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ABSTRACT 

Current antiretroviral therapy (ART) is highly effective at blocking HIV-1 

replication but does not cure the infection due to the persistence of latently-infected cells 

that are able to undergo cellular proliferation (1). The majority of HIV-1 proviruses that 

persist during ART are defective. Of the minority that are intact and replication competent, 

it is not known what fraction are transcriptionally active in vivo versus those that are 

transcriptionally silent (latently infected). To address this question, I determined the 

fraction of HIV-1 proviruses in populations of expanded cell clones that express unspliced, 

cell-associated RNA during ART in one individual. In total, 34 different cell clones 

carrying either intact or defective proviruses in ñPatient 1ò from Maldarelli, et al. (1) were 

assessed. We found that a median of 2.3% of cells within clones harboring replication-

competent proviruses contained unspliced HIV-1 RNA. Highest levels of HIV-1 RNA 

were found in the effector memory T cell subset, including for the replication-competent 

AMBI -1 clone, which was the source of persistent viremia on ART. The fraction of cells 

within a clone that contained HIV-1 RNA was not different in clones with replication-

competent vs. defective proviruses. However, higher fractions and levels of RNA were 

found in cells with proviruses containing multiple drug resistance mutations, including 

those contributing to rebound viremia. These findings suggest that the vast majority of 

HIV-1 proviruses in persistently-infected cells, including replication-competent 

proviruses, are transcriptionally silent at any given time. This silence, if maintained over 

time, may allow infected cells to persist and expand during effective ART. 
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INTRODUCTION  

Human Immunodeficiency Virus Type 1 (HIV-1) infects the bodyôs immune 

system, more specifically CD4+ T cells. As HIV-1 infection destroys CD4+ T cells of the 

immune system, opportunistic infections and/or cancer ensue, leading to eventual death in 

most individuals without treatment. HIV-1 is a global epidemic with approximately 36.7 

million people currently infected and the majority infections are in sub-Saharan Africa. In 

2016 alone, approximately 1 million people died from HIV related causes. 

HIV-1 can be suppressed in infected individuals with antiretroviral therapy (ART), 

however, ART does not cure the infection. Only two individuals, the first being Timothy 

Ray Brown, have been cured of HIV-1 thus far (3, 4). Brown was diagnosed with HIV-1 

and later acute myeloid leukemia. He underwent whole body irradiation and two bone 

marrow transplants with cells from an HIV-resistant donor (coreceptor CCR5 deleted). The 

treatment cured the cancer, as well as the HIV-1 infection. A more recent study 

demonstrated that it was the loss of the CCR5 receptor that was responsible for curing the 

infection (5). Although ART is an effective therapy, it is life-long and associated with long 

term toxicities (6). Consequently, a cure that is more applicable to the general HIV-1 

infected population than bone marrow transplantation is needed. 

HIV is a retrovirus, utilizing the enzyme reverse transcriptase (RT) to make viral 

DNA from the packaged viral RNA. This viral DNA, called a provirus, is then integrated 

into the host genome. HIV-1 has 3 main genes gag, pol, and env, shown in Figure 1. Gag 

codes for structural proteins, pol codes for viral enzymes, and env codes for envelop 

associated proteins. 
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 The HIV replication cycle has 7 key steps: attachment, entry, reverse transcription, 

integration, assembly, release, and maturation (Figure 2). HIV envelope attaches to the 

CD4 receptor and coreceptor CCR5 or CXCR4 on the host cells. Next there is a membrane 

fusion mediated entry that releases the capsid inside the cell. The RNA genome is then 

reverse transcribed by the RT enzyme to make viral DNA. Viral DNA enters the nucleus 

and integrates into host genome via integrase. Transcription and translation are mediated 

by host machinery. There is assembly at the plasma membrane as a new virus particle is 

prepared. Egress is via budding and maturation occurs through protease cleavage. In the 

absence of ART, HIV accumulates high genetic diversity in vivo because RT is highly error 

prone, introducing new mutations with each round of viral replication.  

 ART blocks various steps in the life cycle to halt virus replication. Some targets 

include attachment, entry, reverse transcription, and integration. A combination of 

antiretroviral drugs, typically 3 or more, is given to patients to prevent the virus from 

becoming resistant to one compound. If the patient has unscheduled treatment 

Figure 1.  Visual representation of HIV-1 structural proteins and proviral structure. 

Animated by Janet Iwasa. http://scienceofhiv.org/wp/?page_id=20 

 

 

 

https://biochem.web.utah.edu/iwasa/
https://biochem.web.utah.edu/iwasa/
http://scienceofhiv.org/wp/?page_id=20
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interruptions, the virus can replicate and mutate to become resistant to the drugs with longer 

half-lives. After resistance, a new regimen must be used to regain viral suppression.  

ART prevents new cells from becoming infected but does not kill cells infected 

prior to its initiation. Integration is the hallmark of retroviruses and enables the persistence 

of infected cells. When the viral DNA is integrated, the provirus is treated the same as host 

genes. Transcription and translation are tied to the host and the provirus will persist as the 

cell divides and until the cell dies.  

