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ABSTRACT 

Understanding the mechanisms for HIV-1 persistence during antiretroviral therapy (ART) 

is crucial for developing curative strategies. Due to the high intra-patient genetic diversity of HIV-

1, I hypothesized that integrated HIV-1 DNA (proviruses) with identical sub-genomic sequences 

are sustained during ART through cellular proliferation. To test this hypothesis, a method called 

“Multiple-Displacement Amplification Single-Genome Sequencing” (MDA-SGS) wherein the site 

of proviral integration in the host genome and the full-length HIV-1 sequence can be determined, 

was applied to 34 sets of proviruses with identical P6, protease, reverse transcriptase (P6-PR-RT) 

sequences in a single donor with viremia suppressed on ART reported by Musick, et al(1). The 

MDA-SGS workflow includes the isothermal amplification of DNA from cells containing single 

proviruses of interest within their sites of host integration followed by integration site analysis on 

the products to determine if proviruses identical in P6-PR-RT also have identical integration sites 

and, therefore, result from proliferation of a single infected cell. If different sites of integration are 

observed, then I conclude that the identical proviruses result from infection of two or more different 

cells by a closely related viral ancestor. Of the 20 populations of proviruses with identical P6-PR-

RT sequences successfully assayed by MDA-SGS, I found 9 to contain only identical integration 

sites (cell clones), 6 to have only unique integration sites (infection with a common ancestor), and 

5 to contain a combination. The finding that proviruses identical in P6-PR-RT often have different 

sites of integration suggests infection of multiple cells prior to ART or during an ART interruption 

with a common viral ancestor, each establishing a latent infection allowing them to survive and, 

likely, divide. Targeting such long-lived, infected, proliferating cells is necessary to achieve HIV-

1 remission without ART.  
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INTRODUCTION 

Human Immunodeficiency Virus Type 1 (HIV-1) is a primate lentivirus that infects immune 

cells, specifically CD4+ T cells and macrophages. There are currently 37.9 million people living 

with HIV worldwide (2) with the majority of infections occurring in sub-Saharan Africa, making it 

a major public health issue. Of the 37.9 million people living with HIV, less than 60% have access 

to Antiretroviral Therapy (ART)(2). Without treatment, HIV infection depletes CD4+ T cells, and 

opportunistic infections lead to eventual death in most individuals.  

The HIV replication cycle includes 7 basic steps: attachment, entry, reverse transcription, 

integration, assembly, release, and maturation. During attachment, the HIV envelope protein binds 

to the CD4 receptor and the CCR5 or CXCR4 coreceptor on the surface of T cells then fuses the 

virion envelope` with the cell for entry. After entry, the virus core is transported to the nucleus 

while its RNA genome is reverse transcribed into double-stranded DNA (Figure 1)(3). The double-

stranded DNA genome is integrated into the host genomic DNA. The integrated viral genome is 

referred to as a “provirus” and can be transcribed and translated as any host gene. When expressed, 

new viral proteins assemble into particles that are released, which can result in cell death. However, 

if the provirus is not expressed, the cell can persist and divide, passing the provirus on to its cellular 

progeny(4, 5).  

ART targets multiple steps in the HIV replication cycle including entry, reverse 

transcription, integration, and maturation, suppressing the plasma viral load to below detection by 

commercial assays(6). However, highly sensitive assays reveal low-level, persistent virus production 

during ART, and viremia rebounds to pre-therapy levels if ART is interrupted(7, 8). If ART is not 
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adhered to, HIV can replicate and mutate in the presence of the drugs and lead to HIV drug 

resistance and possible transmission of drug resistant strains(9).  

 

 

Figure 1. HIV Replication Cycle. The HIV-1 life cycle includes virion attachment, entry, reverse 

transcription, uncoating, integration, assembly, budding, and maturation. Steps in the lifecycle that are 

inhibited by ART are shown. Figure by Burdick, et al.(10) 
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The HIV provirus is ~9.8kb in length with both ends being flanked by long terminal repeats 

(LTRs)(11) (Figure 2). The major proviral genes are gag, pol, and env. Gag encodes the structural 

proteins: matrix (MA), capsid (CA), nucleocapsid (NC), and P6. Pol encodes the viral enzymes: 

protease (PR), reverse transcriptase (RT), and integrase (IN). Env encodes the envelope 

glycoprotein gp160 (cleaved into gp120, gp41)(12). The genes tat and rev encode regulatory proteins 

and vpu, vpr, vif, and nef  encode accessory proteins(12)  

 

 

Figure 2. HIV Genome Map. HIV genes gag, pol, env, tat, rev, vpu, vpr, vif, and nef and locations are 

shown here. Figure from the HIV sequence database: 

https://www.hiv.lanl.gov/content/sequence/HIV/MAP/landmark.html 

 

 Previous studies have shown that HIV replication is effectively halted when individuals 

adhere to combination ART and that persistent, low-level viremia results from the expression of 

proviruses in cells that were infected prior to ART initiation(13-16). Understanding the mechanisms 

that sustain the HIV reservoir during ART (the cells that harbor replication-competent proviruses) 

is crucial to the development of potential curative strategies. One mechanism for HIV persistence 

during ART is the clonal expansion of cells that were infected prior to treatment initiation(4, 15, 17-

22). Most clones of infected cells carry defective proviruses due to errors made during reverse 

transcription(23); however, some cell clones harbor replication-competent proviruses that can be a 

source of persistent(24) and rebound(15, 24) viremia if ART is interrupted. It has been shown that clonal 

expansion, not viral replication, maintains HIV during ART(4, 16). Characterizing the HIV reservoir 

https://www.hiv.lanl.gov/content/sequence/HIV/MAP/landmark.html
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includes profiling the genetics of HIV proviruses that persist in T cell clones during ART and 

determining their sites of integration in the host genome.  

Simonetti et al.(24) were the first to show that an infected, expanded T cell clone carrying a 

replication-competent provirus could persist during ART and be the source of persistent, low-level 

viremia in a donor denoted “Patient 1.” Patient 1 was a 58 year-old African American man 

diagnosed with advanced HIV infection (16 CD4+ T cells/µl) in May of 2000(24). He was on ART 

for 13 years and treatment interruptions occurred unexpectedly throughout (Figure 3A). Initially 

on ART, his HIV plasma RNA levels declined to below the limit of detection and his CD4+ T cell 

count partially recovered(24). Single-genome sequencing (SGS) on P6-PR-RT in plasma virus had 

previously revealed that the virus present at the time of diagnosis was genetically diverse(13). When 

experiencing ART failure at a late timepoint (starting around year 12), a population of diverse drug-

resistant variants and a population of identical wildtype variants dominated the plasma virus (4, 24). 

