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Mechanisms of HIV-1 persistence and post-treatment control 

 
 

Abstract 
 

The typical course following HIV-1 infection has been well-documented throughout 
numerous research studies. In this thesis, we focus on the mechanistic understanding of two 
atypical contrasting phenotypes that have not been well-studied; namely post-treatment control 
and persistent low-level viremia. The former, post-treatment control, was demonstrated in treated 
individuals who interrupt therapy, yet maintain viral suppression. We explored their proviral 
landscape and determined that levels of total, as well as intact, proviral genomes are significantly 
lower in post-treatment controllers, compared to non-controllers. Interestingly, the proportion of 
various proviral classes did not significantly differ between the two groups. We identified total 
proviral genomes as a biomarker to predict post-treatment control before therapy is interrupted. 
Additionally, to determine whether limited treatment interruptions led to an irreversible increase 
in the viral reservoir, we measured levels of integrated HIV-1 DNA before and after interruption 
and found that levels of integrated HIV-1 DNA returned to pre-treatment interruption levels after 
therapy was resumed. Furthermore, we studied the mechanism underlying persistent low-level 
viremia, which occurs in a subset of treated individuals with documented high levels of adherence, 
absence of drug-resistant viral variants and inability to suppress the viremia by treatment 
intensification. We found that plasma viremia is largely clonal and identified the matching proviral 
clone. Integration site analysis showed that transcriptional interference from the host gene into 
which the provirus was inserted regulated expression of the viral transcripts. Future studies of post-
treatment controllers and individuals with persistent low-level viremia are needed to further our 
understanding of the mechanisms underlying HIV persistence and virologic control.  
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Human immunodeficiency virus (HIV-1) is a lentivirus, a genus of retroviruses. HIV-1 

preferentially infects activated CD4 T cells of the adaptive immune system. If untreated, HIV-1 

infection progresses over time to the acquired immunodeficiency syndrome (AIDS). AIDS is 

precipitated by a decline in CD4 count and is characterized by progressive failure of the immune 

system, allowing life-threatening opportunistic infections and cancers to occur (Figure 1.1A). 

Within bodily fluids of an infected individual, HIV-1 is present as both cell-free viral particles and 

virus residing within infected immune cells. The virus is acquired through sexual or blood 

transmission. Vertical transmission can also occur from an infected mother to her infant. Since the 

beginning of the epidemic, the World Health Organization estimates that more than 70 million 

people have been infected with HIV and about 35 million people have died of HIV. Globally, 

almost 37 million people were living with HIV at the end of 2017. In most HIV-1 patients, 

antiretroviral therapy (ART) effectively controls the infection, suppressing plasma viremia and 

reversing the CD4 count decline (Figure 1.1B). ART is crucial for the patient’s wellbeing and 

preventing transmission. Suppression of plasma viral load (VL) below the quantification limits of 

clinically accessible assays (20-50 copies/mL) is a widely accepted indicator of successful ART. 

Despite the success of antiretroviral therapy in suppressing HIV and its dramatic impact on the 

HIV epidemic, it is not curative.  

 

        

Figure 1.1: Viral load and CD4 changes in an untreated infected individual (A) and an individual 
on ART (B). 

 

A. 
 

B. 
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1.1:  Replication cycle of HIV-1 
 

HIV-1 requires the attachment of its viral protein envelope (ENV) to a cellular receptor 

(CD4) and a co-receptor (either CCR5 or CXCR4) to allow for entry (Figure 1.2). This promotes 

membrane fusion between viral and target cell membranes, enabling the viral core to enter the host 

cell cytoplasm. This is followed by uncoating, which releases the viral nucleoprotein complex. 

HIV, like other retroviruses, encodes the enzyme reverse transcriptase (RT), which reverse 

transcribes the single-stranded RNA genome into linear double-stranded DNA. HIV-1 RT lacks 

proofreading activity and has a high error rate estimated at 3-4 × 10−5 per base per round (1, 2). 

This allows for the accumulation of mutations with every replication cycle. In addition, the 

retroviral genome is packaged into the virion as two copies of single-stranded RNA. During 

reverse transcription, RT frequently switches from one template to the other, a phenomenon 

referred as template switching. When cells are infected with more than one copy of HIV, such 

switching can generate viral recombinants. In addition, RT can also undergo intramolecular jumps, 

leading to a myriad of mutations, such as deletions, insertions, duplications and internal inversions. 

One of the fundamental challenges to effectively controlling HIV-1 is the genetic heterogeneity of 

the viral populations, which is largely a consequence of rapid virus replication rates and an error-

prone RT, coupled with frequent template switching.  

 

Once the genome is reverse-transcribed, the linear double-stranded DNA is imported into 

the nucleus and inserted into the host genome by the process known as integration. Integration is 

a distinguishing feature of retroviral replication and is catalyzed by the enzyme integrase (IN). The 

integrated viral DNA, also known as provirus, serves as the template for synthesis of viral 

transcripts by the host transcriptional machinery. Viral transcripts comprise genomic RNA that is 

packaged into virion particles and viral mRNA that is translated to make viral proteins. Most 
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integrated proviruses are defective and only a small proportion are intact, potentially coding for 

replication-competent virus (3–5).  

Integration is a critical and, as yet, irreversible step of HIV replication. The pre-integration 

complex (PIC) consists of viral DNA, IN and other components that facilitate nuclear import and 

subsequent integration. The PIC interacts with one or more host factors that help the PIC associate 

with host chromatin (6–12). Overall, HIV integration is favored in introns of actively transcribed 

genes (13–15). There is a weak sequence conservation at the integration site, which is determined 

by interactions between the viral integrase enzyme and host DNA (16, 17). Given that the 

integrated provirus is part of the host cellular DNA, when an infected cell replicates, all the 

daughter cells will harbor the same exact provirus integrated at the same site as the parental cell. 

Thus, integration sites can be used to track the clonal expansion of infected cells.  

 

  
Figure 1.2: Replication cycle of HIV-1.  
Source: AIDSinfo - NIH 
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1.2: HIV-1 reservoir 
 

Productively infected CD4 T cells can revert to a resting memory state in which there is 

minimal transcription of viral genes. This process is referred to as post-integration latency. 

Latently infected memory CD4 T cells carrying integrated provirus represent a largely stable 

reservoir with a t1/2 of 44 months and are the main barrier to eradication of the virus (18–20). 

Persistence of HIV-1 infected cells in the body arises through a number of factors. First, memory 

T cells are long-lived and can survive in the human body for years. HIV-1 proviral DNA is 

maintained as a part of the host cell genome for the lifetime of that infected cell. In addition, there 

are several lines of evidence showing that cells harboring integrated HIV-1 proviruses can undergo 

both homeostatic proliferation and clonal expansion. This expansion may be driven by a response 

to a particular TCR antigen stimulus or it may be integration-site-driven (14, 15, 21, 22). If these 

dividing cells harbor replication-competent provirus, this mechanism will contribute to persistent 

infection.  
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1.3: Measurements of the reservoir size 
 

Life-long therapy is required to avoid HIV reactivation from long-lived viral reservoirs 

(23, 24). Currently, there is intense interest in searching for therapeutic interventions that can purge 

the viral reservoir to achieve complete remission in HIV patients without the need for antiretroviral 

therapy. Since the viral reservoir in individuals on ART is small, consisting of approximately 1–

10 infectious units per million peripheral blood mononuclear cells (PBMC) (18, 19, 25), the 

evaluation of any intervention relies on our ability to measure accurately and precisely the true 

size of the reservoir. However, the optimal method of measuring the HIV reservoir size remains 

controversial, as all current assays have strengths and weaknesses. This problem is reflected in the 

diversity of reservoir assays evaluated as part of previously completed and current clinical trials 

(26–29). Overall, there are several categories of HIV reservoir assays, including 1) intracellular 

HIV DNA, 2) cell-associated HIV RNA, 3) viral outgrowth assays, and 4) inducible HIV RNA 

assays, amongst others.  