When a patient is sustained on ART, the plasma HIV RNA (measured in plasma 

copies per mL) is reduced from ~102-106 to 1. The result is low-level viral persistence 

Figure 2. HIV replication cycle overview: attachment, entry, reverse transcription, 

integration, assembly, release, and maturation.  
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during ART. In patients sustained on treatment, the majority of proviruses, >95%, are 

defective due to hypermutations and large internal deletions (7). There are very few 

proviruses that are fully intact and replication competent. Latently-infected cells are those 

in an inactive state, not being transcribed to produce viral RNA or virus particles and, 

therefore, are able to escape immune recognition and viral cytopathogenesis. Latency is 

likely the mechanism that allows HIV-1 to persist despite ART. The reservoir for HIV-1 

comprises infected cells that persist on long-term ART and carry intact proviruses. The 

fraction of cells within expanded, infected cell clones that are transcriptionally silent 

(latently infected) vs. those that are transcriptionally active is not known. The source of 

rapid rebound viremia is likely the expanded clones with intact proviruses that were already 

transcribing HIV-1 prior to the ART interruption (8). These cells are the reservoir for HIV-

1 that must be targeted if a cure is to be achieved.  

Proliferation of cells, most likely infected prior to ART initiation, that carry 

replication-competent proviruses (those that are fully intact and capable of producing 

infectious virus particles) is an important mechanism for maintaining the HIV-1 reservoir 

(1, 2, 9ï13). It has been proposed that these cells are latently-infected and consequently 

transcriptionally silent, allowing them to evade virus-induced cytopathogenicity and 

immune-mediated clearance (2). By this model, persistent and rebound viremia originates 

from the occasional activation of a small fraction of the pool of latently-infected cells. It 

has also been demonstrated that latently-infected cells may be killed upon such activation 

(14, 15), although some studies have challenged this idea (12, 16).  

Little is known about the fraction of HIV-1 infected cells persisting on ART that 

are latently-infected versus transcriptionally active. Here, I used the cell-associated RNA 
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and DNA single-genome sequencing assay (CARD-SGS) (17) - a method that can be used 

to quantify the proportion of infected cells that have HIV-1 RNA and  estimate the levels 

of expression in such cells. Preliminary studies suggested that during in vivo infection, 

greater than 80% of HIV-1 infected cells have proviruses that are transcriptionally-silent 

after long-term ART and that cells harboring transcriptionally-active proviruses contain 

only low levels of unspliced, cell-associated (ca) HIV-1 RNA (median 1 ca-HIV RNA/cell) 

(17). However, the fractions of transcriptionally-silent proviruses versus transcriptionally-

active proviruses remained unknown within populations of clonally-expanded infected 

cells, each of which contains the identical provirus at the identical host site, including those 

that carry intact proviruses (2). Furthermore, it is also not known which CD4+ T cell 

subsets expand and support the expression of HIV-1 proviruses that persist on ART.  

To address these questions, I investigated peripheral blood mononuclear cells 

(PBMC) from a patient who presented with low level detectable viremia after prolonged 

ART. Previous analyses revealed that the on ART viremia in this individual originated 

from two sources: 1) viral replication of drug-resistant variants and 2) virus expression 

from a highly expanded T cell clone harboring a replication-competent, wildtype HIV-1 

provirus denoted AMBI-1 (1, 2). Cells containing AMBI-1 comprised the largest infected 

cell clone in this individual (approximately 107 cells) and were the sole source of wildtype 

persistent viremia during ART (2). I investigated samples from this patient to measure 

levels of HIV-1 production both from cells infected via possible ongoing replication (drug 

resistant virus) and from long-lived reservoirs (wild-type virus). The region of the virus I 

sequenced was from the gene coding for the P6 protein in gag, and the pol gene from 

Protease (PR) to RT, approximately a 1.2kb fragment.  
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I identified a total of 34 different wildtype infected cell clones and probable clones 

(proviruses that are identical in P6-PR-RT), and used CARD-SGS (17) to determine the 

fraction of PBMC within each clone, including the AMBI-1 clone, that had detectable 

amounts of unspliced cell-associated HIV-1 RNA (ca-HIV RNA). I also examined if the 

nature of the provirus (intact or defective) was associated with the fraction of infected 

PBMC that contained ca-HIV RNA and quantified the levels of ca-HIV RNA in single 

infected cells in each of the 34 different infected cell clones and in cells infected with drug 

resistant variants. I determined that a relatively small proportion of PBMC produce ca-HIV 

RNA during ART, and within a clone of identical cells, on average, less than 10% are 

producing ca-HIV RNA at any given time. Similar fractions and levels of expression were 

observed in clones harboring replication-competent proviruses or defective proviruses. 

However, higher fractions and levels of expression were observed in cells infected from 

probable ongoing viral replication of drug resistant variants. 

After determining the fraction and levels of unspliced HIV-1 RNA in the 34 

different infected cell clones and in the populations of PBMC infected with drug resistant 

variants, I sought to determine the specific CD4+ T cell subsets that harbored each of these 

clonal populations, especially those with intact proviruses, and to identify the cell subsets 

that supported their expression. I found probable clonal populations to be present in 

central/transitional memory (CTM) and effector memory (EM) T cell subsets; however, a 

higher fraction was found in effector memory cells, including in the clones harboring 

replication-competent proviruses.  This result may be an indication that although all clones 

can be found across the various cell subsets, cells harboring replication competent 

proviruses can be more readily detected in the EM cell subset. 
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MATERIALS AND METHODS  

 

Donor and Samples in Study 

 One hundred million PBMC were obtained from the timepoint indicated in red in 

Figure 3 from ñPatient 1ò in Maldarelli et. al. (1) and Simonetti et. al. (2). 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. The sample was collected specifically 

for this study and the donor provided written informed consent.  