The ART regimen was adjusted to suppress the rebounding viremia. Although the viral variants 

that were resistant to the previous regimen declined to below the limit of detection on the new drug 

regimen, the identical wildtype (i.e., drug sensitive) virus persisted, indicating that the wildtype 

variants resulted from proviral expression of a large cell clone and not from full cycles of viral 

replication (Figure 3B). Instances of identical plasma virus during ART had been previously 

reported(4, 13, 19, 24). Simonetti et al. demonstrated that the wildtype virions that comprised the 

persistent low-level viremia in patient 1 were produced from a large cell clone that he called 

“ABMI-1”. 
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Figure 3. Patient 1 ART Regimen, Levels of Viremia, and Single-Genome Sequences from Plasma 

Viremia. A) ART regimen and HIV viremia time course and viral load (open circles are below the limit of 

detection). B) Neighbor joining trees of plasma RNA sequences from timepoints in A. Wildtype sequences 

are represented by closed red, blue, and green circles. Drug resistant sequences are represented by open red 

and blue circles. Figure by Musick et al(1). 

 

Subsequent to Simonetti, et al., Musick, et al. performed SGS on the proviral population in 

naïve, central and transitional memory, and effector memory T cells collected during virologic 

failure in the same individual. He identified 34 populations of identical, wild-type P6-PR-RT 

sequences (also called phylogenetic “rakes”) within and across the T cell subsets (Figure 4). Due 

to their sequence identity, Musick, et al. called these populations (or rakes) “possible cell clones”, 

to express the possibility that, like AMBI-1, they derived from the infection of a single cell that had 

undergone clonal expansion. The 34 possible cell clones included 3 with replication-competent 

proviruses determined by outgrowth in co-culture experiments(24), called AMBI-1, OG-1, OG-2. 
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Five rakes contained sequences with obvious genetic defects rendering them defective. Twenty-six 

had proviruses without obvious defects in P6-PR-RT but did not replicate in culture (25, 26).   

 

Figure 4. Patient 1 Neighbor Joining Phylogenetic Tree of P6-PR-RT SGS. PBMC were sorted into 

naïve (pink triangles), central and transitional memory (CTM) (black triangles), and effector memory (EM) 

(orange triangles) CD4+ T cell subsets. The 34 populations of identical P6-PR-RT sequences described in 

Musick et al.(1) are labeled. Those rakes labeled in red show P6-PR-RT sequences that match replication-

competent proviruses (AMBI-1, OG-1, and OG-2), those in purple have genetic defects in P6-PR-RT, and 

those in blue have no apparent defects in P6-PR-RT but are not known to be replication-competent. Identical 

sequences are shown with no horizontal distances on the phylogenetic tree. Figure from Musick et al.(1) 

 

Musick, et al. estimated the fraction of cells within the 34 possible clonally expanded cell 

populations that contained unspliced HIV RNA and found that it ranged from ~2% to 65% (Figure 
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5). His findings demonstrated that most cells in clones persisting on ART contained proviruses that 

are transcriptionally silent or latent. Their latent infection likely allowed these infected cells to 

escape immune detection and proliferate despite ART. Furthermore, Musick, et al. found no 

difference in the fraction of infected cells with HIV RNA in populations carrying replication-

competent proviruses vs. those that had defective proviruses. 

 

Figure 5. The Fraction of Cells Within Possible Cell Clones that Have HIV RNA. Possible cell clones 

with replication-competent proviruses are shown in red. Possible cell clones with defective proviruses are 

shown in purple. The remainder of the possible cell clones are in blue. The cell subsets in which HIV RNA 

was detected is indicated. Figure from Musick et al.(1) 

 

Because assays that recovered both proviral sequences and their site of integration in the 

host genome did not exist, evidence for HIV-infected cell clones often relied on SGS data alone(13, 

24, 27). Integration site analysis provided direct evidence of clonal expansion of infected cells but did 

not yield information regarding proviral sequences(4, 16, 28, 29). Therefore, we and others developed 

the multiple displacement amplification single-genome sequencing (MDA-SGS) method wherein 
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both the proviral integration site and the full-length HIV-1 proviral sequence can be determined(28, 

29).  For my thesis research, I applied the MDA-SGS assay to DNA extracted from the same T cell 

subsets of Patient 1 described in Musick, et al. to determine if the 34 “possible cell clones”  resulted 

from the proliferation of a single infected cell (identical P6-PR-RT sequences have the same 

integration site into the host DNA) or if they resulted from the infection of two or more different 

cells by a related viral ancestor (identical P6-PR-RT sequences have different integration sites). 

Given the extensive clinical history, integration site characterization, and plasma/proviral sequence 

information for Patient 1, my thesis research also aimed to further investigate the genetics of the 

full-length proviruses in the 34 possible cell clones. Of the rakes that were confirmed to result from 

clonal expansion of a single cell, I also analyzed the results to determine if their proviral structures 

or integration sites could be associated with their RNA expression reported by Musick, et al.(1). 

Identifying and reporting the sources of identical sub-genomic sequences is imperative for 

understanding the establishment, maintenance, and composition of the viral reservoir and the source 

of rebound viremia when ART in interrupted.  
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MATERIALS AND METHODS 

Donor and Samples in Study 

Peripheral blood mononuclear cells (PBMC) were obtained from “Patient 1” reported in 

previous studies(1, 4, 24, 29) (Table 1). The donor was enrolled in NIH protocol 00-I-0110 conducted 

at the NIH Clinical Center in Bethesda, MD and was approved by the NIH internal review board. 

Informed, written, consent was obtained for the collection of blood samples.  

Table 1: Patient 1 Samples in Study Information. Sample dates match the timepoints in Figure 

3a 

Years on ART  Cell Type # Cells Recovered 

11 Effector Memory (EM) 400,000 

11 Central/Transitional Memory (CTM) 800,000 

11.5 Effector Memory (EM) 495,425 

 

Fluorescence-Activated Cell Sorting (FACS), Gating, T-Cell Subset Definitions 

The FACS and gating methods are described from Music et. al(1). In brief, PBMC from 

Patient 1 were obtained by leukapheresis. Cell sorting for single CD4+ T cells was done with the 

following antibodies: CD3-APC-H7 (BD Biosciences, 641406), CD4-BV785 (BioLegend, 

317442), CD8-QDot655 (Invitrogen, Q10055), CD11c-PE (BD Biosciences, 347637), CD14-PE 

(BD Biosciences, 555398), CD27-PE/Cy5 (Beckman Coulter, 6607107), CD45RO-ECD (Beckman 

Coulter, IM2712U), CD56-APC (BioLegend, 304610), CD57-BV421 (NIAID Vaccine Research 

Center (VRC) Ab), CCR7-Ax700 (VRC Ab), and TCR γδ (BD Biosciences, 555718) for 15 minutes 

at 22°C. Cells were washed, kept on ice, and sorted on a BD FACSAria into CD4+ memory subsets. 

The Naïve markers include CD3+Aqua-CD8-CD4hiCD56-TCRγδ-CD14-CD11c-
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CD27+CD45RO-CCR7+CD57-. the Central and Transitional Memory markers include 

CD3+Aqua-CD8-CD4hiCD56-TCRγδ-CD14-CD11c-CD27+CD45RO+. The Effector Memory 

markers include CD3+Aqua-CD8-CD4hiCD56-TCRγδ-CD14-CD11c-CD27-. 