 

1.3.1:  HIV DNA assays 

Total HIV-1 DNA includes all forms of HIV-1 DNA: circular unintegrated, linear 

unintegrated and linear integrated. The relative abundance of each species has been reported to be 

in the following descending order: non-integrated linear DNA > integrated proviral DNA > non-

integrated circular DNA (30, 31). Specifically in non-suppressed patients, non-integrated forms 

make up the vast majority of HIV DNA in the nucleus, which is approximately 100-fold more 

frequent than the integrated proviral DNA form (32). Separate assays have been developed to 

quantify each species.  

Quantitative real-time PCR (qPCR) or droplet digital PCR (ddPCR) for conserved viral 

regions can be performed to determine levels of HIV nucleic acid. qPCR monitors the progression 



 8 

of amplification in each cycle through the use of fluorescent probes, and quantification is 

performed by measuring the threshold cycle (Ct) at which fluorescence is higher than a certain 

threshold. While a standard curve is necessary for quantification of copy number by qPCR, it 

provides a wide dynamic range. Other caveats include susceptibility to primer/probe sequence 

mismatches that lead to inaccurate quantification and sensitivity challenges in detecting low copy 

numbers. The former can be tackled using patient-matched primers (33) or calculating the patient-

specific mismatch-related quantification errors (MRQE) by comparing the amplification of patient 

sample with that of a control template without mismatches (34). 

 

1.3.1.1: Total HIV DNA 

To determine levels of total HIV DNA, qPCR or ddPCR for conserved viral regions can 

be performed (35). In both of these platforms, probes for HIV DNA have targeted HIV-1 gag (35, 

36), pol (37) or the long terminal repeat (LTR) region (38–40). When the three different targets 

were compared side-to-side, targeting the LTR region was shown to be superior and resulted in 

some cases in a log10-higher number of HIV copies (41). To determine the copy number of HIV-

1 DNA per cell, a parallel measurement of a control gene (such as CCR5 (42), β-globin (43) or 

albumin (35)) is frequently conducted to quantify the number of cells assayed during the HIV 

DNA measurement. Alternatively, a parallel blood sample, drawn simultaneously, can be stained 

for CD4 and run for flow cytometric analysis (36).  

 

In patients on suppressive ART, total HIV DNA level is reflective of the total HIV proviral 

reservoir size and may predict the timing of viral rebound after treatment interruption (44, 45). 

However, a PCR-based approach for measuring the viral reservoir leads to an over-estimation of 

the size of the replication-competent reservoir, as the vast majority of viral genomes quantified are 
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not replication-competent. It has been estimated that measuring total HIV DNA may over-estimate 

the intact HIV reservoir by greater than 100-fold in those treated during chronic infection and by 

more than 10-fold in those treated during acute infection (3). It is important to note that 

unintegrated viral DNA contributes to the total HIV DNA signal, yet possesses limited 

transcription potential (43, 46). This distinction is especially important when monitoring reservoir 

size in viremic non-suppressed patients, who have an excess of unintegrated HIV DNA that 

confounds the interpretation of total DNA levels (47, 48). 

 

1.3.1.2: Circular unintegrated HIV DNA 

Circular unintegrated forms include 1-LTR and 2-LTR circular HIV DNA. In non-

suppressed patients, non-integrated DNA makes up the majority of total DNA (47). However, in 

virologically suppressed patients, circular HIV DNA forms represent a minor population. The 2-

LTR circles, for example, represent approximately 0.03-5% of total viral DNA during the early 

stages of viral infection in vitro (49, 50). Quantification of 1-LTR circles by qPCR has been 

technically challenging and unreliable because they lack unique sequence segments to distinguish 

them from proviral or linear unintegrated DNA (51). The presence of 2-LTR circles can be assayed 

by using primers specific for the junction between the two LTR ends and performing either qPCR 

or ddPCR (37). Historically, detection of 2-LTR circles has been considered evidence of recent 

viral replication, but this association has been called into question (52).  

 

1.3.1.3: Integrated HIV proviral DNA 

a) Alu-gag PCR 

There are situations where measurement of only integrated proviral HIV DNA is indicated.  

This issue is especially relevant for participants who are not virologically suppressed, where linear 
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and circular nonintegrated forms may dominate the total DNA measurement. To quantify 

integrated DNA alone, a nested PCR, known as Alu-gag PCR, can be performed (21, 53). The first 

PCR utilizes a forward primer that is virus-specific, recognizing the U5 region of the LTR, while 

the reverse primer binds to Alu repeats in the human genome. This approach results in specific 

amplification of integrated HIV DNA. Alu elements are abundant ~300 bp-interspersed repeat 

sequences, distributed at a frequency of 1 Alu element in every 2.5 kb of the human genome (54). 

Alu-gag pre-amplification generates a population of cellular-HIV junction DNA sequences of 

various lengths. After the initial amplification round, qPCR is used to quantify total copies of 

integrated provirus (55). Pitfalls of this approach are that only integrated forms of the virus that 

reside close to Alu repeats will be reliably amplified (56) and the high variability between sample 

replicates. To address this problem, repetitive sampling has been introduced (53, 56, 57). 

b) Gel separation 

Agarose gel electrophoresis can be used to separate genomic (approximately 20 kb) high-

molecular weight (HMW) DNA from episomal DNA. HMW DNA is then recovered from the gel 

and subjected to HIV-specific qPCR. This approach has been implemented in some studies and 

authors have reported that this fractionation procedure eliminates 97-99% of linear HIV-1 DNA 

and 99% of 2-LTR circles (47, 58–60). This assay is not commonly employed, but can also 

determine levels of all non-integrated HIV species, where HIV unintegrated DNA equals HIV 

DNA from total DNA minus integrated HIV DNA from HMW DNA. 

c) Fluorescence In-Situ Hybridization (FISH) 

FISH can be used to quantify the number of integrated proviral DNA copies (61) and was 

successfully used on splenocytes from splenectomized HIV patients (62). That study demonstrated 

that the majority of infected spleen cells in HIV patients harbor more than one proviral copy, with 

a mean of 3-4 proviruses per infected cell, although work from other groups has shown that >90% 
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of infected cells in the lymph node harbor only once copy of proviral DNA (63). DNAscope, an 

optimized in-situ hybridization platform that relies on the use of probes spanning the entire length 

of the viral DNA (vDNA), can  detect latently infected cells in lymphoid tissue sections from 

macaques (64). This technique might represent a sensitive tool to identify sites of latent viral 

reservoir at the tissue level. 

 

1.3.1.4: Near-Full-Length Single Genome Sequencing (NFL-Seq) 

Defective proviruses constitute the vast majority (93-98%) of proviral HIV DNA (3). To 

better estimate the true size of the intact proviral reservoir, methods to perform full-length single-

genome proviral sequencing are becoming increasingly popular. Genomic DNA is extracted from 

patient cells and subjected to a limiting dilution PCR protocol using primers that span the two 

LTRs to amplify near-full length HIV proviral DNA from single templates (3, 4, 65–68). Sanger 

or next-generation sequencing is used to sequence the amplified proviruses. These methods are 

labor- and cost-intensive, but can provide important details on the types of defective proviral 

genomes present, in addition to quantifying the number of intact proviruses. Results from these 

studies have demonstrated that qPCR/ddPCR quantification of HIV proviral DNA significantly 

overestimates the size of the intact HIV reservoir.  