 

Viral Load (VL) and Single Genome Sequencing of plasma and proviral DNA 

 The viral load (VL) or HIV RNA (copies per mL) in the blood was measured using 

a commercial viral load assay (Roche) at various timepoint throughout the >11 year ART 

treatment from ñPatient 1ò shown in Figure 3 (1, 2). The VL at the timepoint tested in this 

thesis project was 134 copies per mL, the patient was failing therapy with drug resistant 

variants present. Single-genome sequencing was completed on plasma RNA (18).  

 

Cell-Associated RNA and DNA-Single Genome Sequencing (CARD-SGS) 

CARD-SGS was performed exactly as described in Wiegand et. al. (17) on 72 

aliquots containing one million PBMC each. The assay begins by aliquoting cells to about 

100 proviruses per vial measured by the single copy assay (19, 20). Cell-associated RNA 

is extracted and cDNA is synthesized. Single cDNA molecules are PCR amplified and 

sequenced. Sequences are phylogenetically analyzed using neighbor joining (NJ) trees. The 

fraction of cells containing HIV RNA is then calculated as described in Wiegand et. al. 
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(17). Cell-associated DNA measured by integrase (iCAD) is an assay used to measure the 

number of infected cells (19, 20). This assay measures integrase copy numbers with a real 

time PCR to yield an estimate of HIV infected cells (19) The number of infected cells in 

each aliquot was determined by iCAD (21) and the frequency of cells in each of the 34 

different probable clones was determined by their frequency relative to the total proviral 

population by SGS.  

Probable intact clones are rakes of identical proviral sequences, that when analyzed 

did not have any major insertions or deletions or stop codons for the region analyzed. 

Because it has been shown that >95% of proviruses in vivo are defective, most of these 

sequences likely have mutations elsewhere that render them defective. The probable clones 

also did not grow out in the viral outgrowth assay, indicating that they may not be 

replication competent. Probable clones were designated as such based on finding identical 

sequences in the region analyzed. For example, the AMBI-1 clone was found to comprise 

11% of the total proviral population by SGS and the number of infected cells in each aliquot 

by iCAD was about 200 (measured by iCAD). Therefore, each aliquot contained ~20 

AMBI -1 infected cells.  

The fraction of cells within each clone that contained ca-HIV RNA was determined 

by assuming that each aliquot contained (on average) less than one ñexpressingò cell from 

each clone following the endpoint dilutions. Levels of ca-RNA in single-cells were 

determined by adding the number of identical ca-HIV-1 RNA molecules in each aliquot. 

Because SGS on HIV-1 RNA is known to include errors introduced in the RT step (18), 

variants that differed by a single nucleotide from a group of identical sequences of 5 or 

more that did not appear more than once were not considered to be a different variant, as 
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previously described (17). Replication-competent proviruses were defined as P6-PR-RT 

sequences that had identical matches to variants that grew out in the viral outgrowth assay 

(VOA) (22, 23). Defective proviruses were those that contained stop codons or other 

obvious defects. Proviruses termed ñnon-inducedò did not contain any obvious defects (i.e. 

stop codons) in the P6-PR-RT region analyzed but no outgrowth was observed in VOA at 

our level of sampling. The VOA is an assay used to determine or find intact replication 

competent provirus. The assay plates infected cells on irradiated feeder cells at varying 

dilutions, PHA stimulation to bind sugars of TCR triggering pathways to T cell activation. 

There is a 16-28 day cultivation, followed by P24 detection. This was completed as 

described in previous studies (2, 12, 24, 25). A total of about 10,450 HIV-1 infected cells 

were analyzed in the 72 aliquots of PBMC.  

 

Sequencing Analysis 

Sequences obtained by CARD-SGS were aligned using an alignment tool called 

ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/), which aligns sequences based on 

their pairwise genetic distances. An online software called MEGA6 

(www.megasoftware.net) was used to construct neighbor joining phylogenetic trees (NJ). 

NJ trees are used to visualize sequences, observe the number of nucleotide changes and 

observe where sequences cluster. In addition, phylogenetic analysis and NJ trees provide a 

quick easy representation of identical sequences and allowing identifying clones through 

incorporation of a reference sequence. The diversity can be calculated as well. Inferred 

trees were used to match ca-HIV RNA sequences to each other and to the proviral DNA 

variants. Drug resistant variants were identified using the Stanford Database 

http://www.ebi.ac.uk/Tools/msa/clustalw2/
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(hivdb.stanford.edu). Sequences obtained by CARD-SGS are available in GenBank 

(www.ncbi.nlm.nih.gov/genbank) [MK148701- MK152485]. 

Sorting CD4+ T cell subsets 

PBMC were obtained by leukapheresis. Following lysis of red blood cells, they 

were preserved in freezing medium at -80C/LN. 3.0 × 108 PBMC (93.1% viability) were 

thawed and stained with LIVE/DEAD Aqua stain (Molecular Probes, L34957, 5 minutes, 

22°C), and with the following antibodies to sort for single CD4+ T cells: 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 ɔŭ (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 as follows: Naïve (CD3+Aqua-CD8-CD4hiCD56-TCRɔŭ-CD14-

CD11c-CD27+CD45RO-CCR7+CD57-), Central/Transitional Memory (CTM, 

CD3+Aqua-CD8-CD4hiCD56-TCRɔŭ-CD14-CD11c-CD27+CD45RO+), and Effector 

Memory (EM, CD3+Aqua-CD8-CD4hiCD56-TCRɔŭ-CD14-CD11c-CD27-) (Figure 6). 

Statistics 

Standard statistical analyses were performed with the use of packages in R. The 

statistical tests used are indicated in the text and/or the tables.  