Genomic DNA Extraction 

100μl of guanidinium hydrochloride (8M, 100 mL, SIGMA #G9284) + proteinase K 

(20mg/mL, APPLIED BIOSYSTEMS #AM2548) were added to the cell pellets, vortexed 

immediately for 10 seconds, and incubated at 42°C for 1 hour. 400μl of guanidinium isothiocyanate 

(6M, 50mL, SIGMA #50983) + glycogen (20mg/mL, ROCHE #10901393001) were added, 

vortexed to mix, and incubated at 42°C for another 10 minutes. 500μl of 100% isopropanol 

(SIGMA) at room temperature was added, vortexed for 10 seconds at high intensity, and centrifuged 

at 21,000g at room temperature for 10 minutes. The supernatant was removed without disturbing 

the pellet and the samples were centrifuged at 21,000g for 15 seconds. 750μl of 70% ethanol 

(SIGMA) was added to wash the nucleic acid pellet, vortexed, and spun at 21,000g at room 

temperature for 10 minutes. The residual ethanol was removed using 10μl pipette tip. The pellets 

were air dried for 5-10 minutes. The extracted nucleic acid was resuspended in 100μl of 5mM Tris-

HCl (pH 8.0) and incubated at 42°C for up to 2 hours. The nucleic acid was stored at -80°C.   

Multiple Displacement Amplification Single-Genome Sequencing (MDA-SGS) Workflow 

               The MDA-SGS workflow (Figure 6) included first identifying proviral sequences of 

interest by standard SGS. MDA was performed as described below on single proviruses and the 

host genomic DNA in which they were integrated. Integration site analysis (ISA) (described below) 

and near full-length (NFL) proviral PCR amplification and sequencing (described below) was 

performed on the MDA products (29).  
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Figure 6. Multiple Displacement Amplification Single Genome Sequencing (MDA-SGS) Workflow. 

Identical subgenomic sequences of interest are identified by standard SGS. MDA is performed at a proviral 

endpoint to identify proviruses matching standard SGS sequences. Integration site assay (ISA) and near-full 

length assay (NFL) are performed on MDA wells of interest for clonal and intactness analysis. Figure from 

Patro et al. (29). 

 

Multiple Displacement Amplification (MDA)  

               Extracted genomic DNA was diluted in 5ml Tris-HCl pH 8.0 to a P6-PR-RT endpoint (i.e. 

0-1 P6-PR-RT per well)(27). DNA in each sample was chemically denatured by the addition of 2μl 

1x D-solution (1x D-solution is a dilution of 8x D-solution containing 3.2M KOH, 80mM EDTA) 
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followed by incubation at room temperature for 3-6 minutes. Reactions were neutralized by the 

addition of 4μl 1x N solution (0.4M Trizma-HCl) and immediately kept at 4°C to minimize any 

renaturation of genomic DNA. 2μl of the random hexamer primer (p6N, Integrated DNA 

Technologies: /5phos/NNNN*N*N) was added which contains phosphorothioate linkages at the 

ultimate and penultimate 3’-terminal positions and is 5’ phosphorylated. To each well, the following 

were added: 4μl 10x phi29 DNA polymerase reaction buffer (New England BioLabs), 4μl 0.5M 

KCl, 4μl 10mM dNTPs, 10μl 0.8 trehalose (Sigma; T5251-10G), 7μl water and 1μl phi29 DNA 

polymerase (New England BioLabs). The enzyme mixtures were assembled and dispensed to 

nucleic acid mixtures on ice and MDA reactions were incubated at 30°C for 18hr in a thermal cycler 

utilizing a heated lid to minimize condensation. Completed reactions were incubated at 65°C for 

10min to denature the polymerase and stored at -20°C. 

Integration Sites Assay (ISA) 

             MDA products were purified using Zymo10 DNA clean and concentration kit (Zymo; 

D4011).  The integration site assay(30) was used to identify HIV integration sites based on linker-

mediated amplification of sheared MDA samples (Figure 7). ISA included DNA fragmentation, 

end repair, and linker ligation using the NEB Next Ultra II FS DNA Library Prep Kit for Illumina 

(New England Biolabs, Cat No. E7805S). Patient virus-specific primers in the 5’ and 3’ LTRs 

(listed below) and primers in the linkers were used for PCR amplification. Linker details were 

previously published(30). Following PCR amplification, DNA sequencing was performed using the 

Illumina MiSeq platform system. All integration sites were reported using the 3’ LTR mapped to 

hg19(4, 30). The patient virus-specific primer sequences are as follows:   

5’LTR: TCAGGGAAGTAGCCTTGTGTGTGGT 

3’LTR: TGTGACTCTGGTAACTAGAGATCCCTC 
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Nested PCR Primers:  

5’LTR: 

AATGATACGGCGACCACCGAGATCTACACTATAGCCTACACTCTTTCCCTACACGAC

GCTCTTCCGATCTNNNNNNACGTCTCGTCCTGTCTTTTCTGGGAGTGAACTA  

3’LTR: 

AATGATACGGCGACCACCGAGATCTACACATAGAGGCACACTCTTTCCCTACACGAC

GCTCTTCCGATCTNNNNNNATAGAGGCCCCTTTTAGTCAGTGTGGAAAATC 

 

Figure 7. Workflow of Integration Site Analysis. MDA samples were randomly sheared followed by a 

ligation of a T-linker (containing the unique modifier identifier (UMI)). The samples were PCR amplified 

and sequenced by MiSeq. A bioinformatics pipeline was used to filter, trim reads, map to host genome, count 

each integration site, and generate a report(30). 
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Near-Full-Length (NFL) Amplification and Primers for Sanger Sequencing  

           Near-full-length (NFL) polymerase chain reaction (PCR) amplification was performed 

using the Ranger enzyme (BIOLONE-BIO-25052). The first round of PCR, denoted NFL1, was 

used to generate a 9kb amplicon from U5-5’LTR to U5-3’LTR. The NFL1 PCR product was diluted 

1:5 and used as template for nested PCR to generate four 2.9-3.2kb genome-spanning amplicons, 

denoted F1, F2, F3, and F4 (Figure 8). Alternatively, a 9kb NFL2 amplicon was generated. 

Amplicon sizes were confirmed by ethidium bromide gel visualization and sequenced by Sanger. 

The resulting data was used to generate the sequence of the NFL amplicon. The primer sequences 

used for PCR and sequencing are shown in Table 2. 