 

1.3.1.5: Intact Proviral DNA Assay (IPDA) 

The intact proviral DNA assay is a newly described assay that separately quantifies intact 

proviruses by interrogating individual proviruses simultaneously at multiple positions (69). This 

notion relies on an analysis of 431 near-full-length genome sequences from 28 HIV-1 infected 

individuals, showing that > 90% of defective proviruses harbor deletions in the packaging signal 

(psi) and/or env. Furthermore, 97% of hypermutated sequences had one or more mutations in a 
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conserved region within the Rev response element (RRE) harboring a consensus sequence of 

(TGGG). The IPDA assay categorizes proviruses as intact provided they are positive for both psi 

and env and capable of binding to the intact probe in the RRE. This assay can correctly identify 

90% of deleted proviruses as defective. 

 

1.3.2: Cell-associated HIV RNA assays 

Within HIV-infected cells, several forms of RNA exist: multiply spliced (ms), 

incompletely spliced (is) and unspliced (us) (70). Initially, msRNA transcripts are generated, 

encoding for regulatory proteins, such as Tat and Rev. As the infection proceeds, there is a shift 

towards isRNA and usRNA, encoding for the full viral genome to be packaged, as well as structural 

and accessory viral proteins. Assays that measure unspliced HIV RNA have been the most 

commonly used platform for previous clinical studies, as illustrated by studies determining the 

effect of HIV latency-reversing agents.     

 

Total HIV RNA transcripts can be isolated and quantified by RT-qPCR or ddPCR, using 

primers and probes targeting the LTR region (38–40). To assay usRNA species, probe and primers 

targeting viral gag, located downstream of the major 5′ splice donor site (D1), are used. To target 

the msRNA species, probe and primers targeting  tat and rev are used (71). We have reported that 

levels of cell-associated (CA)-usRNA are predictive of the timing of viral rebound after treatment 

interruption (72).   

HIV RNA copy numbers are normalized to cellular input, either by running a parallel qPCR 

for a control gene (such as β-actin [50] or CCR5 [51]) or estimated by total extracted RNA 

amounts, assuming that 1 ng RNA corresponds to approximately 1000 cells (74). Some groups 

also report the average transcription per infected cell, calculated as the CA-HIV RNA/DNA ratio 
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(39). One major limitation of CA-RNA quantification methods is that defective CA-RNA species 

are also present, similar to HIV DNA (75) and thus RT-qPCR likely overestimates the number of 

intact HIV transcripts.  

 

1.3.3: Quantitative Viral Outgrowth Assay (QVOA) 

While nucleic acid-based measures of HIV reservoir size have some advantages, they are 

unable to quantify the size of the replication-competent reservoir. QVOA, or the Infectious Units 

Per Million (IUPM) assay, has historically been the gold standard for detection of the replication-

competent HIV reservoir (18, 76). Using a limiting dilution culture format, QVOA measures the 

number of wells containing detectable HIV-derived p24 antigen released in the supernatant after 

resting cells are subjected to one round of stimulation (18, 76). Previous reports show that QVOA 

is relatively robust, and with sufficient cell numbers, HIV-1 can be recovered from the majority of 

HIV-1 infected participants on suppressive antiretroviral therapy (18, 19, 24, 32). QVOA was used 

to demonstrate the high stability and low decay rate of the latent virus reservoir in suppressed 

patients (19), showing generally less than 2-fold variation between longitudinal measurements 

(20). 

The main advantage of this assay is that it detects only the replication-competent virus 

reservoir. However, QVOA underestimates the reservoir size because at any given time, only a 

subset of the replication-competent reservoir is activated. Studies have calculated that only 1% of 

cells harboring HIV provirus release infectious virions after being subjected to maximum in vitro 

activation (4). A large proportion of those non-induced cells harbor defective copies of the 

integrated HIV provirus, but a subset represents a population of cells with intact virus, which are 

not activated in any single round of activation. Some reports demonstrated that QVOA did not 

strongly correlate with the frequency of cells harboring intact proviruses and likely underestimates 
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the total replication-competent virus reservoir by approximately 25-fold (3, 4). Thus, QVOA 

should be thought of as the lower-bound estimate of the replication-competent reservoir. QVOA 

has not been useful in in vivo studies measuring the effect of latency reversal agents (LRAs) on 

the size of the viral reservoir, which highlights its limited sensitivity (27, 29). It has been suggested 

that more than a 6-fold difference between longitudinal QVOA measurements could be used to 

reliably detect a change in reservoir size with high confidence (20). Other limitations of QVOA 

include the requirement of a large sample volume and that it is both time- and resource-intensive. 

Of note, integrated HIV DNA levels significantly correlate with QVOA (77). 

 

1.3.4: Inducible HIV RNA assays 

Quantification of the replication-competent HIV reservoir is challenging due to the 

overwhelming proportion of infected cells that harbor replication-deficient proviruses and the low 

frequency of transcriptionally-active cells in those on chronic suppressive ART. Inducible HIV 

RNA assays seek to bridge the divide between the nucleic acid-based measurements of the HIV 

reservoir (CA-DNA or CA-RNA) and QVOA. They provide a more accurate reading of the 

inducible HIV reservoir than the CA-RNA assay alone while potentially providing the frequency 

of HIV-expressing cells in an assay that is far more rapid and scalable than QVOA. However, 

replication-defective proviruses may generate RNA transcripts (75) and one limitation of all assays 

measuring HIV RNA levels is the inability to fully define the replication-competent fraction. The 

CA-RNA assay measures the copy number of cell-associated viral RNA after stimulation. Briefly, 

CD4 T cells are stimulated, followed by cell lysis and RNA extraction. Levels of usRNA and 

msRNA can be measured using RT-qPCR (78, 79). The extent of HIV-1 transcription after 

activation is based on levels of msRNA, such as those encoding rev and tat. A limitation of this 
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assay is the requirement of RNA extraction, where potential loss and degradation of viral RNA 

may occur.  

1.3.5: Protein-based assays 

There are few high-throughput and sensitive assays for detecting HIV protein production. 

Investigators at Merck recently reported the development of an ultra-sensitive immunoassay to 

quantify p24 and the uncleaved p55 levels in cell lysates and in media from cultured patient cells. 

It is reported that the assay can detect protein levels down to 14 fg/ml with a dynamic range of > 

4 log10, but does require the use of specialized equipment (Quanterix Simoa technology) (80). 

 

1.3.6: Murine Viral Outgrowth Assay (MVOA) 

MVOA is a binary end-point assay that uses a mouse model to determine whether patient-

derived cells harbor infectious virus (81). In this assay, either whole PBMCs or sorted CD4 T cells 

are injected into NOD/Prkdcscid/gamma-chain knockout (NSG) mice. Some mice are subjected 

further to CD8 T cell depletion or T cell stimulation via injection of an anti-CD3 antibody. Over 

time, HIV RNA from the plasma of xenografted mice is isolated and quantified by RT-qPCR. The 

assay was successful in recovering virus from patient cells, including an elite controller, who had 

negative QVOA results (78). It can be used to survey a large number of patient cells, requiring one 

mouse per 10-50 million CD4 T cells. The assay suffers, however, from drawbacks related to the 

inherent heterogeneity of human cell engraftment in the murine host and the lack of a quantitative 

readout. 
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1.4:  Issues surrounding antiretroviral therapy 
 

1.4.1: Persistent low-level viremia 

Persistent low-level HIV viremia (LLV) can occur despite continuous antiretroviral 

treatment. The incidence of LLV on first-line ART has been found to range from 6 – 25% (82–

85). In addition, approximately 1 in 5 individuals with LLV have repeated low-level viremia (86). 