 

 

 

 

http://www.ncbi.nlm.nih.gov/genbank
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RESULTS AND DISCUSSION 

 

Participant Description, Phylogenetic Analysis of Plasma Viremia, and Viral 

Outgrowth Assays 

 

The patient (1, 2) was an African-American male who was diagnosed with 

advanced HIV-1 infection (16 CD4+ T cells/µl) in May of 2000. He was treated with ART 

for 13 years; however, unplanned treatment interruptions did occur (Figure 3A) (2). While 

on ART, the HIV plasma RNA levels declined to below the limit of detection (less than 50 

HIV-RNA copies/ml) and CD4+ T cell count partially recovered. However, low level 

rebound viremia occurred after about 11 years on ART (Figure 3) that was coincident with 

the development of a squamous cell carcinoma.  

Figure 3.  A) Longitudinal VL plot of Patient 1 from the time of ART initiation to his death 

from cancer. VLs below limit of detection (<50 copies per mL) are indicated with open black 

circles. The red arrow in the right panel indicates the timepoint that was analyzed by CARD-

SGS. B) NJ tree showing plasma RNA sequences at three marked timepoints on the VL plot in 

A. Solid circles indicate sequences with no drug resistance mutations and open circles indicate 

drug-resistant variants. The ART regimens employed are shown in the boxes at the top. 
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To investigate HIV population genetics in this low-level viremia, a neighbor joining 

(NJ) phylogenetic distance tree was constructed using data obtained by P6-PR-RT SGS 

from plasma samples taken at three timepoints immediately before and after the ART 

regimen change (Figure 3B). The presence of drug-resistant (DR) virus prompted a change 

in ART regimen that re-suppressed drug-resistant viremia, while the identical wildtype 

(WT) sequences persisted (Figure 3). These data indicated that, as expected, the ART-

resistant virus was the product of ongoing replication (because the addition of new drugs 

suppressed the DR virus and rebounding viremia), while the WT virus population was 

produced from a reservoir of clonally-expanded and/or long-lived cells (because it 

remained despite the change in ART regimen). The reservoir of long-lived cells is able to 

generate virus particles, but such particles do not result in ongoing cycles of viral 

replication because the reverse transcriptase inhibitors and integrase inhibitors block the 

productive infection of new cells. 

Samples were collected for the investigation of HIV-1 production from clonally-

infected, long-lived cells (WT virus) as well as from ongoing replication (DR virus). The 

DR population was highly diverse indicating recent viral replication, whereas the WT 

population consisted almost entirely of identical sequences that were previously shown to 

arise from a highly-expanded clone of CD4+ T cells, called AMBI-1 (1, 2). After the ART 

regimen change, when viremia was re-suppressed (Figure 3 green timepoint), the DR virus 

was not detected, but the WT AMBI-1 virus persisted, suggesting that the AMBI-1 virus 

was not replicating, rather it was being released from clonally expanded cells.  

An endpoint-dilution, single-stimulation, viral outgrowth assay (VOA) performed 

at the timepoint marked in red (Figure 3A) revealed four different replication-competent 
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proviruses: WT AMBI-1, WT Outgrowth-1, WT Outgrowth-2, and DR Outgrowth-1 (2). 

Sequences matching two of these outgrowth viruses, AMBI-1 and DR Outgrowth, were 

also previously detected in plasma (Figure 3B). These data suggest that both WT and DR 

virus are capable of ex vivo outgrowth and, likely, in vivo rebound if ART is interrupted.  

 

HIV Proviral Sequences Reveal Clones in PBMC 

To characterize HIV populations in cells, CARD-SGS was performed on PBMC 

collected from the first timepoint (Figure 3A, red) shortly after breakthrough viremia on 

ART, at which time the plasma contained a mixture of about 50% DR and 50% WT virus 

(mostly AMBI-1) (Figure 3B). We obtained 183 independent P6-PR-RT proviral sequences 

from this timepoint and constructed a NJ distance tree (Figure 4). Because the total HIV-1 

diversity in this individual was very high (2.9% average pairwise distance), as previously 

reported (1), the probability of obtaining two identical P6-PR-RT sequences by chance in 

our dataset was <10-6 (calculated using an in-house program that considers both the average 

pairwise distance and the distribution of the sequences). We defined identical WT proviral 

sequences (or matching RNA sequences in different aliquots of cells) as ñprobable clonesò 

of HIV-1 infected cells. Probable clones were divided into three categories: those carrying 

replication-competent proviruses determined by VOA (intact clones), those containing 

obviously defective proviruses (defective clones), and those having proviruses with no 

obvious defects in the region sequenced but were not recovered from the VOA (non-

induced probable clones) (2). 

 We found ca-HIV RNA matching 34 of the clonal populations (Figure 4, 

numbered). For all clones, in all categories, a fraction of cells contained unspliced HIV-1 

transcripts in vivo, including the WT replication-competent clones AMBI-1, Outgrowth-1, 
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and Outgrowth-2 (red triangles). The AMBI-1 clone was the largest detected by CARD-

SGS. Five other clones with matching ca-HIV RNA carried defective proviruses with stop 

codons (purple squares), indicating that defective proviruses can express ca-HIV RNA in 

vivo, as previously reported (8, 17, 26, 27). Identical sequences were detected from 26 other 

distinct proviruses with matching ca-HIV RNA (blue triangles). These 26 probable clones 

did not have obvious defects (i.e. stop codons or large deletions) in the region sequenced 

but failed to produce detectable levels of infectious virus in a VOA despite the detection of 

ca-HIV RNA in vivo, suggesting defects elsewhere in the provirus or presence at a 

frequency below the sampling capacity of a single round of VOA. Seventy-seven 

proviruses for which no matching ca-HIV RNA was detected are shown with gray triangles 

for WT and squares for hypermutants. The fraction of RNA containing cells in these 

possible clones may have been below our level of detection or the proviral DNA may be 

integrated into a region that is less permissive to reactivation. As will be described in more 

detail below, we detected ca-HIV RNA matching each of the 3 intact proviruses, indicating 

that the reservoir for replication-competent HIV-1 contains cells with transcriptionally-

active proviruses in vivo as well as with silent proviruses. 

