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Abstract

Analytical treatment interruptions (ATIs) of antiretroviral therapy (ART) play a central role in

evaluating the efficacy of HIV-1 treatment strategies targeting virus that persists despite

ART. However, it remains unclear if ATIs alter the rebound-competent viral reservoir

(RCVR), the virus population that persists during ART and from which viral recrudescence

originates after ART discontinuation. To assess the impact of ATIs on the RCVR, we used a

barcode sequence tagged SIV to track individual viral lineages through a series of ATIs in

Rhesus macaques. We demonstrate that transient replication of individual rebounding line-

ages during an ATI can lead to their enrichment in the RCVR, increasing their probability of

reactivating again after treatment discontinuation. These data establish that the RCVR can

be altered by uncontrolled replication during ATI.

Author summary

While HIV-1 replication can be effectively controlled by combination antiretroviral ther-

apy in most individuals, it does not clear long-lived viral reservoirs that were established

before ART was started. This necessitates life-long adherence to therapy to prevent re-

emergence of infection. Clinical trials evaluating interventions that would allow people to

safely stop ART rely on treatment interruptions to determine if, and when, viral rebound

occurs. However, it remains unclear if extended viral replication during treatment inter-

ruptions can increase the size of the viral reservoir or alter its genetic composition. To

directly assess the impact of replication on the viral reservoir, we used a barcoded simian

immunodeficiency virus in nonhuman primates to track the reactivation and replication

dynamics of individual viral lineages across a series of treatment interruptions. We found

that transient replication of rebounding viral variants during an interruption increased

their probability of reactivating again when treatment was subsequently discontinued.

Our findings suggest that the viral reservoir can become enriched by viral lineages that are
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actively replicating during treatment interruptions, which could have important implica-

tions for clinical trial participants.

Introduction

Despite successful suppression of virus replication with antiretroviral therapy (ART), HIV-1

persists and can rekindle ongoing virus replication when treatment is discontinued [1–4]. This

rebound competent viral reservoir (RCVR) is dominated by resting CD4+ T cells, including

expanded CD4+ T cell clones harboring clonally integrated proviruses, that do not express

viral antigens, and thus go unrecognized by host immune responses [5–8]. Life-long suppres-

sive ART is required to prevent the recrudescence of systemic virus replication from the

RCVR. A large-scale international research effort is focused on developing treatment strategies

that would allow people to safely stop ART, either through eradicating the RCVR or by aug-

menting host immune responses to achieve sustained control of virus replication following

ART discontinuation [9–11]. However, because validated biomarkers predictive of RCVR

reduction or post-treatment viral control are not yet available, clinical trials evaluating such

interventions rely on analytical treatment interruptions (ATIs) to assess time to viral recrudes-

cence and/or rebound setpoint viremia as surrogate measures of RCVR size and virologic con-

trol [12–15]. This raises questions about potential risks of viral replication during ATIs for

study participants and possible changes in the size or composition of the RCVR.

While short-term ATIs are generally considered safe for humans infected with HIV [13–

15], concerns remain about whether viral replication after treatment discontinuation can alter

the composition of the RCVR through enrichment of the specific viral genomes that rebound.

Evidence thus far indicates that brief ATIs of 4–6 weeks do not meaningfully increase the abso-

lute size of the RCVR based on comparison of pre-ATI and post-ATI surrogate measures of

RCVR size, including total HIV-1 vDNA concentrations, cell-associated viral RNA, and fre-

quency of resting CD4+ T cells harboring inducible replication-competent virus as assessed

using quantitative viral growth assays (QVOA) [16–19]. However, these ex vivo assays do not

directly assess the size of the persisting vDNA population that can lead to recrudescent viremia

after ART interruption, and are not in general predictive of time-to-rebound [19–22], which is

considered the most relevant measure of the size of the RCVR. Total HIV-1 vDNA levels

based on viral gag gene quantification are difficult to interpret because they are typically domi-

nated by defective proviruses that do not contribute to viral rebound, particularly if ART is ini-

tiated during the chronic phase of HIV-1 infection, and therefore tend to greatly overestimate

the size of the RCVR [8,23,24]. On the other hand, QVOA tends to underestimate the size of

the RCVR because not all proviruses are induced to reactivate after a single round of ex vivo
stimulation, and reactivation in culture may differ from reactivation in vivo [8]. In addition to

their potentially limited relevance for the RCVR, these assays may not be able to detect small

but potentially meaningful changes due to their limited sample size, dynamic range and preci-

sion [1,8,25–27].

Even if the absolute size of the RCVR does not measurably increase during ATIs, it may

become enriched with rebounding lineages that replicate during the ATI. Because the only

way to directly characterize the RCVR is to sample the rebounding lineages that emerge during

an ATI, it is challenging to assess changes to its genetic composition. A recent study evaluating

the effect of short-term ATIs on the viral reservoir did not find any difference in the genetic

composition of QVOA and HIV-1 vDNA populations before or after ATI [18]. However, in

line with several other studies [28–32], rebound viruses were exceedingly rare among the
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QVOA and HIV-1 vDNA virus populations sampled prior to ART discontinuation. Interest-

ingly, rebounding lineages were frequently related to pre-ATI sequences through recombina-

tion [28,30,31], suggesting that the pre-ATI virus population was not sampled deeply enough

or alternatively, that rebound viremia was sampled too late to detect the initially rebounding

viruses [33]. Overall, the lack of concordance between rebounding lineages and the virus pop-

ulations sampled prior to the ATIs highlight the difficulty in characterizing the potentially

large, diverse and heterogeneously distributed RCVR.

To overcome challenges posed by indirect and limited sampling of the RCVR and to allow

for interventions not feasible in a clinical setting, we used a nonhuman primate (NHP) model

to assess if transient replication of rebounding lineages during ATIs can alter the RCVR. We

used the genetically barcoded but otherwise isogenic virus SIVmac239M [26,34–37] to track

individual barcoded viral lineages through multiple cycles of ART suppression and interrup-

tion. The 34-nt genetic tag can be deeply sequenced using next generation sequencing (NGS)

methods to estimate the relative proportion of each barcode [26,35]. Importantly, we have pre-

viously shown that the barcode remains intact during several months of replication and have

not found any indication that different variants, which are isogenic except for the barcode

sequences, differ in their replicative capacity [26]. The ability to quantify the replication of

thousands of individual clonal variants greatly increases analytic resolution into the structure

of the virus population, allowing detection of nuanced changes to its composition [34], and

provides a way to directly estimate the rate of reactivation from latency for individual animals

[26,38].

In this study, the artificial genetic diversity present in the virus stock allowed for rapid seed-

ing with a diverse population of viral barcode lineages, enabling early ART initiation and

thereby preventing the accumulation of immune escape mutations and other phenotypic dif-

ferences in the RCVR that could potentially confound the dynamics of rebound [39]. To assess

the contribution of viral replication to the RCVR, we precisely measured both the quantity and

genetic make-up of the distinct viral variants comprising the replicating virus population

before ART initiation and during successive ATIs. This allowed us to directly quantify the

impact of transient replication of rebounding viral lineages during an ATI on the likelihood of

their reactivating again during subsequent ATIs. Replication of rebounding lineages during

ATI was associated with increased likelihood of reactivating again when ART was subse-

quently discontinued, proportionate to their level of replication during the prior ATI, demon-

strating that transient replication of rebounding lineages during ATI reseeded the RCVR.

Viral barcode lineages that were predominant in ATI rebound viremia were also enriched in

PBMC SIV cell-associated vDNA (CA-vDNA) measured after ART re-initiation and viral sup-

pression, consistent with their increased contribution to the RCVR. Overall, our findings sug-

gest that the potential for reseeding of the RCVR with viral lineages that are actively replicating

to higher levels during an ATI may be an important consideration for future treatment

decisions.

Results

Viral load kinetics during animal study

To assess whether transient viral replication after treatment discontinuation can alter the

RCVR, we used a barcoded SIV [26] in rhesus macaques to track replication of distinct viral

lineages across a series of ATIs. Four rhesus macaques (H860, H814, H34G and DFR6) were

infected intravenously with SIVmac239M followed by daily combination ART administration

(TDF/FTC/DTG) starting at 10 days post-infection (dpi) (Fig 1). A total of 3 treatment inter-

ruptions of 11 to 21 days were performed after periods of sustained viral suppression at 313

PLOS PATHOGENS Viral replication during analytical treatment interruptions

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009686 June 18, 2021 3 / 29

https://doi.org/10.1371/journal.ppat.1009686


dpi, 444 dpi, and 682 dpi, respectively. The latter two ATIs were preceded by experimental

administration of a depleting anti-CD8α antibody 3 days prior to ART withdrawal. Plasma

viral load (pVL) and PBMC SIV CA-vDNA (Fig 1) were measured at multiple times through-

out study and viral sequences were assessed longitudinally during both suppressive ART

phases and during ATIs.