 

Figure 8. Method for Near-Full-Length (NFL) Amplification. MDA wells of interest screened in the P6-

PR-RT region are NFL PCR amplified. PCR1 amplifies NFL1. That NFL1 is the template for nested NFL2 

amplification or 4 overlapping nesting PCR. The HIV genome map is shown at the top. 
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Table 2. List of All Primers Used for PCR NFL Amplification and Sequencing 

             Gene          Primer Location 

         (HXB2 reference) 

Sequence 

LTR 611(+) AGTCAGTGTGGAAAATCTCT*A*G 

LTR 618(+) GTGGAAAATCTCTAGCAGT*G*G 

LTR U3-3(-) GGATATCTTGTCTTTTTTGGGAGTAAATTAGCCCTTC 

LTR U3-74(-) GGTGTGTAGTTCTGCCAATCAGGG 

LTR U3-124(-) TACTAGCTTGAAGCACCATCCAAAGG 

LTR R-519(-) GCACTCAAGGCAAGCTTTATTGAGGCTTA 

LTR 9662(-) TTACCAGAGTCACACAACAG*A*C 

LTR U5-577(-) TGAGGGATCTCTAGTTACCAGAGTC 

LTR 9675(-) GAGGGATCTCTAGTTACCAG*A*G 

PBS PBS-653(+) AGTGGCGCCCGAACAGGGAC 

gag 1466(-) CCTTGGTTCTCTCATCTGGC 

gag 1501(-) TGAAGGGTACTAGTAGTTCC 

gag 1849(+) GATGACAGCATGTCAGGGAG 

gag  1870(+) GAGTTTTGGCTGAGGCAATGAG 

gag 1061(+) GGATAGAGGTAAAAGACACCAA 

gag 1488(+) AAGTGACATAGCAGGAACTACTAG 

gag 2012(+) CTAGGAAAAAGGGCTGTTGGAAATG 

gag 895(-) AATTTTTCCAGCTCCCTGCTTGCCCA 

gag 1294(-) CTGATAATGCTGAAAACATGGGTAT 

gag 1606(-) GACAGGGCTATACATTCTTACTAT 

pol 3410(-) CAGTTAGTGGTATTACTTCTGTTAGTGCTT 
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pol 3500(-) CTATTAAGTATTTTGATGGGTCATAA 

pol 3410(+) AAGCACTAACAGAAGTAATACCACTAACTG 

pol 3500(+) TTATGACCCATCAAAATACTTAATAG 

pol 3996(+) CATCTAGCTTTGCAGGATTCG 

pol 4133(+) GGAAAAGGTCTACCTGGCATG 

pol 5270(-) CTGACCCAAATGCCAGTCTC 

pol 5248(-) TCTCCTGTATGCAGACCCCA 

pol 2385(+) AAAATGATAGGGGGAATTGGAGGTTT 

pol 2869(+) CAGTACTAGATGTGGGGGATGCATA 

pol 3298(+) ACAGCTGGACTGTCAATGATATACA 

pol 3676(+) CCACAGAAAGCATAGTAATATGGGG 

pol 4162(+) CACACAAAGGGATTGGAGGAAATGA 

pol 2557(-) TTACTGGTACAGTTTCAATAGGAC 

env 6445(-) CTTGTGGGCTGGGGTCTGTGGGTACAC 

env 6426(-) CTGTGGGTACACAGGCATGTGTGGCCC 

env E20(+) GGGCCACACATGCCTGTGTACCCACAG 

env E30(+) GTGTACCCACAGACCCCAGCCCACAAG 

env E125(-) CAATTTCTGGGTCCCCTCCTGAGG 

env E115(-) AGAAAAATTCCCCTCCACAATTAA 

env 6497(-) ACCATGTTATTTTTCCACATGTTAAA 

env 7001(-) CTGCCATTTAACAGCAGTTGAGTTGA 

env 7531(-) ATGGGAGGGGCATACATTGCT 

env 7943(-) CCTGGAGCTGTTTAATGCCCCAGAC 



17 
 

env 8352(-) GGTGAGTATCCCTGCCTAACTCTAT 

env 6552(+) TATGGGACCAAAGCCTAAAGCCATGTG 

env 6961(+) CAGCACAGTACAATGTACACATGGAA 

env 7807(+) AGCAGCAGGAAGCACTATGGGCGC 

env 8257(+) CATATCAAATTGGCTGTGGTATAT 

env 8517(+) GGAACCTGTGCCTCTTCAGCTACC 

nef 9021(+) CCACAGGTACCTTTAAGACCAATGAC 

vif 5451(-) AGAGATCCTACCTTGTTATGTCCT 

tat 5955(-) CTTCCTGCCATAGGAGATGCCTAAG 

 

Illumina Sequencing 

             The NFL amplicons generated from MDA samples were also sequenced using the MiSeq 

Illumina sequencing platform(31) (Figure 9). In order to increase throughput, sequencing of the 

NFL amplicons was done in a multiplexed library using the Nextera XT kit (Illumina-20018705). 

The Nextera XT Illumina DNA Library prep workflow is described in detail in the protocol 

included with the kit. In brief, first the sample DNA is fragmented and tagged with adapter 

sequences using Nextera transposomes. The libraries are then amplified using a limited-cycle PCR 

program (parameters in the kit protocol) and purified with single-sided bead purification. 

Purification is followed by a quality control check with Agilent Technology 2100 Bioanalyzer and 

a High Sensitivity DNA kit (Agilent-5067-4626). Typical broad size distribution of libraries is 

~250-1000bp. Normalization of libraries is done with Nextera XT Index v2 or Nextera XT Index 

Kits (Illumina-catalog # FC-131-1096) to ensure equal representation in the pooled library for 

sequencing.  
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Figure 9. Nextera XT Assay Workflow(31). (A) Transposomes are combined with the sample DNA.  (B) 

Tagmentation, fragmenting and tagging, of the sample DNA is performed. (C) limited-cycle PCR adding 

index adapter sequences is done producing a sequencing ready fragment. Figure from Illumina (31). 

 

Assembly of Consensus Sequences from Illumina  

Paired-end reads were obtained as fastq files and demultiplexed into individual fastq files 

associated with each Nextera XT index combination using bcl2fastq(32). Each fastq set was then 

trimmed using Trimmomatic(33) to remove low-quality base calls (under Q20) and primer and 

adapter sequences. The trimmed reads were then mapped to the human genome (hg19) as well as 3 

consensus HIV sequences via Burrows-Wheeler transform implemented in BWA(34). Reads that 

were mapped to any of the 3 consensus HIV sequences, unmapped, or with a MAPQ-score of 20 or 
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less against the human genome were extracted using picard (https://broadinstitute.github.io/picard/) 

and carried over into the final assembly steps. A first pass assembly of cleaned reads was performed 

in SPAdes(35) and then refined in an HIV-specific reference-guided assembler, SHIVER(36), using 

de novo assembled contigs (at least 250 nucleotides (nt)) to generate the final consensus sequence. 

Final consensus sequences (at least 250nt) were then scanned for 80% supermajority base-call 

purity in the mapped reads to omit PCR and sequencing errors. Bases called in the consensus 

sequences were required to have a minimum of 15 reads, nucleotide positions having between 1 

and 14 reads are designated N. Code and environment for assembling and performing QC on the 

MiSeq reads are available at https://github.com/michaelbale/NGSTools/.  

Sequence Analysis 

              Sequences obtained by NFL amplification and sequencing were first assembled and 

aligned using the ClustalW alignment tool(37) which aligns sequences based on their pairwise 

genetic distances. The online software, MEGA7(38), was used to construct neighbor joining, p-

distance, phylogenetic trees to visualize rakes of identical sequences.  