As expected, DR proviruses were also detected by this analysis. DR sequences 

constituted only 16% of the proviral population (Figure 4) but represented nearly half of 

the rebounding plasma virus (Figure 3B), indicating that only a small fraction of the total 

pool of infected cells contributed to half of viremia. The eight DR variants with matching 

ca-HIV RNA are indicated with closed orange diamonds. Positive VOA was observed for 

one of these proviruses, labeled ñDR Outgrowth-1ò (Figure 4). DR proviruses for which 

no ca-HIV RNA was detected are indicated with open diamonds (known DR mutations) or 
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green diamonds (other mutations at DR sites). As in WT proviruses, we observed DR 

proviruses that were transcriptionally silent, transcriptionally active but not induced, and 

transcriptionally active and capable of ex vivo outgrowth and in vivo rebound.  

 

 

 

  

Figure 4. NJ distance tree of PBMC viral DNA sequences from the timepoint indicated in 

red in Figure 1. The tree contains probable clones with matching ca-HIV RNA (indicated 

with numbers) including the replication-competent clone AMBI-1, and the probable clones 

Outgrowth-1 and Outgrowth-2 in red, defective clones in purple, non-induced probable 

clones in blue, and DR proviruses with matching ca-HIV RNA in orange. Proviruses where 

no ca-HIV RNA was detected are shown in gray. A total of 183 proviral sequences were 

analyzed. 
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Probable Clones in CD4+ T Cell Subsets 

To determine the prevalence of the 34 probable clones in each subset, PBMC from 

the same timepoint were sorted by markers defining them as naïve, central/transitional 

memory (CTM), and effector memory (EM) CD4+ T cells (Figure 5). Twenty-seven of the 

34 clones were detected in 90,000 to 150,000 cells assayed for each subset. The 27 clones 

identified were about equally represented in CTM (21/27) and EM (16/27) (p=0.3, Fisher 

exact), but were less prevalent in naïve cells (4/27) (pNaïve,CTM=0.0001, 

pNaïve,EM=0.004, Fisherôs exact test). Although the fraction of CTM and EM cells 

harboring unique DR variants was not different (p=0.5, Fisherôs exact test), a higher 

fraction of the infected naïve cells harbored DR variants than the CTM or EM subsets 

(naïve and CTM p=1.2*10-4; naïve and EM p = 7.8*10-5, Fisherôs exact test). HIV uses 

two coreceptors, CXCR4 and CCR5, to enable entry into cells. The virus can use either of 

these two or both depending on the mutated HIV-1 envelope. Because naïve cells have 

higher surface expression of CXCR4 (18, 19), it is possible that the DR mutations arose on 

a CXCR4-using backbone, explaining their higher prevalence in naïve cells. Env 

sequencing followed by analysis for tropism using a software called geno2pheno 

(coreceptor.geno2pheno.org) confirmed that CXCR4-tropic envelopes were prevalent in 

the proviral population (sequences available in GenBank [MK148701- MK152485]). 

Importantly, the replication-competent provirus, AMBI-1, was found in both CTM 

and EM T cells. Twelve of 100 AMBI-1 proviruses sequenced in the cell subsets were in 

CTM and the other 88 in EM (Figure 6). Geno2pheno results on AMBI-1 env suggested 

CCR5-usage, possibly explaining its lack of detection in the naïve cell population. Ten 

Outgrowth-1 proviruses were identified in the subsets and all were in EM cells. These 

results suggest that, although clones may be equally prevalent in CTM and EM cells, the 
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replication-competent proviruses may be more readily detected in the  EM, consistent with 

previous findings by Hiener, et al. (28).  

Figure 5. Gating for CD4 T Naïve, CTM, and EM Cell Subsets from PBMC (A) not part 

of multi-cell conjugates (B) that were viable and stained with the T cell markers CD3 (C) 

and CD4 (D) but not myeloid cell markers CD14 and CD11c, or lineage markers CD56 

and TCR gd (E) were divided by CD27 and CD45RO staining and collected as TCTM (F, 

top-right gate) or TEM (F, bottom gate) subsets. Cells that were single-positive (T27+; F, 

top-left gate) for CD27 were further divided by CD57 and CCR7 staining to collect TN 

(G) subset. Numbers on plots represent percentages of plotted cells falling within the gates 

shown. Naïve CD4 defined as CD45RO-, CD27+, CCR7+, CD57-. CTM CD4 defined as 

CD45RO+, CD27+. EM CD4 defined as CD45RO+/-, CD27-. 
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Figure 6. NJ distance tree of proviral sequences from CD4+ T cell memory subsets from the 

first timepoint (red) in Figure 1. PBMC were sorted into naµve (pink), central-transitional 

memory (black), and effector memory (orange) CD4+ T-cell subsets. Probable clones from 

which ca-HIV RNA was recovered are numbered, including VOA outgrowth viruses. DR 

mutations are indicated. 
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Fraction and Levels of Cell-Associated HIV-1 RNA in Cell Clones 

We hypothesized that a large fraction of cells within the clonal populations would 

have little or no viral RNA, possibly allowing them to survive and proliferate despite 

infection. To understand the persistence of the clonal populations of infected cells on ART 

and, in the case of AMBI-1, their contribution to low-level viremia during ART, we 

performed CARD-SGS and used the data to estimate the fraction of PBMC with detectable 

levels of viral RNA in the three different categories of clones/probable clones. We also 

used CARDïSGS to determine the levels of ca-HIV RNA in single PBMC and in single 

naïve, CD27+ memory (central or transitional memory [CTM]), and CD27- memory 

(effector memory [EM]) cells for each of the clonal populations. 