Representation of pre-ART plasma virus lineages in PBMC viral DNA

during ART

SIV CA-vDNA sampled during ART has frequently been used as a surrogate marker for the

RCVR. To better understand the dynamics underlying the establishment of the persistent viral

DNA population, we assessed its relatedness to plasma virus replicating before ART was initi-

ated. To characterize the replicating virus and cell-associated viral DNA populations, we used

next generation sequencing to identify the number of distinct viral barcodes and their relative

abundance in peak pre-ART plasma (10 dpi) and in CA-vDNA sampled during suppressive

ART between 172 dpi to 313 dpi. Barcode sequencing revealed a large number of distinct line-

ages in the pre-ART plasma of each animal (mean: 588, range: 558–629).

Parallel quantitative assessment of the total vRNA or vDNA level and the proportion of

individual barcode sequences allows determination of the contribution of individual viral vari-

ants to the total virus present in the specimen. To assess if the viral DNA population that

Fig 1. Viral replication dynamics in plasma and PBMC CA-DNA. Four Indian-origin Rhesus macaques were infected with SIVmac239M on day 0 and treated with

ART on day 10. Viral RNA (copies per mL) were measured in plasma over 843 days with values below 15 copies/mL shown in grey. The animals underwent three

treatment interruptions, between 313 to 336 dpi, 444 to 462 dpi, and 682 to 699 dpi. CD8 depletion with anti-CD8α mAb was performed 3 days prior to the last two ATIs.

CA-vDNA (per 106 PBMC) was also quantified via qPCR at various times post infection.

https://doi.org/10.1371/journal.ppat.1009686.g001
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persists during ART is established proportionately to the extent of replication of distinct viral

lineages at time of ART initiation, we determined the relationship between the replication of

distinct viral barcodes pre-ART and their subsequent detection in CA-vDNA during ART

(Fig 2). While nearly all individual barcodes that contributed to pre-ART peak plasma vRNA

at levels exceeding 105 copies/mL were detectable as vDNA in PBMC on ART, the likelihood

of a barcode being sampled quickly declined as a function of decreasing pre-ART barcode size

(with only 0.9% of lineages detected on average for pVL<103)(Fig 2A). Overall, only a small

fraction of pre-ART barcodes (4% to 12%) were detected in CA-vDNA of at least one PBMC

sample, reflecting the limited depth of sampling possible during ART. To further assess the

relationship between the composition of the on-ART PBMC vDNA virus population and the

pre-ART plasma virus pool, we compared the relative frequencies of individual barcoded line-

ages in the two populations (Fig 2B). Relative frequencies of barcodes were significantly corre-

lated between pre-ART plasma and on-ART PBMC CA-vDNA in each animal (mean r = 0.59;

range = 0.42 to 0.68; Pearson correlation coefficient; p-value < 0.002 for all animals). The

most abundant barcodes, which were generally detected in multiple different PBMC samples,

exhibited nearly equivalent plasma and CA-vDNA frequencies. However, the estimated aver-

age frequencies of minor pre-ART barcodes were generally measured as higher in PBMC

DNA than in plasma, which is likely artificially enriched due to the limited sampling depth of

Fig 2. Barcode size in pre-therapy plasma is predictive of detection and relative abundance in PBMC CA-vDNA. (A) barcodes were partitioned into 0.5-log10

intervals based on their pre-ART peak plasma SIV RNA viral loads. The grey bars depict the number of barcodes in each viral load category, and the colored bars

highlight the number of lineages that were observed in CA-vDNA in at least one PBMC sample during suppressed viremia between 172 and 313 dpi. (B) The pre-ART

plasma frequency attributable to each lineage is plotted against its estimated frequency in vDNA. The Pearson correlation between all lineages detected in at least two

PBMC samples is indicated for each animal, with the linear regression line shown in black. The dashed grey line represents a theoretical one-to-one ratio of barcode

proportions. The color of the points indicates the number of PBMC samples each barcode was detected in. The number of PBMC samples analyzed was 6 for H860, 8

for H814, 6 for H34G and 5 for DFR6. For H814, no single barcode was detected in all 8 samples.

https://doi.org/10.1371/journal.ppat.1009686.g002
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SIV+ cells in PBMCs taken during ART. Together, these results demonstrate that while it is

challenging to directly characterize the viral DNA population due to limited sampling during

ART, the vDNA pool in PBMC largely reflects the pre-ART replicating virus population pres-

ent in plasma at the time of ART initiation, even after 10 months of suppressive ART.

Reactivating lineages are predominant in pre-ART plasma

One of the major difficulties in assessing the genetic composition of the RCVR is that it cannot

be unambiguously sampled directly during ART and viral sequences isolated from pre-ATI

QVOA and viral DNA populations are in general not representative of the lineages that

rebound after treatment discontinuation [18,28,30,31]. As described above, the limited depth

of sampling during ART and the large absolute size of the persistent virus pool likely contrib-

ute to this discrepancy. Because pre-ART plasma correlates to CA-vDNA but with much

greater depth of sampling, we next examined if the replicating virus population in plasma

prior to ART initiation is predictive of which viral lineages rebound after ART is discontinued.

To this end, ART was stopped at 313 dpi and plasma viremia rebound dynamics were assessed

by total plasma SIV RNA levels and sequencing. All animals rebounded within 14 days, reach-

ing peak viral loads of 2.6x103–5.5x105 copies/mL (Fig 1). Sequencing the viral barcodes

revealed numerous distinct variants at peak rebound viremia (mean = 19, range = 14 to 26),

corresponding to an estimated average reactivation rate of 4.0 (sd = 1.4) reactivation events

per day (Table 1) [26]. In each animal, all rebounding lineages were detected in pre-ART

plasma, with the vast majority (79% to 93%) originating from the top 10% of the pre-ART bar-

code frequency distribution (Fig 3, top panels). The majority (57% - 86%) of rebounding line-

ages were also detected in CA-vDNA sampled in PBMCs from each animal prior to ATI-1,

consistent with predominant lineages in the pre-ART plasma virus population also being

detectable in the viral DNA population. These data indicate that the most abundant variants

prior to ART were more likely to reactivate, presumably because they constituted a larger frac-

tion of the total RCVR. We next assessed whether the level of replication of the rebounding lin-

eages pre-ART was also predictive of their contribution to rebound viremia during ATI-1 (S1

Fig). Individual lineage viral loads were significantly correlated between pre-ART and ATI-1

plasma viremia for two of the animals (H860: r = 0.64, p = 0.01; H814: r = 0.79, p = 2E-6; Pear-

son correlation) but were not in the other two animals (H34G: r = 0.43, p = 0.1, DFR6:

Table 1. Summary of viral replication and reactivation kinetics.

H860 H814 H34G DFR6

Viral load (copies/mL)

Pre-ART peak 12,000,000 16,000,000 26,000,000 17,000,000

Post ATI 1 Peak 2,600 55,000 18,000 49,000

Post ATI-2 Peak 8,800,000 19,000,000 19,000,000 29,000,000

Post ATI 3 Peak 2,000,000 1,000,000 63,000 1,200

Number of detectable barcodes

Pre-ART peak 596 629 555 563

Post ATI 1 Peak 14 26 16 14

Post ATI-2 Peak 106 116 128 85

Post ATI 3 Peak 31 38 31 12

Reactivation Rate (per day)

Post ATI 1 4.7 5.4 3.2 2.3

Post ATI-2 13.4 14.8 17.3 11.6

Post ATi 3 4.5 5.6 9.0 1.9

https://doi.org/10.1371/journal.ppat.1009686.t001
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r = 0.44, p = 0.1), likely due to the limited number of rebounding lineages. Overall, these

results demonstrate that the genetic composition of the replicating virus population prior to

ART initiation is predictive of which lineages are most likely to rebound upon ATI and may

also influence the relative contributions of the reactivating variants to rebound viremia. Fur-

thermore, when ART is initiated early and there is sufficient genetic variability to discriminate

between distinct lineages, the majority of rebounding lineages can be detected in PBMC CA-

vDNA sampled prior to treatment discontinuation.

Limited viral replication during an ATI has no detectable impact on SIV

CA-vDNA

Concerns about potential adverse effects of ATIs in HIV-infected individuals have been miti-

gated by findings that HIV-1 total vDNA levels do not significantly increase during short term

ATI [16–19,40]. We assessed if the viral DNA population in PBMC was altered in size or com-

position by limited viral rebound during the initial ATI. Total SIV CA-vDNA levels did not

increase after ATI-1 with an average of 628 copies/million PBMC at time of ART discontinua-

tion at 313 dpi and an average of 580 copies/million PBMC cells shortly after re-initiation of

ART at 342 dpi (Fig 1). The lack of measurable contribution of this ATI to total SIV vDNA lev-

els is consistent with published clinical data [16–18] and is perhaps not surprising given the

Fig 3. Reactivation of variants based on viral replication. Each row depicts reactivation of lineages in the first (top panels), second (middle panels), or third

(bottom panels) treatment interruption. The grey points depict the cumulative peak viral loads (pre-ART plus any previous ATI) attributable to each variant and

rank-ordered based on their relative frequency at d10. The dark grey lines depict the pre-ART barcode viral loads and the vertical grey lines correspond to the

contribution of replication during ATIs to cumulative barcode viral loads. Barcodes detected at ATI-1 are highlighted in yellow; green if also found in ATI-1; and

blue if unique to ATI-2. Barcodes detected during ATI-3 are purple if also detected in ATI-2 and red if unique to ATI-3.

https://doi.org/10.1371/journal.ppat.1009686.g003
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over 100-fold lower levels of viral replication that were reached during this ATI compared to

pre-ART, as assessed by pVL. We next investigated whether the barcodes that rebounded dur-

ing ATI-1 were subsequently enriched in the PBMC DNA population. Logistic regression was

used to assess if reactivation of particular lineages during ATI-1 increased their likelihood of

being detected in post-ATI 1 CA-vDNA (between 346 and 443 dpi), after accounting for their

pre-ART level of replication. In all animals, pre-ART peak plasma viremia of individual bar-

codes was the only significant predictor for detection in PBMC vDNA after ATI and reinstitu-

tion of ART (Table 2). These data reflect the limited replication of individual variants during

ATI-1 relative to pre-ART (when the RCVR was first established) and indicate that reactiva-

tion of distinct viral lineages in and of itself did not lead to their enrichment in CA-vDNA.