Traditionally, the presence of LLV has been attributed to suboptimal ART adherence (87) or 

continued viral replication (88, 89). In either scenario, there is potential evidence of viral evolution 

and emergence of drug resistance mutations (90) and a combination of adherence counseling and 

ART regimen modification is indicated. However, the presence of viral evolution has not been 

confirmed in other studies (91) and ART intensification generally has been unsuccessful in 

suppressing residual viremia clinical trials of individuals with LLV (92, 93). This suggests that for 

some individuals, persistent LLV may arise due to mechanisms other than persistant virus 

replication. 

 

1.4.2: Complications of long-term antiretroviral therapy 

ART improves the survival and quality of life of HIV-positive individuals, but the life-long 

use of ART is not without complications. Long-term ART use is associated with cardiovascular, 

renal, metabolic, hepatic, bone, bone marrow and other complications (94–98). Furthermore, the 

life-long administration of ART is associated with pill fatigue, stigma and drug-drug interactions. 

Hence, researchers are searching actively for a cure. 
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1.5:  HIV-1 Cure 
 

With the exception of allogeneic stem cell transplantation (see below), attempts at HIV 

cure or long-term ART-free remission have been largely unsuccessful. This is in part because the 

underlying mechanisms that could lead to successful viral control and potential “cure” are poorly 

characterized. Studying these mechanisms could potentially aid future drug design and vaccine 

development for HIV cure or remission. Here, we need to differentiate between two forms of 

“cure”: sterilizing vs. functional cure.   

 

1.5.1: Sterilizing cure 

Sterilizing cure refers to a situation where no replication-competent HIV-1 remains in an 

individual who hence is thought to be cured of the virus. There is currently only one confirmed 

case of HIV cure, Timothy Ray Brown, commonly referred to as the “Berlin patient” (99). The 

Berlin patient received an allogeneic stem cell transplant from a donor homozygous for the 

CCR5Δ32 mutation, rendering the donor cells resistant to infection by CCR5-using (R5) virus (99, 

100). Prior to the transplantation, he had a plasma viral load of 6.9 X 106 copies/mL. Post-

transplant, HIV DNA and RNA became undetectable in PBMCs, spinal fluid, lymph nodes and 

terminal ileum. Importantly, no replication-competent virus could be cultured from PBMCs. 

Extremely low levels of HIV RNA and DNA were detected by some labs in the plasma and rectum, 

respectively (101). The circumstances which led to this cure were unique and are attributed to 

these factors: (1) he received myeloablative chemotherapy and whole body irradiation to deplete 

the hematopoietic system, 2) he received two allogeneic bone marrow transplants from a donor 

who was homozygous for CCR5Δ32 mutation, and (3) he exhibited graft-versus-host disease. To 

this day, the Berlin patient remains free of HIV infection. HIV-1 remission was recently described 

in two other individuals, who also received bone marrow transplants from donors homozygous for 
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the CCR5Δ32 mutation, known as the “London patient” and “Düsseldorf patient”,  presenting with 

18 months remission for the former and 3 months remission for the latter (102, 103). However it 

is still too early to conclusively refer to them as being cured. 

 

1.5.2: Functional cure 

1.5.2.1: HIV-1 elite controllers 

In contrast to a sterilizing cure, a functional cure represents sustained virologic remission, 

as in the case of elite controllers (ECs), despite persistence of potentially infectious latent HIV-1 

proviruses. Elite controllers are rare individuals who maintain a plasma HIV-1 RNA viral load 

largely below the limit of quantification by clinical assays and delayed or absent HIV disease 

progression in the absence of antiretroviral therapy. They comprise 0.5-1% of HIV-1-infected 

patients in well-described cohorts (104). Elite controllers have been extensively studied (105) and 

are characterized based on their genetic profile to have favorable HLA class I alleles, including I 

HLA-B*57 and HLA-B*27 (106, 107). The precise mechanism of viral control in elite controllers 

is unknown. It has been shown that HIV-specific CD8 T cells from elite controllers produce more 

pro-inflammatory molecules, like IL-2 and IFN-g (108) and more cytolytic proteins, like perforin 

and granzyme B (109, 110). However, it is unlikely that a strong CTL response is the only factor 

leading to elite control, since elite controllers can maintain viral suppression even in the setting of 

CTL escape mutations (111). 

 

1.5.2.2: HIV-1 post-treatment controllers 

Another group of patients with sustained virologic remission are known as post-treatment 

controllers (PTCs). These are individuals identified in analytic treatment interruption (ATI) 

studies. Most patients experience viral rebound within 4 weeks of treatment interruption (112). 
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PTCs, on the other hand, can control HIV-1 for a prolonged period of time after interruption of 

antiretroviral therapy; they represent approximately 5-15% of patients who undergo ATI (113). 

Unlike ECs, favorable HLA alleles are not overrepresented in the PTC population (113).  

 

The first well-described report of post-treatment controllers came from the VISCONTI 

cohort, short for “Virological and Immunological Sustained CONtrol after Treatment Interruption” 

study. This cohort comprises  14 individuals who initiated treatment during the early stages of 

infection and upon ATI, controlled virus for a median of 89 months (113, 114). Eight PTCs had 

viral loads below the limit of detection at every time point test post-treatment interruption. The 

remaining six experienced occasional viral blips that were subsequently controlled. Upon initial 

diagnosis, those PTCs received standard ART. Their viral loads became undetectable and CD4 

counts increased within a median of 3 months post-treatment initiation. PTCs had weak HIV-

specific CD8 T cell responses, significantly lower than those of elite controllers and low levels of 

T cell activation. Furthermore, the capacity of CD8 T cells from PTCs to suppress the HIV-1 

infection of autologous CD4 T cells ex vivo was poor. In the VISCONTI study, PTCs were found 

to have levels of HIV DNA that were significantly lower than that of ART-treated individuals 

previously described in the literature, a median 54% of which resided in transitional memory T 

cells and only 22% in central memory T cells (113). 

 

Our group has recently reported on the CHAMP cohort, short for “The Control of HIV 

after Antiretroviral Medication Pause” (115). This cohort is comprised of 67 post-treatment 

controllers identified from 14 completed clinical studies involving a treatment interruption. These 

PTCs were defined as individuals who underwent treatment interruption and maintained viral 

loads ≤ 400 copies/mL at two-thirds or more of time points for ≥ 24 weeks. The median duration 
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of documented viral suppression post-treatment interruption was 89 weeks. Within CHAMP, PTCs 

were more commonly identified in those treated during early infection (13%) versus chronic 

infection (4%, P<0.001). 

 

A few isolated cases of PTCs have also been described in other studies, including SeaPIP 

(116), SPARTAC (117), CASCADE (118), PRIMO (119), AIEDRP (120), SALTO (121), the 

Department of Defense cohort (122), an Italian cohort (123), a Belgian cohort (124, 125), a French 

pediatric cohort (126), CHER (127), a group in Alabama (128), a female subject in the UK (129), 

a female subject in Australia (130) and control (unvaccinated) subjects identified in a recent 

vaccine trial (131). Despite all these described cases, the mechanism behind post-treatment control 

remains poorly understood.  