For each clonal population, the fraction of infected PBMC with ca-HIV RNA and 

the levels of ca-HIV RNA were calculated as described in Wiegand, et al. (17) and are 

shown in Figure 7, Table 1, and Table 2. CARD-SGS was performed exactly as described 

in Wiegand et. al. (17) on 72 aliquots containing one million PBMC each. The assay begins 

by aliquoting cells to about 100-200 proviruses per vial measured by single copy assay. 

Viral RNA is extracted, and cDNA synthesized. Single cDNA molecules are PCR 

amplified and sequenced. Sequences were phylogenetically analyzed using neighbor 

joining (NJ) trees. The fraction with HIV RNA was then calculated using the original 

number of proviruses aliquoted. Intact clones had a median fraction of 2.3% (range 1-9%) 

of infected PBMC with detectable levels of ca-HIV RNA and a mean level of 2 (range 1-

10) ca-HIV RNA molecules per RNA-containing cell (Figure 7, red bars). Defective clones 

had a median fraction of 3.5% (1-7%) with ca-HIV RNA and a mean level of 1 (range 1-

4) ca-HIV RNA molecule per RNA-containing cell (Figure 7, purple bars). The clones that 

were not induced in VOA (non-induced probable clones) had a median fraction of 6.6% 
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(1-65%) and a mean level of 2 (range 1-16) ca-HIV RNA molecules per RNA-containing 

cell (Figure 7, blue bars). Thus, no significant difference in the fractions or levels of P6-

PR-RT ca-HIV RNA was observed between intact, defective, and the non-induced clones 

(p=0.20 to 0.99 Mann Whitney). This result is consistent with a study by Pollack, et al. 

(15) demonstrating that cells containing defective proviruses can express HIV transcripts, 

resulting in the recognition and clearance by CD8+ T cells ex vivo. Ca-HIV RNA matching 

13 of the 34 cell clones was detected in 250,000 ï 350,000 sorted CTM and EM cells 

(indicated in Figure 7). All ca-HIV RNA detected in naïve cells harbored drug resistance 

mutations and, hence, did not match any of the WT cell clones. In total, the fraction of 

naïve, CTM, and EM cells with ca-HIV RNA was not different from the total PBMC (4% 

of infected naïve cells with ca-HIV RNA, 2% of CTM, and 9% of EM). However, infected 

EM cells had a significantly higher fraction with ca-HIV RNA than infected CTM cells 

(7.8x10-10; Chi-sq). Consistent with the findings of others (29), higher levels of ca-HIV 

RNA were also observed in some single EM cells but the difference did not achieve 

significance with our level of sampling (p=0.1 Kruskal-Wallis). 

Despite the AMBI-1 cloneôs being the source of WT persistent viremia in this 

individual (2), only a small fraction of cells (2.3%) within the AMBI-1 clone contained ca-

HIV RNA, strongly suggesting that clonal populations persist because the vast majority of 

the daughter cells at each division produce little or no HIV RNA. These data demonstrate 

that all the cells within a clone are not uniformly producing HIV RNA and suggest that 

epigenetic factors may affect HIV transcription. These results also suggest that the 

production of infectious virus by a small fraction of the cells in the clonal populations that 

carry intact proviruses is likely to be the source of rapid rebound viremia when ART is 
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interrupted. Likewise, only a small fraction of the clonal cell siblings appear to be the 

source of viral outgrowth in the VOA: about 3.6% of the AMBI-1 infected CD4+ T cells 

produced infectious virus in the quantitative VOA (2). Since it is improbable that the small 

numbers of unspliced viral RNA copies detected per cell are sufficient to support infectious 

virus production, it is likely that a much smaller fraction of cells with intact proviruses are 

actually producing virions at any one time in vivo.  Taken together, these data support that 

only a small fraction of probable proviral clones are actively being transcribed, independent 

of intactness or outgrowth potential. Conversely, about 90% or more of the infected cells 

within clonally expanded populations contain little or no detectable unspliced viral RNA 

at a given point in time, allowing these cells to proliferate and survive for years, even 

though they may contain fully intact, infectious proviruses. 
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Figure 7. Plot of the fraction of cells that contained ca-HIV RNA for each of the 34 

different clones/probable clones. Replication-competent clones/probable clones are shown 

in red. Defective clones are shown in purple. Non-induced probable clones are in blue. 