 

  

https://broadinstitute.github.io/picard/
https://github.com/michaelbale/NGSTools/
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RESULTS AND DISCUSSION 

Patient 1 is a donor with previous integration site and plasma and proviral sequence 

characterization (1, 4, 13, 24, 29). Thirty-four populations (or rakes) of identical sub-genomic proviral 

sequences, called “possible cell clones” in Musick, et al. were also previously characterized for 

their RNA expression levels(1). Here, I determined if the proviral sequences identical in the P6-PR-

RT region resulted from clonal expansion of singly infected T cells or from infection of multiple T 

cells by a common viral ancestor prior to ART initiation or during ART interruption. To screen for 

the 34 P6-PR-RT proviral sequences within potential cell clones,(29) MDA-SGS was performed on 

EM and CTM T cells collected at two timepoints on ART (Table 1). Phylogenetic trees were 

constructed from 132 P6-PR-RT proviral sequences obtained from the MDA-SGS analyses (Figure 

10). Sequences matching 20 of the 34 rakes previously described in Musick et al.(1) were identified 

by MDA-SGS, including those reported to be replication-competent(24) (AMBI-1, Outgrowth-1 

(OG-1), and Outgrowth-2 (OG-2)). The AMBI-1 rake was the largest detected in the analysis with 

30 total P6-PR-RT sequences, 27 in EM and 3 in CTM. Five of the rakes matching P6-PR-RT 

sequences in Musick, et al. are known to be defective, containing hypermutations or stop codons in 

P6-PR-RT (Figure 10, orange numbers). The remaining 12 rakes detected by MDA-SGS and 

matching the previously reported rakes are not known to be defective but did not replicate in culture 

(Figure 10, blue numbers).  
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Figure 10. Patient 1 MDA-SGS Phylogenetic Tree of the 34 Rakes of P6-PR-RT Identical Sequences 

Matching Those in Musick, et al(1). Sequences shown were obtained from CD4+ EM T cells (black 

triangles) and CD4+ CTM T cells (open white triangles). Rake numbers shown in different colors are those 

with P6-PR-RT sequences matching proviruses that are replication-competent proviruses (red numbers), 

those that are known to be defective (orange numbers), and those that are unknown to be defective but were 

not recovered in culture (blue numbers). 
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Integration Site Analyses Confirm Infected Cell Clones in Patient 1 

              MDA wells from the 20 possible infected cell clones described above were analyzed by 

ISA to determine if the identical P6-PR-RT sequences resulted from cell proliferation or from 

multiple cells that were infected by a common viral ancestor prior to ART or during an ART 

interruption. Identical proviral sequences with the same integration site in the host genome are 

confirmed as infected cell clones, as this event is highly statistically improbable to have occurred 

from distinct infection events. Each rake of identical P6-PR-RT sequences had 3 possible outcomes 

based on our level of sampling (Figure 11, hypothetical example): Outcome 1- They contained only 

identical integration sites at our level of sampling, indicating clonal expansion of an infected cell 

(Table 3), Outcome 2- They contained both identical and different integration sites, indicating both 

a cell clone and cells infected with a common ancestor (Table 4), and Outcome 3- They contained 

only different integration sites, indicating that the rakes were formed from multiple cells infected 

with common or closely related ancestors (Table 5).  
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Figure 11. Hypothetical Tree of Three Possible Outcomes from ISA Results. Identical sub-genomic 

sequences within a rake can contain identical integration sites (blue triangles), different integration sites 

(green triangles), and both identical and different integration sites (both blue and green triangles). 

 

The ISA results for 9 of the rakes shown in Figure 10 confirmed the proviruses as originating 

from cell clones as they all had the same site of integration into the host genome at my level of 

sampling (Outcome 1) (Table 3). Although the sampling level was shallow, these results confirm 

the assumption of Musick, et al. that identical P6-PR-RT sequences often result from the 

proliferation of an infected T cell. Of the 9 rakes observed in outcome 1, 2 were found in only EM, 

4 in only CTM, and 3 in both. These results suggest that infected cells can expand and differentiate 

despite infection. Although Musick, et al. made this suggestion it was not confirmed by integration 

site analysis. My data demonstrates that expanded cell clones can include members across various 

cell subsets, indicating that activation in response to a cognate antigen is often not enough to induce 

expression of integrated proviruses to levels that are cytopathic or to subject the infected cell to 

CTL killing. Musick et al. detected 3 replication-competent intact proviruses, 5 defective proviruses 

due to hypermutations, and 26 proviruses that were not known to be intact or defective. The 
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defective proviruses, rakes 4-8, previously found by Musick et al. were also detected here to contain 

identical integration sites (Table 3), confirming the proviruses as originating from cell clones. This 

finding was expected since the defects were identical in the subgenomic region sequenced for each 

provirus. The fraction of cells within these clones that had HIV RNA was reported in Musick, et al. 

to range from 2-65%, demonstrating that most cell clones have proviruses that are transcriptionally 

silent despite their activation and differentiation. The genes (or nearest gene) for the integration 

sites in these rakes are shown in Table 3. All were previously reported in Maldarelli et al.(4) as genes 

known to be associated with cell growth, mitosis, ATP synthesis, and T cell development or clonal 

expansion. Whether these integration events drive expansion is not known except for BACH2 and 

STAT5B (CROI 2020- John Coffin Theme Discussion). Further studies are needed to determine 

the role of specific sites of integration in cellular proliferation of infected cells. 
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Table 3. Outcome 1- Rakes of Identical Sub-Genomic Proviral Sequences Where Only 

Identical Integration Sites Were Observed 

Rake 

ID 

# of MDA 

wells with 

identical P6-

PR-RT 

sequences 

# of 

MDA 

wells 

with 

failed 

ISA 

Cell 

subsets 

(EM, 

CTM, or 

both) 

Gene of 

integration 

(# of times 

observed) 

Within or 

between genes 

Orientation 

relative to 

gene 

Cell 

associated 

RNA 

expression 

(%) 

4 2 0 CTM 
BACH2-1, 

FAM76B and 

RANBP9* 
Within With 0.9 

5 5 1 EM ATP6V1G3 (4) Within With 1.8 

6 5 1 CTM BACH2-2 (4) Within With 3.5 

7 3 1 Both MAP4 (2) Within Against 6.4 

9 3 1 Both TTC37 (2) Within Against 1.3 

17 5 3 CTM DDX6 (2) Within Against 2.9 

20 4 2 EM STAT5B (2) Within Against 3.5 

22 2 0 Both WASF2 (2) Within With 7.0 

29 2 0 CTM BACH2-3 (2) Within With 17.5 

*Multiple integration sites in a single MDA well with identical sub-genomic sequence 