 

 

 

  



 21 

1.6: Conclusion 
 

The development and evaluation of HIV curative strategies relies upon our ability to 

accurately and precisely quantify the size of the remaining HIV reservoir. At this time, all HIV 

reservoir assays have drawbacks such that combinations of assays are generally needed to obtain 

a comprehensive measure of the HIV reservoir. Techniques that quantify levels of HIV cell-

associated DNA are high-throughput, but significantly over-estimate the size of the intact, or true 

viral reservoir. While the QVOA assay has historically been considered the gold-standard for 

measuring the size of the replication-competent reservoir, this assay is challenging to perform and 

is useful only for determining the lower bound for the size of the replication-competent reservoir. 

Quantifying the number of intact proviruses by sequencing appears to provide the best current 

estimate of the HIV reservoir’s potential true size, but this assay is still relatively new, and is both 

labor-intensive and expensive, calling into question its scalability in large clinical studies. Newer 

assays, such as the IPDA assay, single-cell measurement of HIV expression and high-throughput 

quantification of HIV protein levels represent promising technologies but require additional 

validation. The development of a rapid, high-throughput assay that can sensitively quantify the 

levels of the replication-competent HIV reservoir remains the holy grail of HIV reservoir assays 

and would accelerate discovery of an effective HIV curative strategy. Given the difficulty in 

scaling up allogeneic stem cell transplants using donors homozygous for the CCR5Δ32 mutation, 

much interest is currently directed to better understand the mechanisms resulting in long-term 

virologic control in the hope of replicating this result in HIV-1 non-controllers. 
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CHAPTER 2 
 
 

HIV-1 PROVIRAL LANDSCAPES DISTINGUISH POST-TREATMENT 
CONTROLLERS FROM NON-CONTROLLERS 
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Abstract 
 

HIV post-treatment controllers (PTCs) represent a natural model of sustained HIV 

remission, but they are rare and little is known about their viral reservoir. We obtained 1450 

proviral sequences after near-full-length amplification from 10 PTCs and 16 post-treatment non-

controllers (NCs). Before treatment interruption, the median intact and total reservoir size in PTCs 

was 7-fold lower than in NCs, but the proportion of intact, defective and total clonally-expanded 

viral genomes was not significantly different between the two groups. Quantification of total, but 

not intact, proviral genome copies predicted sustained HIV remission as 81% of NCs, but none of 

the PTCs had a total proviral genome > 4 copies per million PBMCs. The results highlight the 

restricted intact and defective HIV reservoir in PTCs and suggest that total proviral genome burden 

could act as the first biomarker for identifying PTCs. Total and defective, but not intact, proviral 

copy numbers correlated with levels of cell-associated HIV RNA, activated NK cell percentages 

and both HIV-specific CD4+ and CD8+ responses. These results support the concept that defective 

HIV genomes can lead to viral antigen production and interact with both the innate and adaptive 

immune systems.  
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Introduction 
 

Despite years of suppressive antiretroviral therapy (ART), the vast majority of HIV-

infected individuals will experience rapid viral rebound during a treatment interruption (TI) (72). 

Efforts to achieve an HIV cure were boosted by the case of the Berlin patient, who achieved an 

apparently sterilizing cure with no detectable virus after a hematopoietic stem cell transplant with 

donor cells that were naturally resistant to HIV infection (99). However, this approach has limited 

generalizability given the substantial mortality associated with stem cell transplantation and the 

rarity of donors with cells resistant to HIV. An alternative approach is a functional cure, or 

sustained HIV remission, where proviral HIV DNA may still be detectable, but patients maintain 

viral suppression even after ART discontinuation. These individuals are termed HIV post-

treatment controllers (PTCs). The most comprehensive description of PTCs so far has been the 

VISCONTI cohort of 14 PTCs (113). These individuals were treated during early HIV infection, 

but unlike HIV elite controllers (ECs), favorable HLA alleles associated with viral control were 

not overrepresented in these participants. However, PTCs are exceedingly rare and the HIV 

proviral reservoir determinants of post-treatment control are largely unexplored. We addressed this 

question using a group of PTCs identified from previously completed AIDS Clinical Trials Group 

(ACTG) studies (132).  

 

HIV DNA and cell-associated RNA (CA-RNA) were detected pre-ATI in PTCs from both 

the VISCONTI (113) and ACTG (132) participants. Currently, a smaller HIV reservoir size is 

thought to be a contributing factor for HIV post-treatment control (133, 134). However, PCR-

based methods of HIV reservoir quantification of proviral DNA overestimate the true reservoir 

size, as most proviral genomes are defective (3–5, 68). We hypothesized that individuals with a 

smaller intact proviral reservoir prior to treatment interruption are more likely to be post-treatment 
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controllers. To explore this question, we performed near-full-length sequencing of proviral 

genomes using next-generation sequencing of single-genome amplicons for a group of PTCs and 

post-treatment non-controllers (NCs). This approach allows for an in-depth assessment of the 

intact and defective HIV reservoir, as well as providing evidence of likely clonal expansion. 

Assessing the types of defective proviruses present (e.g. deleted, hypermutated) provides insight 

into potential mechanisms underlying post-treatment HIV control. Furthermore, we assessed the 

relationship between different proviral species, levels of intracellular HIV RNA expression and 

host immune responses to define the functional capacity of the proviral reservoir and immune 

correlates of reservoir size.   
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Materials and Methods 
 

Study population and samples 

PTCs were identified from several AIDS Clinical Trials Group (ACTG) analytic treatment 

interruption studies (135–139). PTCs were defined as individuals who were on suppressive ART 

and after TI, maintained viral loads ≤400 HIV RNA copies/mL for ≥24 weeks (short term [≤2] 

viral loads > 400 HIV RNA copies/mL were not exclusionary). Post-TI plasma samples were tested 

for ART levels and drugs were not detected. NCs were individuals with available stored samples 

who did not meet the PTC criteria and were selected to match the same study arms. All participants 

had PBMC samples available immediately before TI (i.e. baseline) for near-full-length proviral 

sequencing. For a subset of participants with available samples, proviral sequencing was also 

performed on a post-TI timepoint collected a median of 71 weeks (Q1, Q3: 45, 84 weeks) after 

ART discontinuation.  

 

Specifically, early-treated participants were stratified by predetermined criteria in the 

original study protocol to either the acute infection group or the recent infection group (138). Acute 

infection was defined as having a plasma HIV RNA concentration more than 2000 copies/mL 

within 14 days of study entry and either a negative ELISA, or a positive ELISA but a negative or 

indeterminate western blot, or a positive ELISA and western blot in conjunction with either a 

negative ELISA or a plasma HIV RNA concentration less than 2000 copies/mL in the 30 days 

prior to entry. The general intention of these criteria was to identify cases in which HIV infection 

had occurred within the 4 weeks prior to study entry. Recent infection was defined as a positive 

ELISA and western blot within the 14 days prior to entry but a negative ELISA or plasma HIV 

RNA concentration less than 2000 copies/mL within the 31–90 days before entry or a positive 
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ELISA and western blot and a nonreactive detuned ELISA in patients with more than 200 CD4+ 

cells/µL all within the 21 days before study entry.  