Overall, modest viral replication during ATI-1 did not measurably alter the amount or genetic

composition of vDNA in PBMC, consistent with findings in people undergoing short-term

ATIs with relatively low rebound viral loads [16–18]. However, the limited potential for repli-

cation-induced reseeding of the RCVR during ATI-1 precluded assessing whether replication

of rebounding viral lineages at higher levels, as might be expected during longer-term ATIs in

people, can reseed the persistent viral DNA population and its rebound-competent subset.

Depletion of CD8α+ cells increases viral replication and reactivation

To assess whether reseeding can be detected if rebounding lineages replicate to higher levels,

we adopted an experimental strategy to increase the overall level of replication during subse-

quent ATIs. While delaying the re-initiation of ART is expected to increase the plasma viremia

AUC during an ATI, prolonged viral replication may lead to the emergence of immune escape

mutations and fitness differences between variants thereby complicating the analysis. To cir-

cumvent the potentially confounding effects of selection at the time of rebound, we sought to

increase virus replication during a short period of time via antibody-mediated in vivo deple-

tion of CD8+ T lymphocytes. Animals received a depleting anti-CD8α monoclonal antibody

(MT807R1) 3 days prior to a second ATI at 444 dpi (ATI-2). Viral rebound was detectable in

plasma within 7 days of ART interruption in all animals, with peak plasma viral loads

(8.8x106–2.9x107 copies/mL) higher than in ATI-1 and comparable to levels measured during

primary infection. We also observed a substantial increase in both the number of rebounding

barcodes (mean: 109, range: 84–130) and the estimated average reactivation rate (mean: 14.3

per day; sd = 3.0) relative to ATI-1 (mean number of barcodes: 19; mean average reactivation

rate: 4.0 per day)(Table 1). This may be due to known activation of CD4+ T cells following

depletion with this antibody [41,42]. The rebounding barcodes spanned the entire pre-ART

distribution (Fig 3 middle panels), indicating that even minor lineages found in pre-ART

plasma had seeded the RCVR and were capable of reactivating and replicating to detectable

levels. Importantly, less than 1% (4 out of 439) of the total variants that reactivated during

ATI-2 were not detected in pre-ART plasma. However, only 13% - 23% of the variants that

reactivated during ATI-2 were detected at any time in PBMC while on-ART, highlighting the

challenges in predicting which lineages reactivate given the limited feasible sampling of viral

DNA.

Pre-ART barcode proportion predicts reactivation and relative

contribution to rebound viremia

The large number of lineages rebounding during ATI-2 allowed us to directly investigate the

extent to which the composition of the RCVR reflected that of the replicating virus population

at the time of ART initiation. We partitioned the individual rebounding lineages into intervals

based on their pre-ART peak viral loads (at 10 dpi) and compared the observed and expected
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Table 2. Summary of estimated model parameters.

1 (A) Predictors of CA-DNA after ATI-1: Pre-ART peak VL

model

Est (P-value) Est (P-value) Est (P-value) Est (P-value)

Intercept -12.3 (<2E-

16)

-14.2 (<2E-

16)

-13.9 (<2E-

16)

-15.5 (<2E-

16)

Pre-ART VL (log10) 2.8 (<2E-16) 3.0 (<2E-16) 2.8 (<2E-16) 3.0 (1.5E-14)

AIC 304 253 266 183

Pre-ART peak VL + ATI-1 reactivation model

Intercept -12.1(<2E-

16)

-14.4 (<2E-

16)

-13.8 (<2E-

16)

-14.9 (4E-16)

Pre-ART VL (log10) 2.8 (<2E-16) 3.0 (<2E-16) 2.7 (<2E-16) 2.9 (7E-13)

Reactivation in ATI-1 (yes/no) 0.5 (0.6) -0.1 (0.8) 0.2 (0.8) 1.3 (0.08)

AIC 306 255 268 182
2 (B) Predictors of ca-DNA after ATI-2: Pre-ART AUC of virus

model

Intercept -13.2 (<2E-

16)

-14.0 (<2E-

16)

-16.0 (<2E-

16)

-20.0 (5E-12)

Pre-ART VL (log10) 2.6 (1E-15) 2.8 (<2E-16) 3.0 (<2E-16) 3.7 (9E-11)

AIC 258 269 235 124

Cumulative (pre-ART + ATI-1 + ATI-2) AUC of virus model

Intercept -13.1 (<2E-

16)

-14.3 (<2E-

16)

-14.6 (<2E-

16)

-18.5 (4E-12)

Total VL (log10) 2.6 (1E-15) 2.8 (<2E-16) 2.7 (<2E-16) 3.73(1E-10)

AIC 225 246 220 112
3 (C) Predictors of reactivation in ATI-3: Pre-ART AUC of virus

model

Probability of reactivation 4.0E-6 (1E-5) 2.3E-6 (4E-5) 1.3E-6 (2E-3) 5.5E-7 (0.2)

AIC 167 185 143 61

Cumulative (pre-ART + ATI-1 + ATI-2) AUC of virus

(reseeding) model

Probability of reactivation 2.4E-6 (2E-4) 1.7 E-6 (6E-

4)

6.8E-7 (0.05) 2.6E-7 (0.4)

AIC 139 152 109 54

Pre-ART AUC of virus + weighted effect of ATI-1 and ATI-2

AUC virus

(weighted reseeding) model

Probability of reactivation 2.7E-6 (1E-4) 1.5E-6 (2E-3) 4.9E-7 (0.1) 3.0E-7 (0.4)

Weight of ATI VL 0.7 (<2E-16) 1.8 (NA) 1.7 (NA) 0.5 (NA)

AIC 141 149 110 55

1 Logistic regression models for detection of individual barcodes in CA-DNA after ATI-1 (at any time point between

346 and 443 dpi). The sole explanatory variable for the baseline model is the viral load attributable to each barcode at

pre-ART peak viremia; the alternative model also includes a binary indicator variable for whether each barcode

reactivated during ATI-1.
2 Logistic regression models for detection of individual barcodes in CA-DNA after ATI-2 (at any time point between

552 and 682 dpi). The explanatory variable for the baseline model is the AUC of virus attributable to each barcode

pre-ART; the explanatory variable for the alternative model is the barcode-specific cumulative AUC of virus (during

pre-ART, ATI-1 and ATI-2).
3 Binomial models for the probability of reactivation of barcodes in ATI-3 based on their past replication. In the pre-

ART and reseeding models, the number of trials corresponds to the pre-ART barcode-specific AUC of virus load

(virus copies/mL) and to the cumulative barcode-specific AUC of virus load (during pre-ART, ATI-1 and ATI-2),

respectively. In the weighted reseeding model, the number of trials is the sum of the AUC of virus pre-ART and the

AUC of virus during ATIs, the latter term weighted by a nonnegative factor to allow for differential contribution of

replication to the RCVR during ATIs.

https://doi.org/10.1371/journal.ppat.1009686.t002
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proportions of barcodes that reactivated in each interval (Fig 4). Overall, the data were consis-

tent with the probability of reactivation being directly proportional to the relative frequency of

a lineage in pre-ART plasma viremia (Chi-Square goodness-of-fit test, p-values between 0.15

to 0.99), indicating that the RCVR continued to reflect the virus population replicating at the

time of ART initiation over 14 months earlier. We further assessed whether the relative abun-

dance of the rebounding variants pre-ART was also predictive of their level of replication dur-

ing ATI-2. In all animals, the relative contribution of reactivating lineages to ATI-2 rebound

plasma viremia was moderately correlated with their pre-ART plasma viral loads (mean

r = 0.45; range = 0.24 to 0.64; Pearson correlation coefficient; p-value� 0.01 for all animals),

corroborating the trend observed during ATI-1. However, several lineages in each animal

Fig 4. Size of viral lineage pre-ART predicts reactivation after treatment discontinuation. Barcodes were partitioned into 0.25-log10 intervals

based on their pre-ART plasma viral loads. The grey bars depict the proportion of barcodes from each viral load category that were observed at peak

rebound viremia during ATI-2. The yellow points correspond to the median simulated number of reactivated barcodes in each category, with 90%

credibility intervals.

https://doi.org/10.1371/journal.ppat.1009686.g004
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replicated substantially better during ATI-2 than during primary infection (S1 Fig). Because

the barcoded virus was designed to minimize phenotypic differences between variants, the

increase in relative proportion of an individual lineage to rebound viremia is likely determined

by the timing of reactivation of that lineage, in relation to the local cellular and/or tissue

milieu, rather than a phenotypic difference between barcodes. Taken together, these data indi-

cate that while lineages that are dominant in pre-ART plasma were more likely to reactivate

during subsequent ATIs and contribute more to rebound viremia than less abundant variants,

even minor lineages can reactivate and replicate substantially, potentially leading to their

enrichment in the RCVR.