The ISA results in Table 4 show the presence of both identical and different integration 

sites within rakes of identical P6-PR-RT sequences, confirming some of the proviruses as 

originating from cell clones and others as being from long-lived or small cell clones for which only 

one cell was sampled in my analysis (Outcome 2). Finding sequences identical in P6-PR-RT but 

with different integration sites implies that a common viral ancestor infected multiple cells either 

before ART or during ART interruptions. Of note, these results also warn that SGS can over-

estimate the size of predicted infected cell clones and the fraction of cells within them that have 
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HIV RNA. Within Outcome 2 were the proviruses with P6-PR-RT regions matching the replication 

competent AMBI-1(24). Of the 30 MDA wells with P6-PR-RT that matched AMBI-1, 22 had 

successful ISA and 19 had the expected AMBI-1 integration site. These results suggest that, with 

smaller sampling, this rake would likely have fallen under outcome 1 rather than outcome 2, 

supporting the idea that integration sites detected only once are probably from a cell that is a 

member of a small T cell clone. This observation also highlights that our “outcomes” are arbitrarily 

based on our level of sampling and that, if a very deep sampling could be done, all rakes of identical 

SGS might be found to consist of both identical and single integration sites. In Musick, et al., it was 

shown that only about 2% of the cells in the AMBI-1 clone had HIV RNA and these cells were 

found to be of the CTM and EM subset. Here, the AMBI-1 integration site was observed 18 times 

in the EM subset and only once in the CTM subset. Similarly, Musick et al. reported 88% of AMBI 

in EM, 12% in CTM, and none in the naïve subset. These data support our hypothesis that infected 

T cells can expand and differentiate without inducing the expression of the integrated provirus, 

including those that are inducible to produce replication-competent virus.  

The integration sites in TAF6L, BACH2(4), MKL2(1), and FAM76B were the same integration 

sites reported by Maldarelli et al.(4). These genes are associated with cell growth and division, 

specifically as it relates to T cell development. IER3 and RNF157, also found in this set of data, are 

involved in the prevention of cellular apoptosis(39, 40). Further studies are needed to determine if 

integration into any of these genes play a role in cell survival or proliferation. As it relates to 

curative interventions, immune (i.e. cytotoxic T lymphocytes (CTL)) and selection pressures 

favoring persistence of a sequence may be distinct from what precipitated expansion of the infected 

clone (i.e. T cell receptor (TCR) expansion). Therefore, proviral sequences and integration sites 

may favor persistence in some infected cell clones. 
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Table 4. Outcome 2- Rakes of Identical P6-PR-RT Sequences Where Both Identical and 

Different Integration Sites Were Observed 

Rake ID 

   # of MDA 

wells with 

identical P6-PR-

RT sequences 

# MDA 

wells with 

failed ISA 

Cell 

subsets 

(EM, 

CTM, 

or 

both) 

Gene of 

integration  

(# of times 

observed) 

Within or 

between genes 

Orientation 

(with or 

against 

gene) 

Cell 

associated 

RNA 

expression 

(%) 

1 (AMBI-

1) 
30 8 Both 

AMBI-1 (19) Unmapped Unmapped 

2.3 
RAPH1 (1) Within With 

LCP1 (1) Within With 

MECP2 (1) Within Against 

14 4 1 Both 
TAF6L (2) Within Against 

1.8 
BACH2-4 (1) Within With 

23 5 2 CTM 
BACH2-5 (2) Within With 

7.5 
FMR1 (1) Within With 

24 9 5 Both 

MKL2-1 (2) Within With 

8 ZNF567 (1) Within Against 

BACH2-6 (1) Within With 

28 15 8 CTM 

FAM76B (5) Between With 

16.7 ABCA9 (1) Between With 

MKL2-2 (1) Within With 

  

ISA on 6 additional rakes of identical P6-PR-RT sequences yielded only different 

integration sites (Table 5), demonstrating that many cells can be infected by the same or by closely 

related ancestors. This finding emphasizes the importance of not assuming that identical sub-

genomic sequences detected by SGS must result from clonal expansion of a single infected cell 

even when the genetic diversity of the HIV population is very high, as in this donor. Of these 6, 2 

have P6-PR-RT matching the replication-competent proviruses OG-1 and OG-2. These results 

suggest that the cell clones that harbor the intact OG-1 and OG-2 proviruses must be very small. 

To determine if any of the integration sites here are of the real replication-competent/intact OG-1 

or OG-2 proviruses, we attempted NFL amplification and sequencing of each (described in the next 

section on NFL).  
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Table 5. Outcome 3- Rakes of Identical P6-PR-RT Sequences Where Only Different 

Integration Sites Were Observed 

Multiple integration sites in a single MDA well with identical sub-genomic sequence 

ISA on 20 rakes demonstrated that most rakes of identical P6-PR-RT also have identical 

integration sites (13/20 rakes of identical P6-PR-RT sequences had integration site matches). 

However, 5 rakes of identical P6-PR-RT sequences also had different integration sites and 6 had 

only different integration sites, indicating that their origin is from the infection of multiple T cells 

by a common (or very closely related) viral ancestor prior to ART initiation or during ART 

interruption. A summary of our ISA analyses described previously in Tables 3-5 are in Figure 12. 

Rake ID 

MDA wells 

with 

identical 

P6-PR-RT 

sequences 

# MDA 

wells with 

failed ISA 

Cell 

subsets 

(EM, 

CTM, or 

both) 

Gene of 

integration 

(# of times 

observed) 

Within 

or 

between 

genes 

Orientation 

(with or 

against the 

gene) 

Cell 

associated 

RNA 

expression 

(%) 

2 (OG-1) 6 2 Both 

FTSJD2 (1) Within Against 

1.2 
CCDC91 (1) Within Against 

IER3 (1) Between Against 

RNF157 (1) Within Against 

3 (OG-2) 2 0 CTM 
DOCK8 (1) Within With 

8.8 
ARHGEF6 (1) Within Against 

25 9 3 Both 

OR4E2 (1) Between Against 

11.4 

ANKRD13D (1) Within Against 

L3MBTL3 (1) Within Against 

MAML2 (1) Within Against 

FAM168A (1), 

NR2C2 (1) 
Within With 

31 3 2 CTM MKL2-3 (1) Within With 22.8 

30 2 0 CTM 
ATL1 (1) and 

CDC27* (1) 

Within Against and 

with  
19.3 

32 4 1 Both 
MEDL13L (1) Within Against 

33.3 
TNRC6C (1) Within With 
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Figure 12. Number of Rakes with Identical, Different, or Both Identical and Different Integration 

Sites. Nine of the 20 integration sites were observed to have only identical integration sites, 5 were observed 

to have both identical and different sites, and 6 were observed to have only different sites. 

 

NFL Amplification and Sequencing Reveals Genetically Identical Proviruses in Cell Clones 

and Infection of Multiple Cells with Common Viral Ancestors 

NFL amplicons were generated and sequenced for 8 rakes of identical P6-PR-RT sequences 

obtained by MDA-SGS to determine the genetic sequence and proviral structure of those that were 

confirmed to be in cell clones and of those that appeared to result from infection of multiple cells 

with common viral ancestors (Figure 13-15). Since integration sites were already determined for 

sequences within these rakes, the proviral sequences were grouped in Figure 13 by their outcomes 

(described previously). Overall, the NFL results showed 6 intact sequences, 11 with large internal 

deletions, 2 with small packaging signal deletions, and 2 hypermutants. While the sampling 
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presented here was not deep, these genomes have similar proviral landscapes reported in 

literature(27, 29, 41). 