 

Proviral sequencing 

Next-generation single-genome sequencing (NG-SGS) utilizes the Illumina deep 

sequencing platform to efficiently sequence the single-genome near-full-length proviral 

amplicons. Single-genome sequencing allows the isolation of full-length proviral HIV without the 

confounding concerns of PCR recombination frequently seen in bulk PCR products. Limiting 

dilution proviral amplification was performed using a technique adapted from a previously 

published protocol (65). DNA was extracted from cryopreserved PBMCs using the QIAmp DNA 

Mini Kit (Qiagen) and used at limiting dilution for nested PCR amplification with Platinum Taq 

HiFi polymerase (ThermoFisher). The sequences of the primers for the first and second-round 

PCR reactions were as follows: First round forward primer: 5’-

AAATCTCTAGCAGTGGCGCCCGAACAG-3’, first round reverse primer: 5’-

TGAGGGATCTCTAGTTACCAGAGTC-3’; second round forward primer: 5’-

GCGCCCGAACAGGGACYTGAAARCGAAAG-3’, second round reverse primer: 5’-

GCACTCAAGGCAAGCTTTATTGAGGCTTA-3’. These primers correspond to HXB2 

coordinates 623-649, 9662-9686, 638-666 and 9604-9632, respectively. PCR amplicons were 

sheared and Illumina barcoded libraries were constructed and pooled. Sequencing was performed 

on the Illumina MiSeq platform and amplicons were assembled using the UltraCycler v1.0. 

Automated de novo sequence assembly generated a continuous fragment of HIV-1 proviral DNA, 

which was fed into an automated in-house pipeline to determine proviral genome intactness (140), 

as previously published (66). Briefly, the sequences were aligned to HXB2 to identify sequence 

defects (e.g. internal deletions, premature stop codons, out-of-frame mutations, internal inversions 
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and packaging signal defects). The sequences were then run in the Los Alamos HIV Sequence 

Database Hypermut program to identify hypermutated sequences (141). Proviral sequences that 

lacked any of the above-mentioned defects were classified as intact. Near-full-length assembled 

sequences missing one of the PCR primer binding sites, but otherwise meeting the criteria for an 

intact provirus were labelled “inferred intact”. A clonal cluster analysis was also performed to 

detect genomes that were 100% identical across the entirety of their assembled length. The unit 

“genomes per million PBMCs” was calculated for total proviral genomes and for each proviral 

species based on the quantity of DNA assayed. 

 

Additionally, proviral sequences were analyzed in the context of each participant's HLA 

class I profile for the presence of known HLA-associated polymorphisms in HIV-1 subtype B as 

defined in a published reference list (142). We also assessed the presence of repeat elements 

flanking the deletion junctions using a Python script.  

 

Plasma viral sequencing 

Plasma viral RNA was extracted using the QIAamp Viral RNA Mini Kits and SGS of HIV-

1 Pro-RT (HXB2 coordinates 2853-3869) performed as previously published (143, 144). Using 

ClustalW, the resulting plasma-derived single-genome sequences were aligned with proviral 

sequences harboring the Pro-RT region. 

 

 

 

Quantification of HIV DNA and CA-RNA 
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Cell-associated (CA)-RNA was isolated from cryopreserved PBMCs using the AllPrep 

DNA/RNA Mini Kit (Qiagen). Unspliced CA-RNA levels were quantified using a real-time PCR 

approach with primers/probes targeting conserved regions of HIV LTR/gag as previously 

described (72). Cell numbers were quantified by qPCR measurements of CCR5 DNA copy 

numbers. Measurement of IPO-8 transcripts in total RNA was used as an internal quality control 

to assess the efficiency of RNA extraction (73).  

 

Immune phenotyping and intracellular cytokine staining 

Approximately 106 PBMCs each were used for T and NK cell phenotyping. T cells were 

stained with blue viability dye (Invitrogen) at 37°C for 20 min and then followed with antibodies 

targeting CD3, CD8, CD4, CD45RO, CD95, HLA-DR, CD38, PD-1 at 4°C for 20 min. NK cells 

were stained with blue viability dye and antibodies targeting CD3, CD19, CD16, CD56, CD69, 

CD38, CD57, NKG2D, NKp30 and NKp46.  

 

T cell intracellular cytokine staining (ICS) was performed on PBMCs stimulated with HIV 

gag peptide pool and NK cell ICS was performed with PBMCs stimulated with K562 cells. For T 

cells, approximately 106 cells were stimulated overnight with anti-CD28/49d (0.5μg/mL; BD) and 

2 μg/mL of synthetic peptides (overlapping 15- to 20-mer gag peptide pools spanning the entire 

clade B consensus sequence of the HIV-1 gag sequence). NK cells were stimulated with K562 

cells with an effector-to-target of 10:1 and brefeldin A (1μg/mL; BioLegend), Monesin Solution 

(1μg/mL; BioLegend) and CD107a antibody were added after a one-hour incubation and cultured 

for an additional 5 hours. Cells stimulated with PMA (2.5μg/mL) and ionomycin (0.5μg/mL) 

served as a positive control and R10 medium only served as a negative control. After stimulation, 

the cells were stained with surface antibodies against CD3, CD19, CD16, CD56 and blue viability 
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dye at 4°C for 20 min. Subsequently, cells were treated with a fixation and permeabilization 

solution per the manufacturer's protocol. Cells were stained for 20 min at room temperature with 

antibodies directed to IFN-γ, IL-2, CD107a and TNF-α. Cells were then fixed by 2% PFA 

(Affymetrix), acquired on an LSR Fortessa flow cytometer (BD) and analyzed using FlowJo 

(version v10) software (Tree Star). The proportion of cytokine-secreting cells had to be greater 

than 0.1% after subtraction to be considered as a positive response.  

 

Soluble markers of inflammation 

Soluble markers of inflammation were measured by ELISA. Plasma from all participants 

was analyzed for levels of IL-6 (HS600B, R&D Systems), sCD14 (DC140, R&D 463 Systems), 

IFN-γ, IP-10 (DIP100, R&D Systems), sTNFR-I and sTNFR-II (DRT100/200, R&D Systems) and 

D-dimer (Diagnostica Stago) per the manufacturers’ protocols. 

 

Infectivity of recombinant viruses 

We generated recombinant virions encoding patient-derived env sequences by co-

transfecting 293T cells with Denv-NL4-3 plasmid and env PCR fragments. Virus was harvested 

and propagated in U87-CCR5 and U87-CXCR4 cells for 7-10 days. Afterwards, we tested the 

infectivity of the virus in a TZM-bl infectivity assay. TZM-bl cells (NIH AIDS Reagent Program) 

are a permissive HeLa cell clone that contains Tat–regulated reporter gene for b-galactosidase 

under the control of the HIV-1 LTR.  

 

Integration site analysis 
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Integration sites were determined using the integration site loop amplification (ISLA) 

technique on genomic DNA isolated from PBMCs pre-treatment interruption, as previously 

published (15). 

 

Viral outgrowth assays 

CD4+ T cells were isolated by negative selection and stimulated with PHA (2 μg/mL), 

rhIL-2 (50 U/mL) and irradiated allogeneic PBMCs from an HIV-negative donor in the lower 

compartment of a transwell. On day 14 of culture, the supernatant from each well was tested in a 

TZM-bl infectivity assay. MOLT-4 cells were added to the upper insert of transwells with 

detectable virus on day 16 and harvested for DNA extraction on day 20, followed by near-full-

length proviral amplification and sequencing.  