Lineage specific replication during ATI can lead to increases in CA-vDNA

While limited viral replication during ATI-1 did not have a measurable impact on PBMC

vDNA levels following post-ATI re-suppression (confirming that short ATIs with rapid return

to therapy should not materially impact the RCVR), the SIV CA-vDNA levels reached during

ATI-2 were over 100-fold higher (Fig 1), substantially increasing the potential of ATI-2 to alter

the viral population. To determine if this greater replication resulted in a measurable alteration

of the RCVR, we assessed the total SIV CA-vDNA in PBMC following ATI-2. Remarkably,

despite initial large increases in CA-vDNA coinciding with viral replication off therapy, total

CA-vDNA levels rapidly declined to levels observed prior to ATI-2 after approximately 3

months of reinstituted ART (Fig 1, bottom panel). This implies that the increase in total

PBMC DNA during the ATI was predominately in short-lived, infected cells. In contrast to

ATI-1, where the plasma SIV levels reached by rebounding variants were less than 1% of their

pre-ART viral loads, and therefore had limited potential to reseed the viral CA-DNA popula-

tion, during ATI-2 we observed several lineages in each animal that replicated as well or better

during the second rebound as during primary infection. We thus investigated if substantial

transient replication of individual barcoded lineages during ATI-2 led to their enrichment in

the post-ATI viral CA-DNA population. We used logistic regression to assess if replication of

rebounding variants during ATI-1 and ATI-2 increased their likelihood of being subsequently

detected in PBMC SIV CA-DNA during the post-ATI-2 period of re-initiated ART suppres-

sion (between 552 and 682 dpi). To estimate the total replication of individual variants pre-

ART and during each ATI, we assumed that barcode proportions, assessed at peak viremia,

either pre-ART or during the ATI, were constant throughout each off-ART cycle, and deter-

mined the proportional contribution of each lineage to the area under the curve (AUC) of

plasma viral load. Detection of barcodes in vDNA was explained significantly better when

accounting for their cumulative replication estimated in this fashion rather than just the pre-

ART AUC viral load (Table 2). Taken together, these findings imply that replication of

rebounding lineages during ATI-2 contributed to the post-ATI-2 vDNA population, but that

this increase was imperceptible in the bulk CA-DNA measures.

Replication of lineages during ATI increases likelihood of subsequent

reactivation

Importantly, using this NHP model allows us to not only assess CA-vDNA measurements of

reservoir but also the RCVR. We therefore tested if transient replication of rebounding vari-

ants during ATI-2 increased their probability of reactivating again during a third ATI. To this

end, we discontinued treatment for a third time (ATI-3) at 682 dpi, again administering the

anti-CD8α monoclonal antibody 3 days prior to ART interruption to increase viral loads dur-

ing the rebound. During ATI-3, all animals rebounded within 7 days, with peak viral loads

ranging from 1.2x103–2.0x106 copies/mL. Reactivation dynamics resembled those observed
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during ATI-1, with the number of barcodes detected during ATI-3 rebound viremia ranging

from 12 to 38, corresponding to an estimated average reactivation rate of 4.0 (sd = 1.4) reacti-

vation events per day (Table 1).

To investigate how viral replication prior to ATI-3 influenced reactivation, we characterized

all variants found in plasma based on their cumulative peak pVL (pre-ART + ATI-1 + ATI-2),

and identified which barcodes reactivated after treatment was again discontinued for ATI-3

(Fig 3 bottom panels). Consistent with previous ATIs, most lineages detected during ATI-3

were ones that were predominant in pre-ART plasma, with 58% to 83% of rebounding lineages

originating from the top 10% of the pre-ART barcode distribution in each animal. The vast

majority (87% to 100%) of lineages rebounding during ATI-3 had also reactivated previously

during ATI-2 in each animal. However, most of these variants replicated less during ATI-2

than before the initiation of therapy, suggesting that their reactivation during ATI-3 was attrib-

utable to their large initial contribution to the RCVR in primary infection (Fig 3 bottom pan-

els). Importantly, we also identified several variants that rebounded during ATI-3 after having

replicated substantially more during ATI-2 than before therapy. Because some of these lineages

were at a low frequency in pre-ART plasma, their subsequent reactivation during ATI-3 is

likely attributable to replication-induced reseeding of the RCVR during ATI-2. Interestingly,

all barcodes detected during ATI-3 that had not reactivated during previous ATIs were at a rel-

atively low frequency in pre-ART plasma, raising the question of whether they had increased

in frequency in the RCVR prior to ATI-3 due to other mechanisms, such as clonal expansion.

To systematically assess whether replication-induced reseeding of the RCVR occurred dur-

ing ATIs, we used a model selection approach to investigate if the observed reactivation of par-

ticular lineages during ATI-3 could be explained simply by pre-ART size, or whether the

replication of these lineages during earlier ATIs increased their likelihood of rebound. We

treated reactivation as a binomial process with the number of trials corresponding to the num-

ber of cells harboring stable residual virus and estimated the probability of reactivation per

trial via maximum likelihood for each animal. We assumed that the number of cells harboring

a specific barcode is proportional to (1) the pre-ART viral load AUC attributable to that line-

age (pre-ART model) or (2) the cumulative replication of the variant during primary infection

and across the first and second ATIs (reseeding model). To quantitatively compare how well

the two models explained the rebound data in each animal, we computed the relative likeli-

hood of their Akaike Information Criterion (AIC) statistics. The reseeding model explained

the rebound significantly better than the pre-ART model for all animals (relative

likelihood > 0.95; Table 2), indicating that replication of rebounding lineages increased their

probability of reactivation during subsequent ATI.

The above model analysis weighted the contribution of replicating virus to the RCVR the

same way, regardless of whether replication occurred prior to ART or during an ATI. To

investigate whether transient replication of virus during ATIs seeded the RCVR more or less

efficiently than pre-ART replication, we also explored models where replication could be

weighted differently during ATIs than prior to ART (i.e. where pVL during ATIs contributed

fewer or more infected cells to the RCVR than pre-ART pVL). However, we did not find that

these models improved the fit to the rebound data in any animal (Table 2).

While reactivation is presumed to be stochastic at the level of individual cells, variants that

seed more cells in the RCVR should have more opportunities to reactivate close to the time of

ART discontinuation and may therefore contribute more to viral rebound. Tracking the repli-

cation of individual lineages across pre-ART and subsequent ATIs revealed that barcode line-

ages that were predominant in pre-ART plasma were often also among the most predominant

lineages during subsequent ATIs (S1 Fig). However, the contribution of individual lineages to

rebound viremia was highly variable across ATIs. We further assessed if past replication of
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variants (pre-ART and during the previous ATI) was predictive of their level of replication

during ATI-3. Consistent with previous ATIs, the relative contribution of rebounding lineages

to rebound viremia during ATI-3 was significantly correlated with their relative abundance in

pre-ART plasma for three of the animals (H860: r = 0.57, p = 9E-4; H814: r = 0.65, p = 9E-6;

DFR6: r = 0.97; p = 9E-5; Pearson correlation; S2 Fig). However, cumulative replication of bar-

codes (during previous ATIs and pre-ART) was less predictive of their level of replication dur-

ing ATI-3 in three of the animals than replication pre-ART alone (S1 Table). When

considered independently, replication in ATI-2 did not contribute significantly to the regres-

sion model in any animal. Overall, these data present a nuanced picture of how replication

during ATIs can alter the dynamics of reactivation and viral outgrowth when treatment is sub-

sequently withdrawn. While barcode lineages that replicated substantially during ATI-2 were

more likely to reactivate again during ATI-3, consistent with replication-induced reseeding of

the RCVR, the outgrowth of rebounding lineages during ATI-3 was primarily influenced by

their relative abundance in pre-ART plasma, presumably reflecting their initial contribution to

the RCVR when it was first established in primary infection. Therefore, while the RCVR can

be reseeded, the absolute levels of reseeding seem small compared to the overall reservoir size

established prior to ART.