About 50 to 1200 cells within each clone/probable clone were assayed for ca-HIV RNA. 
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Table 1. Fraction of proviruses expressing ca-HIV RNA and levels of expression in 

single cells 

aExcluding DR-OG, which may reflect spreading infection  
bIncluding both wildtype and drug resistant populations  
cAll 9 high expressing cells were found in the drug resistant population 

  

Population type 

Median fraction of 

cells expressing 

HIV RNA (range) 

Mean number 

of ca-HIV RNA 

copies in single 

cells (range) 

Fraction of high-expressing 

cells 

(# of cells with >20 ca-HIV 

RNA molecules/# cells with 

any # of ca-HIV RNA) 

Clones with intact 

proviruses (N=3)
a
 

2.3% (1.2%-8.8%) 2.3 (1-10) 0/35 

 

Clones with defective 

proviruses (N=5) 

3.5% (0.9%-7.0%) 1.3 (1-4) 0/22 

Non-induced clones 

(N=26) 
6.6% (1.3%-64.9%) 2.0 (1-16) 0/277 

Cells with ca-HIV 

RNA detected but no 

DNA detected
b
 

>2.2% 1.5 (1-65) 9/784
c

 

 

Cells with DNA 

detected but no ca-

HIV RNA detected 

<1.7% 0 0/72 
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Table 2. Fraction of cells in clones and probable clones that contain unspliced ca-HIV RNA 

Clone 

Type 
Clone ID 

Number of infected 

cells with HIV 

RNA/total cells 

analyzed for each 

clone (%) 

Average 

number of 

RNA 

molecules per 

expressing 

cell 

Number of cells with the # of 

RNA molecules indicated 

(# of RNA molecules) 

Intact 

Clones 

1 (AMBI-1) 28/1199 (2.3%) 2.5 
12(1), 5(2), 6(3), 2(4), 1(5), 

1(6), 1(10) 

2 (WT 

Outgrowth-1) 
2/171 (1.2%) 1 2(1) 

3 (WT 

Outgrowth-2) 
5/57 (8.8%) 1.6 3(1), 1(2), 1(3) 

Defective 

Clones 

4 1/114 (0.9%) 1 1(1) 

5 4/288 (1.8%) 1.3 3(1), 1(2) 

6 2/57 (3.5%) 1 2(1) 

7 11/171 (6.4%) 1.5 8(1), 1(2), 1(3), 1(4) 

8 4/57 (7.0%) 1.3 3(1), 1(2) 

Non-

Induced 

Clones 

9 3/228 (1.3%) 1 3(1) 

10 1/57 (1.8%) 1 1(1) 

11 1/57 (1.8%) 1 1(1) 

12 2/114 (1.8%) 6 1(1), 1(11) 

13 1/57 (1.8%) 1 1(1) 

14 1/57 (1.8%) 1 1(1) 

15 1/57 (1.8%) 1 1(1) 

16 10/343 (2.9%) 1 10(1) 

17 5/171 (2.9%) 1 5(1) 

18 2/57 (3.5%) 1 2(1) 

19 2/57 (3.5%) 1 2(1) 

20 2/57 (3.5%) 1 2(1) 

21 7/114 (6.1%) 1.2 5(1), 2(2) 

22 4/57 (7.0%) 1 4(1) 

23 17/228 (7.5%) 1.3 14(1), 1(2), 2(3) 

24 23/286 (8.0%) 1.6 14(1), 5(2), 3(3), 1(4) 

25 13/114 (11.4%) 1.5 8(1), 3(2), 2(3) 

26 14/114 (12.3%) 1.6 10(1), 1(2), 2(3), 1(4) 

27 19/114 (16.7%) 1.1 18(1), 1(2) 

28 38/228 (16.7%) 2.8 
15(1), 11(2), 4(3), 3(4), 1(5), 

1(6), 1(7), 1(9), 1(10) 

29 10/57 (17.5%) 1.3 8(1), 1(2), 1(3) 

30 11/57 (19.3%) 1.5 7(1), 3(2), 1(3) 

31 13/57 (22.8%) 1.2 12(1), 1(3) 

32 19/57 (33.3%) 2.2 12(1), 3(2), 2(3), 1(8), 1(9) 

33 20/57 (35.1%) 1.9 12(1), 4(2), 1(3), 2(4), 1(6) 

34 37/57 (64.9%) 3.9 

11(1), 3(2), 4(3), 7(4), 6(5), 

1(6), 1(7), 1(8), 1(9), 1(11), 

1(16) 
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Sources of Drug Resistant Plasma Virus During ART 

To compare the DR variants in the proviral population to those in the plasma, we 

constructed a NJ tree (Figure 4) of all DR proviral sequences (diamonds) and DR plasma 

variants (circles) and identified the mutations in each variant (defined by the Stanford 

University HIV Drug Resistance Database https://hivdb.stanford.edu/). The DR ca-HIV 

RNA sequences with matching HIV DNA are also shown in Figure 8 (squares) (discussed 

later). As in Figure 4, all the DR viral DNA sequences formed a distinct node relative to 

the WT sequences, implying a common evolutionary origin, which likely arose during one 

of the treatment interruptions (Figure 3A). Almost all the DR plasma sequences contained 

four linked mutations in RT (L74V, K103N, V108I, M184V) which, together, conferred 

resistance to each drug in the contemporaneous ART regimen. However, of 30 proviral DR 

variants, only three had all four of these linked DR mutations (Figure 8). This observation 

suggests that, perhaps, as many as 90% of the DR proviral sequences are not making a 

significant contribution to the plasma viral RNA pool. By contrast to the viral DNA, 13 of 

the 15 plasma DR viral RNA sequences belonged to the node with all four linked resistance 

mutations. Of the two sequences that did not have all four mutations, one had K103N alone 

and the other had K103N linked to V108I and M184V. Overall, the presence of the four 

linked DR mutations in only three out of a total of 183 proviruses implies that, at the time 

the sample was taken, less than 2% of the infected cells were the likely source of the 

replicating DR plasma virus. 