 

Statistics 

Statistical analysis was performed with SAS Studio (Release 3.6, University Edition) and 

Prism (V7, GraphPad). Wilcoxon rank-sum tests were used to compare reservoir measures 

between groups. Correlations between reservoir measures and other viral / immune markers were 

estimated with non-parametric Spearman correlation coefficients. P<0.05 was considered 

significant and denoted as *, P<0.01 as ** and P<0.001 ***. Data were summarized as individual 

data plots with lines depicting median values. Where indicated, the size of each data point 

corresponds to the total number of proviral genomes sequenced for that participant. 

 

 

Study approval 
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Participant samples were collected according to protocols approved by the respective 

Institutional Review Boards. Study participants gave written informed consent in accordance with 

the Declaration of Helsinki.  
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Results 
 

Overview of study population and proviral sequencing 

Ten PTCs were identified from prior ACTG TI trials, including four PTCs who initiated 

ART during early HIV infection and six who initiated ART during chronic HIV infection (Figure 

2.1). The median duration of documented viral control was 63 weeks for the PTCs. To exclude 

continued ART use as the cause of HIV control, drug level testing was performed on plasma from 

all PTCs and no antiretroviral drugs were detectable during the treatment interruption. These ten 

PTCs were compared to 16 NCs from the same studies and were well matched in their demographic 

characteristics (Table 2.1 and Table 2.2). Nine individuals (4 PTCs and 5 NCs) were treated during 

early infection as part of ACTG trial 371 (138), in which participants were treated with ≥ 52 weeks 

of ART prior to undergoing an ATI. The remaining individuals were treated during chronic 

infection. A median of 7.4 million PBMCs were sampled from each participant from the pre-

treatment interruption time point and 1124 proviral genomes were obtained with a median of 48 

proviral genomes per participant (Q1, Q3: 17, 58).  

 

Table 2.1: Demographic characteristics of Post-Treatment Controllers and Non-Controllers. 
 
 

 PTCs 
(N=10) 

NCs 
(N=16) 
 

Male (%) 8 (80%) 11 (68.8%) 
Age, median 42 44 
Early-Treated (%) 4 (40%) 5 (31.3%) 
Years on ART, median 4.5 4.5 
CD4 count, median 894 802 
Race   

White (%) 7 (70%) 10 (62.5%) 
Black (%) 1 (10%) 3 (18.8%) 
Hispanic (%) 2 (20%)  3 (18.8%) 



 36 

   

Ta
bl
e 
2.
2:
 A
 li
st 
of
 st
ud
y 
pa
rti
ci
pa
nt
s, 
al
on
g 
w
ith
 re
le
va
nt
 d
em
og
ra
ph
ic
 a
nd
 c
lin
ic
al
 h
ist
or
y 
in
fo
rm
at
io
n.
 