Viral DNA reflects replication-induced reseeding of minor lineages in the

RCVR

Since persistent viral DNA is the most readily measurable surrogate marker for the RCVR in

HIV infected individuals, we further assessed whether the replication of rebounding variants

during ATI-2 was reflected in the viral DNA population (Fig 5). We identified several

rebounding lineages that were sampled in PBMC DNA on ART at multiple time points

throughout the study and tracked how their relative frequency changed in response to tran-

sient replication during successive ATIs. Overall, the contribution of variants to CA-vDNA

mirrored their replication in plasma before ART and during ATIs. Prior to ATI-2, the fre-

quency of lineages in CA-vDNA closely matched their frequency in pre-ART plasma, indicat-

ing that replication of each lineage before initiation of ART determined their initial

contribution to viral DNA. Several variants that did not replicate substantially during ATI-2

remained at an approximately constant DNA frequency throughout the study, consistent with

their overall level of viral replication (Fig 5B). By contrast, lineages that replicated over 10-fold

more during ATI-2 than before ART exhibited commensurate, persistent, increases in vDNA

frequency (Fig 5C). Importantly, subsequent reactivation of these variants after treatment was

again discontinued definitively demonstrated that transient replication during ATI-2 reseeded

the RCVR.

To better understand how the composition of the proviral DNA population changed

overall during the course of infection, we compared the average PBMC vDNA frequencies

of all barcode lineages sampled on-ART after ATI-2 to their relative abundance in pre-

ART plasma viremia (Fig 6). Individual lineage frequencies were not significantly corre-

lated between pre-ART plasma and on-ART PBMC vDNA, apart from a single animal

(H814: r = 0.55; p = 0.0003). Importantly, we observed several lineages that increased

markedly in relative PBMC vDNA frequency after ATI-2 relative to their pre-ART plasma

levels. As shown above for selected examples (Fig 5C), the increase in PBMC vDNA fre-

quency was commensurate with the level of replication during ATI-2 for many of these var-

iants, indicating that transient replication altered their contribution to the CA-vDNA

population (Figs 6 and S3–S5). However, several lineages exhibited relative frequency pro-

files consistent with clonal expansion, increasing substantially in PBMC vDNA frequency
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despite replicating marginally, or not reactivating at all during ATI-2 (Figs 6, S3, S4, and

S6). Furthermore, two barcode lineages that constituted minor lineages in pre-therapy

plasma increased in frequency prior to reactivating in ATI-2, after which they persisted in

PBMC vDNA at a level consistent with their overall replication (Figs 6, S4 and S6). In gen-

eral, however, limited sampling of individual barcode lineages across multiple time points

precluded deconvoluting the putative effects of replication-induced reseeding and clonal

Fig 5. Frequency of rebounding lineages in CA-vDNA on ART reflects replication during ATIs. The relative DNA frequencies of select lineages that rebounded in

ATI-3 are tracked in vDNA on ART for animals H860, H814, and H34G. In panel (A), the grey points correspond to the cumulative peak viral loads of barcodes, rank-

ordered based on their relative frequency at d10. The dark grey lines depict the pre-ART barcode distribution, with increases in total viral load highlighted by vertical line

segments. Select lineages that were dominant in pre-ART plasma viremia but subsequently increased negligibly in total viral load are highlighted in red, while variants

with over 10-fold higher level of replication during ATI-2 than primary infection are highlighted in blue. In panel (B), the red filled circles depict the relative frequencies of

predominant barcodes in vDNA while the open circles indicate the limit of detection at time points when a particular barcode was not observed. The grey bars highlight

the time intervals when the animals were off therapy, with the red bars indicating the relative frequency of the barcode at peak viremia during each interval. In panel (C),

the blue filled circles depict the vDNA frequencies of the lineages that replicated substantially during ATI-2, while the open circles indicate the limit of detection at time

points when a particular barcode was not observed. The grey bars again highlight the time intervals when the animals were off therapy, with the blue bars indicating the

relative frequency of that barcode at peak viremia during each interval. The dashed lines indicate the relative frequency of each lineage based on cumulative peak plasma

viral load.

https://doi.org/10.1371/journal.ppat.1009686.g005
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expansion on their dynamics in the viral DNA population. Overall, we found that viral rep-

lication during an ATI can alter the genetic constituents of the viral DNA population

despite not increasing its absolute size as assessed by total SIV DNA measurements.

Although these differences might not be readily detectable in HIV infected individuals, it is

important to understand this possibility when initiating ATIs in humans, particularly if the

ATI will occur for an extended period and/or allow substantial viral replication while

awaiting equilibration to a post-ART “setpoint” (post-treatment control).

Fig 6. Changes to the composition of the PBMC CA-vDNA population. The estimated average DNA frequencies of all barcodes in post-ATI-2

on-ART samples compared to their relative frequencies in pre-ART plasma. The open symbols designate barcodes detected only at a single time

point. The diamonds highlight barcodes that replicated at least 10-fold more in ATI-2 than pre-ART. The color coding designates which ATIs the

barcodes were detected in: no ATI (grey), ATI-1 only (yellow), ATI-2 only (blue), ATI-3 only (red), ATI-1 and ATI-2 (green), ATI-2 and ATI-3

(purple), all ATIs (pink). The dark solid lines depict the linear regressions, while the grey dashed lines represent theoretical one-to-one

correspondence.

https://doi.org/10.1371/journal.ppat.1009686.g006
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Discussion

Clinical trials currently require the use of ATIs to assess whether proposed interventions to tar-

get persistent virus can increase time to rebound or achieve control of viremia without ART.

However, concerns remain about whether rebounding lineages that grow out during ATIs can

reseed the RCVR, potentially impacting the efficacy of future treatment strategies, particularly

for people who started ART early after infection and are likely to have small RCVRs [43,44].

While the effects of short-term ATIs on the rebound-competent viral reservoir appear to be

limited based on assessment of total, intact and replication-competent vDNA populations

[16–19], due to sampling and assay limitations it is challenging to assess the size and genetic

composition of the RCVR based on these indirect surrogates [8,25,45]. To directly determine

if transient rebound viremia can reseed the RCVR, we used a barcoded virus in an NHP model

to quantify the replication of individual viral lineages before initiation of ART and through a

series of three successive treatment interruptions. This new approach allowed us to demon-

strate that replication of rebounding lineages during viral recrudescence increased their likeli-

hood of reactivating again during a subsequent ATI. We observed enrichment of the RCVR

with rebounding lineages when rebound viremia was comparable to that of primary infection,

but not when viral replication was more limited. Our findings corroborate previous studies

demonstrating that ATIs that limit total viral replication by brief duration and/or re-imposi-

tion of ART after limited measured plasma viremia, do not meaningfully impact the RCVR

[18], but suggest that reseeding of the RCVR if replication is more robust can alter its genetic

composition, which may have important implications for future, long-term treatment inter-

ruption studies. While our model utilized transient experimental depletion of CD8α+ cells to

boost viral replication in a short time period, long-term off-ART protocols, which can generate

high total viral replication levels, might also alter the composition of the RCVR.

Tracking individual viral lineages across a series of treatment interruptions revealed that

rebounding lineages were seeded in the RCVR proportionately to their level of replication dur-

ing the ATI. Consequently, the potential for expansion of the RCVR after discontinuation of

treatment depends directly on the level of rebound viremia reached before re-suppression. If

viral replication during an ATI is limited, the additional contribution of rebounding lineages

to the RCVR should be negligible, explaining why reactivation of barcode lineages during

ATI-1 was not predictive of their subsequent detection in DNA after treatment was continued.

However, even if the overall level of transient replication reached during an ATI is high, indi-

vidual rebounding lineages can only become substantially enriched in the RCVR if they repli-

cate more during the ATI than when the RCVR was first established. Because most variants

that reactivated during ATI-2 were already predominant pre-ART, their potential for reseed-

ing the RCVR was eclipsed by their initial contribution to the RCVR before therapy. Conse-

quently, we did not observe increases in their PBMC vDNA frequencies. However, we also

identified several lineages that replicated 10 to 100-fold more during ATI-2 that before ART,

presumably due to having reactivated closer to the time of ART discontinuation and outgrown

than other lineages that reactivated later during the same ATI. Importantly, many of these line-

ages also increased substantially in CA-vDNA frequency after ATI-2 and reactivated again

during ATI-3, demonstrating that they were enriched in the RCVR due to replication-induced

reseeding during ATI-2.

While replication of individual viral lineages before ART initiation determined the genetic

composition of the RCVR when it was first established, cellular proliferation of resting CD4

+ cells harboring replication-competent viral genomes is thought to constitute an important

mechanism driving the persistence of the RCVR during long-term ART in both HIV-infected

humans and SIV-infected macaques [45–50]. Although we could not directly assess the
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contribution of clonal expansion to the RCVR due to the overall low level of the reservoir,

tracking PBMC vDNA frequencies of individual barcode lineages longitudinally revealed pat-

terns consistent with clonal expansion. We observed several barcode lineages that increased

markedly in PBMC vDNA frequency despite not replicating substantially, or reactivating at all,

during treatment interruptions. Furthermore, several viral variants that were at a relatively low

frequency in pre-ART plasma nonetheless reactivated for the first-time during ATI-3. How-

ever, we did not detect these lineages in the viral DNA population and could not determine if

they had increased in frequency prior to ATI-3. Limited sampling depth restricted our analysis

to the most predominant barcode lineages in the proviral DNA population, most of which

remained at a constant frequency in PBMC vDNA, consistent with their cumulative level of

replication pre-ART and during ATIs. While future studies utilizing integration site analysis

are required to resolve the contribution of clonal expansion to the RCVR during ART, our

study showed that viral replication, before ART and during ATIs, regardless of its source, plays

a central role in determining the genetic structure of the RCVR.