 The fraction of cells with detectable ca-HIV RNA in the WT versus DR populations 

is compared in Table 2. At the timepoint analyzed, an average of 4.7% of cells infected 

with WT proviruses had ca-HIV RNA while 17.2% of cells with DR proviruses had ca-
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HIV RNA (p=3x10-14 Mann-Whitney test). Of the cells that carried proviruses that had the 

four DR mutations, 11.0% had ca-HIV RNA (detected by either DNA with matching ca-

RNA as shown in Figure 8 or detected as only ca-HIV RNA in single cells (not shown in 

Figure 8 but included in sequences submitted to GenBank [MK148701- MK152485]). 

These results are consistent with our hypothesis that, despite ongoing viral replication of 

at least some of the DR variants, the majority of cells that carried the DR proviruses 

contained little or no viral RNA and, again, that only a small fraction of infected cells 

contribute to plasma viremia at a given time. Figure 8 shows the DR ca-HIV RNA variants 

for which we detected the matching proviruses among the 30 that were sequenced. Eleven 

percent of the DR proviruses with ca-HIV RNA had all four of the DR mutations discussed 

previously, suggesting that some of these proviruses may be in newly infected cells and 

may be contributing to the DR plasma virus.  
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Figure 8. NJ distance tree of drug-resistant variants. Plasma SGS are shown as red, open 

circles, PBMC proviruses with matching ca-HIV RNA are shown as orange diamonds, ca-

HIV RNA in single cells are shown in different colored squares. The number of single cells 

that contained ca-HIV RNA is indicated by the number of different colored squares. The 

number of ca-HIV RNA molecules in each single cell is indicated by the number of squares 

of each color. Only RNA sequences identical to DR proviral DNA sequences are shown. 
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a Subset of all DR proviruses that have linked L74V, K103N, V108I, M184V  
b Mann-Whitney test 
c 2-tail Fisher Exact test 

 

  

 Population 

Type  

(# of cells 

assayed) 

Mean 

fraction of 

expressing 

proviruses 

p 

value
b

 

Mean 

number of 

ca-HIV RNA 

copies in 

single cells 

(range) 

p 

value
b

 

High-expressing 

cells  

(# of cells with 

>20 ca-HIV RNA 

molecules/# cells 

with any # of ca-

HIV RNA) 

p 

value
c

 

Cells with WT 

proviruses 

(N=820) 

4.7% 

3x10
-14

  

1.6 (1-16) 

2x10
-4

 

0/820 

4x10
-5

 
Cells with DR 

proviruses 

(N=324) 

17.2% 2.2 (1-65) 9/324 

Cells with all 4 

DR mutations 

(N=116)
 a

 

11.0%  2.6 (1-65)  5/116  

Table 3. Mean fraction of infected cells containing ca-HIV RNA and levels of ca-HIV 

RNA in single cells: Wildtype vs. Drug Resistant populations 
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Comparison of High Expressing Cells Within Wildtype and Drug Resistant 

Populations 

We also compared the distribution of ca-HIV RNA levels in single infected cells 

for the WT (N=820) and DR (N=324) variants (Table 3, Table 4, and Figure 9). The cells 

with WT variants had levels of ca-HIV RNA ranging from 1 to 16 copies/single PBMC 

with ca-HIV RNA (mean=1.6), whereas the DR population had levels ranging from 1 to 

65 copies/single PBMC with ca-HIV RNA (mean=2.2) (p=2x10-4) (Table 3). Cells with 

greater than 20 ca-HIV RNA copies, were observed more frequently in the DR variants (0 

cells in WT, 9 cells in DR, Table 1) (Table 3, Figure 9). One example of a cell with high 

levels of ca-RNA is shown in the NJ tree in Figure 8 (pink squares, indicated with a black 

arrow). Five of the 9 cells with high levels of viral RNA contained proviruses with all four 

linked DR mutations. It is likely that some or all of these cells are producing virus and may, 

therefore, be short-lived and, hence, rarely detected. The remaining 4 high-expressing 

proviruses contained the following DR mutations: 1) K103N, V108I, M184V, H221Y, 2) 

K103N, V108I, M184V, V90I, 3) K103N, V108I, M184V, V90I, M46I, and 4) K103N, 

M184V, D67N. This hypothesis is consistent with a higher frequency of high expressing 

cells detected in the multi-DR population vs. WT. 
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Table 4. Levels of unspliced ca-HIV RNA in cells with proviruses containing major drug 

resistance mutations 

Drug Resistance Variant 

ID 

Average number of 

RNA molecules per 

cell 

Number of cells (# of RNA 

molecules) 

1 (Drug Resistant 

Outgrowth) 
3.2 

25(1), 7(2), 2(3), 2(4), 1(12), 

1(56)a 

2 1.7 22(1), 6(2), 3(3), 4(4) 

3 5.3 3(1), 1(24) 

4 1 5(1) 

5  1 4(1) 

6 1 4(1) 

7 1 2(1) 

8 1 1(1) 
a Bold indicates a high-expressing cell (>20 ca-HIV RNA molecules per cell). 

 

  



31 
 

 

 

Figure 9. Levels of ca-HIV RNA in single cells that carried the wild-type (blue) 

and drug resistant (red) proviruses. The number of ca-HIV RNA copies per cell 

in the wild-type population ranged from 1 to 16. The number of ca-HIV RNA 

copies per cell in the drug resistant population ranged from 1 to 65. Data were 

analyzed from 820 cells with wild-type proviruses and 324 cells with drug 

resistant proviruses. The remaining infected cells did not contain any detectable 

ca-HIV RNA. The high-expressing cells are indicated with the black arrow. 

 