Figure 13a. shows the genetic structures of proviruses in the MDA wells with the same 

integration sites. For example, rakes 4 and 6 each yielded proviruses with identical large internal 

deletions in the 3’ end of the genome and identical integration sites, supporting our previous 

conclusion that they resulted from proliferation of single infected cells (Figure 13a). Both rakes 

were previously reported to have defective proviruses due to hypermutation in the P6-PR-RT region 

as well. One MDA well in rake 4 contained multiple integration sites (BACH2, FAM65B, and 

RANBP9), indicating that multiple proviruses were present in the well as expected to occur in some 

wells in limiting dilution-based experiments. The proviral structure obtained from that well is most 

likely from the provirus integrated in the BACH2 gene since it matches the proviral structure in 

another MDA well with the same integration site (Figure 13). The other two proviruses in the well 

may contain deletions in the NFL primer binding regions or could be solo LTRs. Both proviruses 

in rakes 4 and 6 included complete deletions of tat. As reported in Musick, et al., few cells in these 

clones had HIV RNA (0.9% in rake 4, 3.5% in rake 6). Defective genomes lacking essential RNA 

transcription/export elements may promote transcriptional silence, evasion of CTL immunity, and 

persistence/maintenance(42-44). 

Proviruses in Outcome 2 include those that resulted from cell proliferation but also from 

infection of cells with the same viral ancestor (Figure 13b.). Although the P6-PR-RT sequences 

are identical in these outcomes, the internal deletions and integration sites may vary. Proviruses in 

rake 1 contained both identical and different proviral structures, consistent with the integration site 

data that showed both identical (AMBI-1) and different integration sites (e.g. RAPH1). AMBI-1 

proviral structures were intact and identical in 4 MDA wells as expected. A fifth MDA well was 
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determined to have a different site of integration, RAPH1, and had a provirus that was identical to 

the AMBI-1 provirus but for a deletion at the 3’ end. This finding implies that proviruses containing 

identical sequences, but different deletions, can originate from a common viral ancestor that 

infected multiple cells. The AMBI-1 sequence in the MDA wells is consistent with the proviral 

sequence that was published in Simonetti et al.(24). These data further demonstrate that SGS alone 

is not sufficient to establish cellular clonality and can over-estimate the true size of the clone.  

Proviruses from rakes in Outcome 3 were expected to have the same sequence but different 

deletions since the integration site and P6-PR-RT SGS data suggested that they resulted from the 

infection of multiple cells with a common ancestor (Figure 13c.). NFL on rake 24 in this category 

revealed both intact and defective proviruses with genetically identical sequences but some 

containing deletions. The provirus integrated in the ZNF567 gene was intact according to the 

Proviral Sequence Annotation & Intactness Test (ProSeq-IT) 

(https://psd.cancer.gov/tools/pvs_annot.php). However, while genetically intact, it has not been 

confirmed to be replication competent as it has not been assayed for viral replication in vitro. 

Proviruses in two other MDA wells in rake 24 were identical in sequence and internal deletions 

while having, apparently, different integration sites. Because multiple integration sites were 

observed in these wells, indicating that multiple proviruses were present in the wells, it is possible 

that the integration site of the identical proviruses observed was not detected by ISA in one or both 

MDA wells. MDA products were screened using P6-PR-RT amplification and sequencing. Some 

of the MDA wells may contain multiple proviruses that are deleted in this region and, therefore, 

were not detected in the original screen. When ISA was performed, a fraction of the MDA product 

was used. If multiple proviruses were present in the well, it is possible that the integration sites of 

some proviruses in the well were detected, while others were not. To overcome this challenge, 

https://psd.cancer.gov/tools/pvs_annot.php
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future studies may screen MDA wells for LTR or for multiple regions of the HIV genome. Together, 

the NFL data from all three outcomes demonstrate that rakes of identical sub-genomic sequences 

result from clonal expansion of single cells and from multiple cells being infected with the same 

viral ancestor prior to ART or during an ART interruption. 

The virogram of NFL sequences from rake 30 showed two completely identical proviruses 

(Figure 13d.). However, their integration site is unresolved, since one MDA well generated two 

integration sites and the other had a failed ISA. The NFL sequencing showed nearly intact 

proviruses with the exception of a small (28bp) deletion in the packaging signal, a previously 

reported common region for deletions(29) (Figure 13c). The combined NFL and ISA results inform 

of the overall landscape of proviruses within rakes of identical sub-genomic sequences in Patient 

1. 
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Figure 13. Virogram of Selected Rakes Found in Patient 1. A) Rakes containing identical integration 

sites and proviral structures. B) Rakes containing both identical and different integration sites and proviral 

structures. C) Rakes containing different integration sites but identical proviral structures. The 10kb HIV-1 

viral genome is shown at the top. Identical sequences are represented by same bar color (i.e. identical 

sequences in rake 1 are shown in dark blue bar). Unknown sequences (outside of primer region) are 

represented by white bar. Deletions are represented by gray bar. Near-full length (NFL) PCR primers are 

represented by red arrows. Rake numbers and their corresponding integration sites are indicated next to their 

NFL sequences. The sub-genomic region used to screen, P6-PR-RT, is indicated.  

 

Although all the NFL sequences obtained from rakes in Figure 13 were found to be 

genetically identical, demonstrating their source as clonal proliferation or infection with a common 

ancestor, we did find some NFL proviruses in outcomes 2 and 3 to have similar, but different 

proviral sequences (Figure 14). In some examples, the sequences were different by only a few 

nucleotides which could be from amplification or sequencing errors. However, others were more 

genetically distant, indicating that they resulted from infection by closely related, but not identical, 
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ancestors. An example is rake 2 (OG-1) (Figure 14a). NFL sequencing of MDA wells in rake 2 

revealed different proviral sequences and structures. The first sequence shown in the virogram is 

the reference sequence for OG-1 obtained from the supernatant of viral outgrowth in culture(24). 

The second sequence was obtained from an MDA well with the CCDC91 integration site. The 

sequence is a close match to the OG-1 reference and is intact by ProSeq-IT test, making it the likely 

source of OG-1 outgrowth. The nucleotide differences (n=4) may have resulted from MDA, PCR, 

and/or sequencing errors or from mutations that occurred in the reference upon passaging in culture. 

These results strongly imply that the integration site for the replication-competent provirus OG-

1(24) is in the CCDC91 gene. The third NFL from rake 2 was from an MDA well with a RNF157 

integration site and had a total of 15 nucleotide differences compared to the OG-1 reference. This 

provirus probably originated from a related, but not identical, ancestor (or descendant) of the OG-

1 virus.  