Our demonstration that the RCVR is seeded with rebounding lineages during viral recru-

descence proportionately to their level of replication implies that replication during ATIs can

increase the absolute size of the RCVR. However, despite the high viral loads reached during

ATI-2, overall viral DNA levels increased only transiently and returned rapidly to pre-ATI lev-

els. A lack of increase in CA-vDNA levels in previous studies of HIV-infected individuals has

been interpreted as evidence that viral replication during short-term ATIs does not substan-

tially expand the RCVR [13,16,18,51]. However, the persisting HIV-1 vDNA population is

dominated by defective proviruses that are not relevant for viral rebound [8,23–25], which

makes interpretation of this measure as a surrogate for RCVR size challenging. In contrast to

HIV-1, in the model employed here the majority of persistent vDNA remains intact in SIV-

infected macaques after 18 months of ART and may therefore reflect the RCVR better than in

HIV-1 infected individuals [52,53]. A recent study utilizing the intact proviral DNA assay [54],

which provides a more relevant measure for the size of the RCVR in HIV-1 infected individu-

als [55], found that people who experienced frequent, non-structured treatment interruptions

were significantly more likely to have larger intact proviral DNA reservoirs on-ART [56].

These results suggest that substantial replication off-ART may be required to detect differences

in the size of the RCVR. In our study, total viral replication across ATIs was equivalent to that

in primary infection, suggesting that replication-induced reseeding of the RCVR during ATIs

could have at most doubled its size. Taken together, these observations suggest that detecting

nuanced changes to the size of the persisting SIV DNA population may not be feasible through

bulk CA-vDNA measures, however, the increased analytic resolution provided by tracking

individual barcoded lineages in PBMC vDNA provides a way to indirectly assess changes to its

overall size.

Several studies have observed an intriguing lack of concordance between virus variants that

emerged after treatment discontinuation and sequences obtained from pre-ATI QVOA and

intact proviral DNA populations [18,28–31]. In the present study, replication of viral variants

in primary infection was a strikingly strong predictor of their subsequent reactivation after

treatment discontinuation, with rebound primarily involving lineages that were predominant

in pre-ART plasma. However, despite the increased analytic resolution afforded by deep

sequencing of the short genetic barcode in the SIVmac239M genome, most lineages rebound-

ing during ATI-2 were not detected in on-ART PBMC vDNA prior to the ATI, consistent with

previous findings in HIV-1 infected individuals [18,28–31]. Importantly, the frequency of bar-

code lineages sampled in on-ART PBMC vDNA was correlated with their relative abundance

in pre-ART plasma, indicating that the composition of the proviral DNA population mirrored

that of the virus population replicating before therapy. Therefore, more frequent sampling
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would likely have uncovered additional minor barcode lineages in pre-ATI PBMC vDNA that

subsequently reactivated after treatment discontinuation [35]. Overall, our findings highlight

the challenges posed by limited sampling depth for characterizing the composition of the

vDNA population on ART and predicting which of these lineages rebound after treatment dis-

continuation. In addition to sampling limitations, potential selection during rebound for rare

viral phenotypes in the RCVR could further contribute to the observed discrepancy between

rebounding lineages and those sampled from QVOA and proviral DNA populations in HIV-1

infected individuals [57]. The present study was designed to minimize phenotypic differences

between virus variants that could confound rebound dynamics by using a viral stock com-

posed of virus variants which were isogenic outside of the barcode sequence and initiating

ART shortly after infection to minimize accumulation of mutations in the RCVR. However,

the diversified viral swarms typical of HIV infected individuals have significant viral pheno-

typic differences, which may lead to differential outgrowth dynamics between reactivating

variants.

Because barcoded variants have similar replicative capacity, we expect that their individual

contributions to rebound viremia depend primarily on when they reactivated relative to ART

discontinuation (i.e. their duration of exponential growth). Interestingly, the contribution of

reactivating lineages to rebound viremia during each ATI was primarily determined by their

relative abundance in pre-ART plasma (apart from ATI-3 for animal H34G), rather than their

total replication during previous ATIs and pre-ART. This implies that virus variants that pre-

dominated in early infection were among the first to reactivate after treatment discontinua-

tion. One possible explanation for this phenomenon is that the RCVR may include a limited

and saturable subset of highly susceptible and reactivable cells that gets rapidly filled up by

those lineages that replicate the most during the earliest days of infection [36]. In this scenario,

while infection of less reactivable cells would continue to expand the RCVR and contribute to

the persisting DNA population during primary infection and ATIs, rebound would primarily

initiate from the smaller subset of cells more likely to reactivate shortly after treatment discon-

tinuation. A heterogeneous RCVR could explain why replication of rebounding lineages dur-

ing ATI-2 increased their likelihood of reactivating again during ATI-3 but not their

contribution to rebound viremia, which was primarily determined by replication pre-ART.

While speculative, this hypothesis is supported by our previous discovery that the recrudes-

cence rate saturates within days of infection, even though continued viral replication substan-

tially increases levels of persistent SIV DNA. However, a specific cellular or tissue

compartment that could serve as the primary source of rebound virus has not been identified

[32,33]. Characterizing the anatomical distribution and heterogeneity of the tissue milieu in

which the RCVR resides is critical to resolving the dynamics underlying its formation, mainte-

nance, and reactivation.

In the present study, we depleted animals of CD8α+ cells prior to the second and third

ATIs to increase viral replication so that potential enrichment of rebounding lineages in the

RCVR would be detectable. Our motivation for this experimental approach was to achieve

high levels of viral replication in a short period of time to prevent the accumulation of fitness

differences between variants that could confound analysis of rebound dynamics. However, in

addition to increasing viral replication, CD8 depletion may have induced broader reactivation

of cells in the RCVR due to CD4 proliferation [41], which has important implications for the

translatability of our findings to ATIs in people living with HIV. In particular, the reactivation

of numerous minor barcode variants during ATI-2, which allowed us to detect reseeding of

the RCVR, was likely generated by the experimentally mediated high reactivation rates due to

CD8 depletion. Furthermore, if replication-induced reseeding of rebounding barcode lineages

during ATI-2 contributed less reactivable cells to the RCVR than those seeded during the
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earliest days of infection, it is possible that their subsequent reactivation during ATI-3 would

not have occurred without prior CD8 depletion. Lower reactivation rates in people likely lead

to substantially less frequent reactivation of minor RCVR variants even during long-term

ATIs [58]. Even if rare pre-existing viral phenotypes became enriched in the RCVR after

rebounding, they would likely not impact the efficacy of future cure intervention strategies

unless they already harbored specific mutations that would interfere with these therapies.

However, the emergence and selection of immune escape mutations during long-term ATIs in

people may lead to enrichment in the RCVR. Even if replication-induced reseeding during

ATI involves less reactivable cells than those that established the RCVR pre-ART, the former

may initiate viral rebound if immune selection prevents the outgrowth of wildtype virus

seeded earlier in infection. The potential for enrichment of the RCVR with escape mutations

emerging during long-term ATIs may therefore hinder future therapies aimed at harnessing

host immune responses to induce a functional cure.

Overall, our study highlights the increased power and sensitivity of tracking individual viral

lineages rather than the virus population as a whole to investigate the dynamics underlying the

formation of the RCVR during primary infection, its maintenance during suppressive ART,

and its reactivation and replenishment after treatment discontinuation. Our discovery that

viral replication during treatment interruptions can alter the RCVR has important implica-

tions for individuals undergoing long-term ATIs and underscores the importance of NHP

studies for assessing the safety of clinical trials.

Methods

Ethics statement

4 purpose-bred Indian-origin male rhesus macaques (Macaca mulatta) were housed at the

National Institutes of Health (NIH) in a facility that is accredited by AAALAC International

and follows the Public Service Policy for the Care and Use of Laboratory Animals. The Institu-

tional Animal Care and Use Committee for the National Cancer Institute (NCI, USA)

approved the use of nonhuman primates for this research. Animal care was provided in accor-

dance with the procedures outlined in “The Guide for the Care and Use of Laboratory Ani-

mals”. At the start of the study, all animals were free of cercopithecine herpesvirus 1, simian

immunodeficiency virus (SIV), simian type-D retrovirus, and simian T-lymphotropic virus

type 1. All animals were treated with enrofloxacin (10 mg/kg once daily for 10 days), paromo-

mycin (25 mg/kg twice daily for 10 days), and fenbendazole (50 mg/kg once daily for 5 days)

followed by weekly fecal culture and parasite exams for 3 weeks to ensure they were free of

common enteric pathogens. At least a 4-week post-treatment period allowed time for stabiliza-

tion of the microbiome prior to use in this study.

