

transcriptase inhibitor; PI, protease inhibitor; INSTI, integrase strand transfer inhibitor. 3 

  4 
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 Intact Provirus Combined Defective Provirus 

Covariate Percent Estimate P-value Percent Estimate P-value 

Age per 10 years -2.1 (-4.8, 0.7) 0.13 -1.1 (-2.8, 0.6) 0.20 

Race     

African American 3.5 (-9.7, 18.6) 0.62 1.2 (-4.9, 7.6) 0.71 

Latinx -11.5 (-25.5, 5.2) 0.16 -12.9 (-19.5, -5.8) 0.0008 

Other 2.8 (-16.0, 25.8) 0.79 -2.6 (-11.3, 6.9) 0.57 

Gender     

Cisgender Female 5.7 (-17.9, 36.0) 0.67 0.8 (-11.9, 15.3) 0.90 

Transgender Female -12.2 (-40.9, 30.3) 0.51 -5.5 (-20.9, 12.9) 0.53 

Protective HLA Allele 3.6 (-9.7, 18.8) 0.61 -3.9 (-10.0, 2.7) 0.23 

CCR5 Heterozygosity 10.0 (-9.7, 34.0) 0.34 0.8 (-9.0, 11.6) 0.88 

Regimen Including:     

PI 7.7 (-5.2, 22.4) 0.25 2.6 (-3.1, 8.6) 0.37 

NNRTI -4.8 (-15.8, 7.5) 0.42 -4.3 (-9.4, 1.2) 0.12 

INSTI -5.2 (-20.2, 12.7) 0.56 -3.0 (-10.0, 4.4) 0.41 

CD4 Nadir     

Per two-fold increase -4.6 (-7.3, -1.8) 0.002 -1.1 (-2.6, 0.3) 0.13 
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Per 100 cells/mm3 increase -5.4 (-7.8, -2.8) <0.0001 -1.7 (-3.0, -0.4) 0.013 

Proximal CD4     

Per two-fold increase -2.2 (-3.8, -0.6) 0.0091 -1.3 (-2.6, -0.1) 0.034 

Per 100 cells/mm3 increase -2.9 (-4.6, -1.1) 0.0017 -0.7 (-1.7, 0.3) 0.15 

Proximal CD8     

Per two-fold increase -1.7 (-3.3, -0.1) 0.034 -0.9 (-2.2, 0.3) 0.13 

Per 100 cells/mm3 increase -0.8 (-2.0, 0.4) 0.19 -0.1 (-0.7, 0.5) 0.71 

CD4/CD8 Ratio     

Per two-fold increase -4.1 (-10.3, 2.5) 0.21 -1.6 (-4.4, 1.2) 0.25 

Per ratio increase of 1 -11.9 (-19.7, -3.3) 0.0086 -5.6 (-9.7, -1.2) 0.013 

Table S1. Estimated effects of covariates on the rate of decline per year in intact virus during the first 1 

7 years of suppression. Note: these effects are from models that do not include the effect of the 2 

covariate on the level of intact virus at the initial study timepoint. Abbreviations: MTF, male-to-female; 3 

NNRTI, non-nucleoside reverse transcriptase inhibitor; PI, protease inhibitor; INSTI, integrase strand 4 

transfer inhibitor. 5 

  6 



 41 

 1 

Models incorporating two covariates % Estimate Lower CI Upper CI p-value 

Per 100 cells/mm3 increase in CD4 nadir -4.0 -6.8 -1.2 0.0066 

Per 100 cells/mm3 increase in proximal CD4 -2.1 -4.0 -0.2 0.030 

Per 100 cells/mm3 increase in CD4 nadir -4.8 -7.3 -2.3 0.0004 

Per doubling of proximal CD4 -2.0 -3.5 -0.5 0.010 

Per 100 cells/mm3 increase in CD4 nadir -4.5 -7.5 -1.4 0.0053 

Per CD4/CD8 ratio increase of 1 -6.4 -15.6 3.7 0.20 

Per 100 cells/mm3 increase in CD4 nadir -5.3 -7.8 -2.8 0.0001 

Per two-fold increase in proximal CD8 -1.9 -3.3 -0.4 0.012 

Models incorporating three covariates % Estimate Lower CI Upper CI p-value 

Per 100 cells/mm3 increase in CD4 nadir -5.4 -8.5 -2.1 0.0019 

Per two-fold increase in proximal CD4 0.2 -7.5 8.5 0.96 

Per two-fold increase in proximal CD8 -2.0 -9.1 5.5 0.58 

Per 100 cells/mm3 increase in CD4 nadir -5.1 -8.4 -1.8 0.0035 

Per 100 cells/mm3 increase in proximal CD4 -0.3 -3.5 3.0 0.86 

Per 100 cells/mm3 increase in proximal CD8 -1.7 -4.0 0.7 0.15 

Table S2. Models of the effect on intact provirus rate of decline per year incorporating 2 

immunologic covariates. 3 