Rake 25 is a good example of infection of multiple cells with a common ancestor (Figure 

14b.). Although these MDA wells were found to have identical sequences but for a few nucleotide 

differences that likely resulted from PCR and/or sequencing errors, NFL revealed differential 

deletions at the 3’ end. This finding suggests that 3 different cells were infected by the same 

ancestor, that different errors in reverse transcription occurred in each resulting in different 

deletions, and that each infected cell persisted and clonally expanded. Such a finding implies that 

the seeding of cells that comprise the infected cell clones that persist on ART is a common 

occurrence. To my knowledge, this is the first report showing evidence that clonally expanded cells 

are seeded frequently. 

Rake 3 had P6-PR-RT sequences that matched OG-2, the third replication-competent 

provirus reported in Patient 1(24) (Figure 14c.). The full-length sequence of OG-2 is not known 
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because NFL was not successful on the supernatant of viral outgrowth experiments. Although I 

identified two MDA wells with P6-PR-RT matching OG-2, neither yielded intact proviral 

sequences, suggesting that the OG-2 cell clone is probably very small. Deeper sampling is needed 

to identify the integration site for the OG-2 provirus.  

 

Figure 14. Virogram of Proviruses in Rake 2, 25, and 3. (A) Rake 2 (OG-1) provirus structure where the 

9.7kb HIV-1 viral genome is shown at the top. Unknown sequences are represented by white bars. NFL PCR 

primers are represented by red arrows. The sub-genomic region used to screen, P6-PR-RT, is indicated. 

Nucleotide differences are represented by colored bars. (B) Rake 25 provirus structure where the sequence 

present is represented by the orange bars and mapped deletions are represented by gray bars. (C) Rake 3 

(OG-2) provirus structure where the sequence present is represented by green bars and mapped deletions are 

represented by gray bars. 
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CONCLUSIONS 

Using the MDA-SGS(29) approach, which informs both the proviral site of integration and 

proviral structure, I aimed to investigate the 34 possible infected cell clones reported in Musick et 

al.(1) to determine if they are, indeed, infected cell clones or if they originated instead from the 

infection of multiple cells with a common or genetically related ancestor. In total, 20 of the 34 rakes 

of single-genome sequences identical in the P6-PR-RT region were detected by MDA-SGS. Nine 

were found to have identical integration sites only and therefore, resulted from the clonal expansion 

of a single infected cell, as hypothesized. However, 5 rakes had both identical and different 

integration sites and an additional 6 had only different integration sites detected. These results 

confirmed Musick et al’s study in that at least 14 of the 20 rakes (70%) contained proviruses within 

at least one infected cell clone and support those of Patro et al.(29), in which we concluded that the 

use of identical sub-genomic proviral sequences to identify infected cell clones is not sufficient and 

integration sites are required to draw this conclusion. Limitations of this study include the depth of 

sampling, which was limited by the number of cells that were available in each T cell subset.  

The proviral structures determined by NFL sequencing revealed mostly identical sequences 

within the defined phylogenetic rakes regardless of their integration site. The identical proviruses 

with different integration sites and different internal deletions likely result from the infection of 

multiple cells by a common viral ancestor and implies that infected cell clones are seeded frequently 

prior to ART or upon its interruption. Defective proviruses, those containing large internal 

deletions, packaging signal deletions, or hypermutation, were most common. This finding is not 

unexpected as it was previously described by multiple groups(45-47). However, 3 proviruses were 

found to be intact, two that were known to be replication-competent, AMBI-1 and OG-1, and one 

that was newly discovered in this study. The intact AMBI-1 and OG-1 proviruses were 
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predominantly found in EM and the newly discovered intact provirus in rake 24 was found only in 

CTM. Although the TCR sequence and cognate antigen of these CD4 clones are unknown, it is 

possible that the large EM constituent of AMBI-1 is due to expansion in response to an antigen. 

Both the AMBI-1 rake and OG-1 rake were previously reported by Musick et al. to contain 2.3% 

and 1.2% of the cells with detectable HIV RNA. Rake 24 was found to have more cells with HIV 

RNA (8%) than the AMBI-1 and OG-1 rakes. The reason for the higher fraction of cells with HIV 

RNA in rake 24 is not known but could be due to the cell subset that harbors to the location of the 

integration in the host genome. The integration sites for the 3 intact proviruses were observed 

between genes (AMBI-1) or within introns and oriented against the genes for both the CCDC91 

integration site from OG-1 and the ZNF567 integration site from rake 24. These findings do not 

directly suggest that intact HIV has a preference for integration into introns or to be oriented against 

the host gene, but that integration events into these locations may be selected for persistence as 

suggested previously(28). Integration sites in many of the confirmed clones with defective proviruses 

were in genes associated with cellular proliferation, apoptosis, and mitosis, suggesting that the 

integration events may have contributed to cellular proliferation. For example, Dr. John Coffin’s 

theme discussion at CROI 2020 reported that proviral integration in BACH2 and STAT5B genes 

drive clonal expansion.  

Rebound viremia when ART is interrupted is established by viral replication and spreading 

infection, possibly from as few as a single replication-competent provirus(26, 48). Recent studies have 

attempted to determine the “age” of these proviruses (i.e. whether the source of rebound viremia is 

from cells that were infected just before ART initiation or long before) using the quantitative viral 

outgrowth assay (QVOA)(49) and phylogeny. Other studies have focused on the effect of ART 

treatment interruptions on the size or diversity of the reservoir(26). Future studies using MDA-SGS 
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may contribute to addressing these questions by using phylogenetic analyses to estimate the “age” 

of intact proviruses in cell clones and determining if new cell clones are seeded during treatment 

interruptions. MDA-SGS may also be used to determine the viral sequence of the common ancestors 

that gave rise to cell clones with defective proviruses. Determining, predicting, and eliminating the 

source of rebound viruses is important for the development of future potential curative 

interventions. Distinguishing the sources of replication-competent proviruses that constitute the 

HIV reservoir on ART is crucial to revealing new targets, evaluating the effects of cure strategies 

for HIV, and guiding future directions of HIV research.  

We, and others, have used SGS to identify potential infected cell clones(1, 4, 24, 27, 50). Here, 

we emphasize that proviruses containing identical sub-genomic sequences can have different 

integration sites, suggesting that these proviruses result from the infection of multiple cells by a 

common ancestor. Thus, previous findings have underestimated the contribution of genetic 

bottlenecks in shaping the identical sub-genomic sequences in the proviral landscape (Figure 15). 

Better understanding the establishment and composition of the HIV reservoir may help better 

predict and target virus that rebounds upon cessation of ART. 
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Figure 15. Model for the origin of identical sequences that persist on ART. Rakes of identical sub-

genomic sequences are shown to contain identical integration sites (blue triangles), different integration sites 

(green triangles), and both identical and different integration sites (both blue and green triangles) leading to 

3 outcomes. Integration sites are represented by identical colors (yellow) for outcome 1, different colors (red, 

orange, and blue) for outcome 3, and both identical and different colors (purple, light blue, and light orange) 

for outcome 2. Virogram models where sequence is present is represented by dark blue bars, subgenomic 

sequences matching the triangles in the phylogenetic tree are represented by blue, green and both blue and 

green bars, and deletions are shown by black bars. Identical sub-genomic sequences either originate from 

clonal expansion or from multiply infected cells by a common viral ancestor. 
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