Animal study

Animals were each intravenously inoculated with 1x104 infectious units of transfection pro-

duced SIVmac239M [26]. At 10 days post-infection, the animals were started on a combina-

tion antiretroviral therapy (ART) regimen consisting of a co-formulated triple regimen

containing tenofovir disoproxil fumarate (TDF; 5.1 mg/kg)(Hangzhou APIChem Technol-

ogy), Emtricitabine (FTC; 40 mg/kg)(Hangzhou APIChem Technology) and dolutegravir

(DTG; 2.5 mg/kg)(kindly provided by ViiV Healthcare) administered by once-daily subcuta-

neous injection. The drug regimen was formulated and administered as previously described

[59]. A series of 3 short-term treatment interruptions were performed, with therapy first dis-

continued at 313 dpi in all animals and resumed at 332 dpi in animal DFR6 and at 336 dpi in

the remaining three animals. Therapy was next withdrawn at 444 dpi and continued at 462 dpi
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in all animals, followed by a final treatment interruption between 682 dpi and 699 dpi, with

the animals remaining on ART until 843 dpi. The last two treatment interruptions were pre-

ceded at 441 dpi and 679 dpi by administration of a single dose of the rhesusized anti-CD8α
antibody, MT-807R1 (NIH Nonhuman Primate Reagent Resource), at 50 mg/kg SubQ.

Sample collection and processing

Whole blood was collected from sedated animals. Plasma for viral RNA quantification and

sequencing and PBMCs for flow cytometric assays and cell-associated viral DNA quantifica-

tion were prepared from blood collected in EDTA Vacutainer tubes (BD). Following separa-

tion from whole blood by centrifugation, plasma aliquots were stored at -80˚C. After plasma

separation, the cellular fraction of each whole blood sample was resuspended in PBS and

PBMCs were then isolated by Ficoll-Paque Plus (GE Healthcare) gradient centrifugation.

Plasma viral loads

Quantitative real-time PCR was used to quantify SIV RNA plasma viral loads (with a limit of

quantification of 15 viral RNA copies per milliliter) at all sampled time points as described pre-

viously [60].

Quantitative evaluation of cell-associated DNA and RNA

Quantitative assessment of cell-associated viral DNA in PBMC pellets was determined by the

hybrid real-time/digital RT-PCR and PCR assays essentially as described in [61,62] but specifi-

cally modified to accommodate cell pellets as described in [26]. Limit of detection was evalu-

ated on a sample by sample basis, dependent on the number of diploid genome equivalents of

extracted DNA assayed.

Miseq sample preparation

RNA samples were prepared for MiSeq sequencing as previously described [26]. RNA isolation

from plasma was performed using a QIAamp Viral RNA mini kit. Superscript III reverse tran-

scriptase (Invitrogen) and a reverse primer (Vpr.cDNA3: 5’-CAG GTT GGC CGA TTC TGG

AGT GGA TGC-3’ at position 6406–6380) were used to synthesize cDNA. The cDNA was

quantified via qRT-PCR using the primers VpxF1 5’-CTA GGG GAA GGA CAT GGG GCA

GG-3’ at 6082–6101 and VprR1 5’-CCA GAA CCT CCA CTA CCC ATT CATC-3’ at 6220–

6199. The isolation and quantification of viral DNA from PBMC samples was performed as

previously described [26]. PCR prior to sequencing was performed with VpxF1 and vprR1

primers combined with either the F5 or F7 Illumina adaptors containing unique 8-nucleotide

index sequences for multiplexing. PCR was performed using High Fidelity Platinum Taq

(ThermoFisher) under the following conditions: 94˚C, 2 min; 40 × (94˚C, 15 s; 60˚C, 1.5 min;

68˚C, 30 s); 68˚C, 5 min. The multiplexed samples and Phi X 174 library were prepared via

standard protocols and sequenced on a MiSeq instrument (Illumina). The number of input

templates for plasma RNA samples ranged from 274 copies to 1.6 × 106 copies. For CA-DNA

from PBMCs, the number of quantified input templates ranged from 2.3 to 3.6x104 copies but

was not quantifiable for each sample.

Single genome amplification

For low-template samples, we used single genome amplification (SGA) followed by direct

Sanger sequencing to assess the frequency and number of unique barcodes. cDNA synthesis
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and PCR were performed as described above but using a limiting dilution of cDNA or DNA

prior to PCR amplification.

Sequencing analysis

Sequences were demultiplexed into individual samples based on exact matches to the Illumina

P5 index. After barcode splitting, sequences were aligned to the first 28 bases of the vpr gene

allowing for 2 nucleotide mismatches. The 34 bases directly upstream of the start codon for

vpr were extracted, corresponding to the barcode. Since the number of template cDNA copies

was quantified using qRT-PCR, the theoretical limit of detection was estimated for each sam-

ple as the minimum number of sequences that would result from a single copy of an input

template. Sequences below this threshold were discarded. Only identical matches to a defined

barcode in the SIVmac239M stock were counted as an authentic input sequences, apart from

single unique sequence in each of animals H860 and H814 that were predominant (>0.1% fre-

quency) in the pre-ART samples. In rare cases, all minor barcode sequences that differed at a

single nucleotide from a more prevalent barcode (at least 100-fold higher in frequency) in the

same sample were excluded. Index hopping was observed infrequently between multiplexed

samples, with index-hopped sequences excluded. To facilitate tracking individual viral lineages

across the entire study, 2 barcode lineages in each of animals H814 and H34G that were above

the limit of detection during ATI-2 but not observed in pre-ART plasma were excluded from

analysis.

Statistical analyses

All statistical analysis and computational simulations were performed in R version 3.6.3. The

maxLik package was used for model fitting and the DescTools package was used for calculating

AUC of viral loads.

Estimation of reactivation rates

We estimated the reactivation rate during each ATI using a previously described method that

incorporates the relative abundance of the rebounding variants and the growth rate of the

virus [26,37]. Assuming that each barcode lineage grows exponentially at approximately the

same rate, the reactivation rate can be estimated as

RR ¼
gðn � 1Þ

Pn� 1

i¼1
lnðSiþ1 � SiÞ

;

where n is the number of barcodes, g is the growth rate, and Si is the number of sequencing

reads of barcode i at peak rebound viremia. For each ATI, we estimated the growth rate as the

average of the maximal two-point growth rate estimates of each animal. For animal DFR6, we

observed a biphasic viral load profile during ATI-3 with several distinct lineages detected at

each peak (at 686 dpi and at 693 dpi). We estimated the reactivation rate based on the higher

viral load peak at 693 dpi.

Estimating mean variant frequency in PBMC vDNA

A binomial sampling model was used to estimate the average frequency of a variant across a

set of PBMC samples. The probability that a particular barcode at relative frequency p in the

PBMC CA-DNA population is observed at proportion q in a given sample was assumed to fol-

low a binomial distribution, with the number of trials corresponding to the number of input

templates S in the sample and the number of successes k to the maximum integer value of qS.
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The log-likelihood of the observed frequencies of a given barcode in n samples is defined as

l k; Sð Þ ¼
Pn

i¼0 log
Si
ki

� �
þ kilogpþðSi � kiÞlogð1 � pÞ. A maximum likelihood approach

based on the BFGS algorithm (implemented in the maxLik package in R) was used to estimate

the probability of success per trial p, i.e. the average frequency of the barcode in PBMC vDNA.

For samples in which the number of input templates was undetectable using QT-PCR, the

limit of detection was set to 200 copies/mL. Both negative (barcode not detected) and positive

(barcode detected at some frequency) samples were used in the calculations, however, the

method was used only for variants that were detected in at least one PBMC samples.

Calculation of area under curve of viral load

The total area under the viral load curve was estimated for off-ART cycles (pre-ART, ATI-1

and ATI-2) using the trapezoidal method as implemented by the AUC function of the Desc-

Tools R package. For ATIs, we included the last sampled time point with undetectable viral

load in the calculations, assuming the viral load was 14 SIV RNA copies/mL.

Reactivation of variants based on replication pre-ART

To assess how the probability of reactivation of barcoded variants during ATI-2 was related to

their level of replication at time of ART initiation, the pre-ART barcode peak viral loads were

partitioned into 0.25-log10 intervals, with the proportion of barcodes that rebounded during

ATI-2 computed for each viral load category. Computational simulations were then used to

determine the proportion of lineages expected to reactivate from each pre-ART viral load cate-

gory for each animal, under the assumption that replication before ART was directly propor-

tional to the probability of reactivation. During each simulation, the set of lineages detected in

pre-ART plasma was sampled without replacement until the number of sampled barcodes

matched the number of reactivated lineages detected during ATI-2 for each animal, with the

probability of sampling a given barcode determined by its relative frequency pre-ART. 1000

simulations were performed for each animal, and the median and 90% credibility intervals for

the proportion of variants reactivating from each viral load category were computed. The Chi-

Square goodness-of-fit test was used to assess if the observed proportions of variants reactivat-

ing from each viral load category were significantly different from the simulated median pro-

portions of reactivating lineages (chisq.test in R, with simulated p-value based on 2000

replicates).

Detection of barcode variants in CA-vDNA based on viral replication

Logistic regression was used to assess if rebounding lineages were enriched in PBMC CA-

vDNA after ATI-1 and ATI-2. For ATI-1, we assessed if accounting for whether variants reac-

tivated during ATI 1 better explained their detection in at least one post-ATI-1 PBMC sample

(346–443 dpi) than their pre-ART peak viral loads alone. The log-odds of detecting a barcode

based on the values of the explanatory variables for the baseline and alternative models are

defined as l1,B = β0+β1x1 and l1,R = β0+β1x1+β2x2, respectively, where x1 is the pre-ART line-

age peak viral load (log10) and x2 is a binary variable indicating whether the lineage reactivated

during ATI-1. For ATI-2, we assessed if the cumulative total viral replication of barcodes pre-

ART and during ATI-1 and ATI-2 better explained their detection in at least one post-ATI-2

PBMC sample (552–682 dpi) than their total replication pre-ART alone. The log-odds of

detecting a barcode based on the values of the explanatory variables for the baseline and alter-

native models for ATI-2 are defined as l2,B = β0+β1x1 and l2,R = β0+β3x3, respectively, where

x1 is the pre-ART barcode AUC of total viral load multiplied by the relative frequency of the
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variant at peak viremia and x3 is the sum of pre-ART, ATI-1 and ATI-2 lineage AUC of viral

load. To assess which model better explained the detection of variants after each ATI, the rela-

tive likelihood e(AICmin-AICmax)/2 of the two models was computed based on their AIC scores.

Modeling reactivation as a function of viral replication

A model selection approach was used to assess if viral replication during treatment interrup-

tions contributed significantly to the RCVR or conversely, if the composition of the RCVR was

set in primary infection prior to initiation of ART and remained unaltered thereafter. Reacti-

vation during the final ATI was modeled as a binomial process with the number of trials pro-

portional to the number of cells harboring virus in the RCVR and a constant probability of

reactivation per cell. In the pre-ART model, the number of trials Ni for each lineage was set to

the maximum integer value of the viral load attributable to that lineage in pre-ART plasma

viremia (AUC of total viral load multiplied by the relative frequency of the barcode at peak

viremia). In the reseeding model, the number of trials for each variant was set to the maximum

integer value of the cumulative viral load attributable to the variant, V0,i+V1,i+V2,i, where V0,i,

V1,i and V2,i correspond to the barcode proportion at peak viremia multiplied by AUC of viral

load before therapy, during ATI-1, and during ATI-2. In the weighted reseeding model, the

relative contribution of viral load during ATI-1 and ATI-2 to the RCVR was increased β -

fold, with the number of trials for each lineage set to the maximum integer value of V0,i+β
(V1,i+V2,i). The log-likelihood of the data for each model is defined as LL ¼

PR
i¼1 logð1 �

ð1 � pÞNiÞ þ
PU

i¼1 Nilogð1 � pÞ; where p is the probability of reactivation per trial, R is the

number of lineages rebounding during ATI-3 and U is the number of barcodes observed in

pre-ART plasma but not during ATI-3 rebound. A maximum likelihood approach based on

the BFGS algorithm (implemented in the maxLik package in R) was used to estimate the

parameters of each model. To assess which model best explained the rebound data in each

animal, i.e. which pre-therapy lineages reactivated and did not reactivate during ATI 3, the

relative likelihood e(AICmin-AICmax)/2 of each pair of models was computed based on their

AIC scores.

Replication of barcodes in ATI-3 based on past viral replication

Linear regression was used to assess if the viral load attributable to individual rebounding line-

ages during ATI-3 peak rebound viremia was predicted by their past level of replication. We

considered the following three different models: (1) replication of barcodes pre-ART (AUC of

viral load multiplied by the relative frequency of the barcode at peak viremia) as the sole

explanatory variable; (2) cumulative replication of barcodes prior to ATI-3 (sum of pre-ART,

ATI-1 and ATI-2 barcode AUC of viral load) as the sole explanatory variable; (3) replication of

barcodes pre-ART (AUC of barcode viral load) and replication of barcodes in ATI-2 (1 + AUC

of barcode viral load) as separate covariates. Analysis was restricted to those barcodes that

rebounded during ATI-3 and viral load AUC values were log10-transformed, with ATI-2

AUC viral loads log10(x+1)-transformed to prevent undefined values for barcodes that did not

reactivate in ATI-2. We compared the models based on their R-squared values and the statisti-

cal significance of the estimated regression coefficients. For animal DFR6, only barcodes

detected at peak rebound viremia during ATI-3 were included in the analysis.

Supporting information

S1 Table. Predictors of barcode replication during ATI-3. Linear regression models for rep-

lication of rebounding lineages during ATI-3 based on past replication pre-ART and during
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ATIs. The sole explanatory variable for the pre-ART model is the pre-ART barcode-specific

AUC of virus; the total virus replication model has the sum of barcode-specific AUCs of virus

(during pre-ART, ATI-1 and ATI-2) as the explanatory variable. The pre-ART and ATI-2

model includes pre-ART barcode AUC of virus and ATI-2 barcode AUC of virus as indepen-

dent covariates to allow differential effects of replication during these periods.

(TIF)

S1 Fig. Replication of lineages pre-ART and across ATIs. Grey circles indicate viral load

(log10) attributable to all barcodes detected in pre-ART plasma. Variants that reactivated dur-

ing any subsequent ATI are outlined in black. Yellow circles correspond to individual barcodes

that were� 1% frequency both pre-ART and during ATI-2, blue circles indicate

barcodes� 1% in pre-ART plasma only, red circles indicate barcodes� 1% during ATI-2

only, and green circles indicate barcodes that did not reactivate prior to ATI-3. Cyan lines con-

nect barcodes that were detected across all ATIs while green lines connect barcodes that were

only detected in ATI-3.

(TIF)

S2 Fig. Correlation of lineage-specific viral load between plasma pre-ART and each ATI.

The viral load (log10) attributable to each lineage detected both in pre-ART plasma and during

each ATI are shown in blue, while variants not detected during the ATI are shown in grey. The

dashed lines depict the linear regression fits.

(TIF)

S3 Fig. Barcode PBMC vDNA profiles consistent with reseeding or clonal expansion for

animal H860. The colored filled circles depict the relative frequencies of the barcodes in viral

DNA while the grey circles indicate the limit of detection at time points when a particular vari-

ant was not observed. Open circles correspond to the maximum limit of detection for samples

where input was not quantifiable. The grey bars highlight the time intervals when the animals

were off therapy, with the colored bars indicating the relative frequency of the variant at peak

viremia during each interval. The grey dashed lines indicate the relative frequency of each bar-

code based on cumulative peak plasma viral load. The dashed blue lines indicate the average

barcode frequency in PBMC across all post-ATI-2 samples, estimated via maximum likeli-

hood.

(TIF)

S4 Fig. Barcode PBMC vDNA profiles consistent with reseeding or clonal expansion for

animal H814. The colored filled circles depict the relative frequencies of the barcodes in

vDNA while the grey circles indicate the limit of detection at time points when a particular

variant was not observed. Open circles correspond to the maximum limit of detection for sam-

ples where input was not quantifiable. The grey bars highlight the time intervals when the ani-

mals were off therapy, with the colored bars indicating the relative frequency of the variant at

peak viremia during each interval. The grey dashed lines indicate the relative frequency of

each barcode based on cumulative peak plasma viral load. The dashed blue lines indicate the

average barcode frequency in PBMC across all post-ATI-2 samples, estimated via maximum

likelihood.

(TIF)

S5 Fig. Barcode PBMC vDNA profiles consistent with reseeding or clonal expansion for

animal H34G. The colored filled circles depict the relative frequencies of the barcodes in

vDNA while the grey circles indicate the limit of detection at time points when a particular

variant was not observed. Open circles correspond to the maximum limit of detection for
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samples where input was not quantifiable. The grey bars highlight the time intervals when the

animals were off therapy, with the colored bars indicating the relative frequency of the variant

at peak viremia during each interval. The grey dashed lines indicate the relative frequency of

each barcode based on cumulative peak plasma viral load. The dashed blue lines indicate the

average barcode frequency in PBMC across all post-ATI-2 samples, estimated via maximum

likelihood.

(TIF)

S6 Fig. Barcode PBMC vDNA profiles consistent with reseeding or clonal expansion for

animal DFR6. The colored filled circles depict the relative frequencies of the barcodes in

vDNA while the grey circles indicate the limit of detection at time points when a particular

variant was not observed. Open circles correspond to the maximum limit of detection for sam-

ples where input was not quantifiable. The grey bars highlight the time intervals when the ani-

mals were off therapy, with the colored bars indicating the relative frequency of the variant at

peak viremia during each interval. The grey dashed lines indicate the relative frequency of

each barcode based on cumulative peak plasma viral load. The dashed blue lines indicate the

average barcode frequency in PBMC across all post-ATI-2 samples, estimated via maximum

likelihood.

(TIF)
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