PI
D

St
at
us

Ge
nd

er
AR

T 
tim

in
g

Ag
e 
*

Ra
ce

So
ur
ce
 st
ud

y
St
ud

y 
ar
m
 *
*

VL
 (p

re
-A
RT

)
Du

ra
tio

n 
of
 A
RT

 *
**

CD
4 
co
un

t (
pr
e-
AT

I)
HL

A 
Ca

te
go
ry
 *
**
*

HL
A-
A-
1

HL
A-
A-
2

HL
A-
B-
1

HL
A-
B-
2

HL
A-
C-
1

HL
A-
C-
2

1A
5

PT
C

M
Ea
rly

36
W
hi
te
 N
on

-H
isp

an
ic

A3
71

33
48

06
1.
03

49
85

0
Ne

ut
ra
l

02
:0
1

02
:0
1

41
:0
1

44
:0
2

05
:0
1

17
:0
1

1A
8

PT
C

M
Ea
rly

29
W
hi
te
 N
on

-H
isp

an
ic

A3
71

72
15

1.
00

21
12

19
Ne

ut
ra
l

03
:0
1

03
:0
1

07
:0
2

27
:0
5

02
:0
2

07
:0
2

1A
10

PT
C

M
Ea
rly

44
W
hi
te
 N
on

-H
isp

an
ic

A3
71

71
66

7
0.
99

93
10

56
Ne

ut
ra
l

01
:0
1

02
:2
0

08
:0
1

58
:0
1

07
:0
1

07
:0
1

1A
11

PT
C

M
Ea
rly

47
W
hi
te
 N
on

-H
isp

an
ic

A3
71

27
90

01
8

1.
00

48
89

1
Ne

ut
ra
l

03
:0
1

31
:0
1

35
:0
1

35
:0
1

04
:0
1

04
:0
1

1C
1

PT
C

M
Ch

ro
ni
c

50
Bl
ac
k 
No

n-
Hi
sp
an
ic

A5
06

8
Pl
ac
eb

o 
+ 
ST
Is

4.
81

31
88

2
Pr
ot
ec
tiv

e
01

:0
2

30
:0
2

58
:0
1

81
:0
1

03
:0
2

08
:0
4

1C
2

PT
C

M
Ch

ro
ni
c

47
Hi
sp
an
ic

A5
19

7
Va

cc
in
e

29
64

02
5.
96

03
98

8
Ne

ut
ra
l

02
:0
6

23
:0
1

48
:0
1

49
:0
1

07
:0
1

08
:0
1

1C
4

PT
C

M
Ch

ro
ni
c

38
W
hi
te
 N
on

-H
isp

an
ic

A5
17

0
5.
41

13
80

Ne
ut
ra
l

02
:0
1

32
:0
1

44
:0
2

51
:0
1

05
:0
1

14
:0
2

1C
9

PT
C

F
Ch

ro
ni
c

42
W
hi
te
 N
on

-H
isp

an
ic

A5
02

4
Pl
ac
eb

o 
+ 
IL
2

4.
19

16
89

7
Un

fa
vo
ra
bl
e

03
:0
1

32
:0
1

35
:0
2

51
:0
1

04
:0
1

14
:0
2

1C
10

PT
C

F
Ch

ro
ni
c

33
Hi
sp
an
ic

A5
17

0
24

88
3.
41

14
68

8
Ne

ut
ra
l

31
:0
1

33
:0
3

35
:0
1

39
:0
2

04
:0
1

07
:0
2

1C
16

PT
C

M
Ch

ro
ni
c

41
W
hi
te
 N
on

-H
isp

an
ic

A5
06

8
Va

cc
in
e 
+ 
no

 S
TI
s

12
.9
85

6
41

6
Un

fa
vo
ra
bl
e

01
:0
1

03
:0
1

08
:0
1

38
:0
1

07
:0
1

12
:0
3

1A
10

5
NC

M
Ea
rly

29
W
hi
te
 N
on

-H
isp

an
ic

A3
71

28
27

7
0.
99

66
12

27
1A

10
8

NC
M

Ea
rly

26
Hi
sp
an
ic

A3
71

15
72

0
1.
17

18
81

4
Un

fa
vo
ra
bl
e

03
:0
1

26
:0
1

07
:0
2

35
:0
1

04
:0
1

07
:0
2

1A
11

2
NC

M
Ea
rly

41
W
hi
te
 N
on

-H
isp

an
ic

A3
71

20
38

8
1.
10

06
84

4
Ne

ut
ra
l

24
:0
2

68
:0
1

18
:0
1

44
:0
2

07
:0
4

12
:0
3

1A
11

4
NC

F
Ea
rly

43
W
hi
te
 N
on

-H
isp

an
ic

A3
71

21
37

20
0.
99

93
13

86
Ne

ut
ra
l

01
:0
1

02
:0
1

08
:0
1

27
:0
5

01
:0
2

07
:0
1

1A
11

5
NC

M
Ea
rly

28
Hi
sp
an
ic

A3
71

52
38

81
0.
99

66
97

2
1C

10
1

NC
F

Ch
ro
ni
c

39
Hi
sp
an
ic

A5
06

8
Pl
ac
eb

o 
+ 
ST
Is

9.
58

52
78

9
Ne

ut
ra
l

30
:0
2

68
:0
1

08
:0
1

52
:0
1

03
:0
4

07
:0
1

1C
10

4
NC

M
Ch

ro
ni
c

41
W
hi
te
 N
on

-H
isp

an
ic

A5
19

7
Va

cc
in
e

3.
78

37
73

6
Ne

ut
ra
l

02
:0
1

33
:0
1

14
:0
1

18
:0
1

07
:0
1

08
:0
2

1C
10

6
NC

M
Ch

ro
ni
c

59
W
hi
te
 N
on

-H
isp

an
ic

A5
17

0
6.
92

13
14

88
Un

fa
vo
ra
bl
e

23
:0
1

30
:0
2

07
:0
2

08
:0
1

07
:0
1

07
:0
2

1C
10

7
NC

M
Ch

ro
ni
c

52
Bl
ac
k 
No

n-
Hi
sp
an
ic

A5
06

8
Pl
ac
eb

o 
+ 
ST
Is

10
.6
94

77
8

Ne
ut
ra
l

02
:0
1

03
:0
1

49
:0
1

52
:0
1

07
:0
1

16
:0
1

1C
11

0
NC

M
Ch

ro
ni
c

38
W
hi
te
 N
on

-H
isp

an
ic

A5
06

8
Pl
ac
eb

o 
+ 
ST
Is

17
80

6
5.
55

78
69

1
Ne

ut
ra
l

11
:0
1

30
:0
1

35
:0
1

49
:0
1

04
:0
1

07
:0
1

1C
11

2
NC

F
Ch

ro
ni
c

50
W
hi
te
 N
on

-H
isp

an
ic

A5
17

0
48

88
5.
66

19
57

2
Ne

ut
ra
l

01
:0
1

02
:0
1

13
:0
2

40
:0
1

03
:0
4

06
:0
2

1C
11

3
NC

F
Ch

ro
ni
c

50
W
hi
te
 N
on

-H
isp

an
ic

A5
06

8
Va

cc
in
e 
+ 
no

 S
TI
s

6.
04

24
78

1
Un

fa
vo
ra
bl
e

01
:0
1

11
:0
1

35
:0
1

44
:0
3

04
:0
1

04
:0
1

1C
11

4
NC

F
Ch

ro
ni
c

44
Bl
ac
k 
No

n-
Hi
sp
an
ic

A5
06

8
Pl
ac
eb

o 
+ 
ST
Is

12
00

0
6.
66

39
68

5
Pr
ot
ec
tiv

e
31

:0
1

34
:0
2

27
:0
5

58
:0
2

06
:0
2

15
:0
2

1C
11

6
NC

M
Ch

ro
ni
c

44
W
hi
te
 N
on

-H
isp

an
ic

A5
17

0
30

20
0

2.
31

62
90

3
Ne

ut
ra
l

01
:0
1

29
:0
1

08
:0
1

52
:0
1

07
:0
1

12
:0
2

1C
11

7
NC

M
Ch

ro
ni
c

45
Bl
ac
k 
No

n-
Hi
sp
an
ic

A5
06

8
Va

cc
in
e 
+ 
no

 S
TI
s

46
70

6
4.
54

21
16

85
Ne

ut
ra
l

02
:0
1

68
:0
2

42
:0
2

52
:0
1

07
:0
2

17
:0
1

1C
11

8
NC

M
Ch

ro
ni
c

45
W
hi
te
 N
on

-H
isp

an
ic

A5
02

4
Va

cc
in
e 
+ 
no

 S
TI
s

3.
27

99
Ne

ut
ra
l

02
:0
1

03
:0
1

08
:0
1

14
:0
2

07
:0
1

08
:0
2

* 
At
 p
ar
en

t s
tu
dy
 e
nt
ry

**
 P
la
ce
bo

 d
en

ot
es
 th

e 
re
ce
ip
t o

f a
 p
la
ce
bo

 th
er
ap
eu

tic
 v
ac
ci
ne

. A
37

1 
an
d 
A5

17
0 
ha
d 
no

 im
m
un

ol
og
ic
 in
te
rv
en

tio
ns
.

 A
50

68
 p
ar
tic
ip
an
ts
 ra

nd
om

ize
d 
to
 S
TI
 a
rm

 u
nd

er
w
en

t 2
 sh

or
t t
re
at
m
en

t i
nt
er
ru
pt
io
ns
 la
st
in
g 
4-
6 
w
ee
ks
 p
rio

r t
o 
a 
lo
ng
er
 tr
ea
tm

en
t i
nt
er
ru
pt
io
n.

**
* 
In
 y
ea
rs
, f
ro
m
 fi
rs
t A

RT
 to

 A
TI

**
**
 H
LA
 d
at
a 
is 
sh
ow

n 
fo
r i
nd

iv
id
ua
ls 
w
ho

 c
on

se
nt
ed

 to
 H
LA
 ty

pi
ng
.

AR
T:
 A
nt
i-R

et
ro
vi
ra
l T
he

ra
py

AT
I: 
An

al
yt
ic
 T
re
at
m
en

t I
nt
er
ru
pt
io
n

PT
C:
 P
os
t-t
re
at
m
en

t c
on

tr
ol
le
r

NC
: P

os
t-t
re
at
m
en

t n
on

-c
on

tr
ol
le
r

ST
Is:
 S
tr
uc
tu
re
d 
tr
ea
tm

en
t i
nt
er
ru
pt
io
ns



 37 

 

Figure 2.1: Viral loads and CD4 counts for PTCs. 
For each of the PTCs, viral loads are graphed in blue and CD4 counts in red. Black arrows 
represent time points used for proviral genome sequencing at either the pre-ATI or post-ATI 
timepoint. On-ART period is shaded in grey and the off-ART period shown as white. 



 38 

  

Figure 2.2: Composition of the proviral landscape. 
(A and B) For each participant, the amplified proviral sequences are graphed by amplicon size 
and type of defect and labeled accordingly for PTCs (A) and NCs (B). 303 proviral genomes 
are shown for PTCs and 821 for NCs. The number of sequences obtained from each participant 
is shown in parenthesis at the top of the graph. PSI, packaging signal; bps, base pairs. 
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In addition, we amplified 326 near-full-length proviral sequences from 7 PTCs at a post-

treatment interruption time point. All proviral sequences were categorized as either intact or 

defective. The defects included internal inversions, hypermutations, deletions, premature stop 

codons and defects in the packaging signal (psi) (Figure 2.2). For each participant, “genomes per 

million PBMCs” were calculated for total proviral genomes and for each proviral species.  

 

In total, our dataset comprised 137 intact and 1313 defective proviral genomes. Prior to the 

treatment interruption, defective proviral genomes constituted the vast majority of the HIV 

reservoir (median 97% of the total proviral genomes), although substantial variation between 

individuals was observed (Q1, Q3: 87%, 99%) as demonstrated with 4 representative study 

participants (Figure 2.3A). To ensure that there was no cross-contamination between participant 

samples, we generated a neighbor joining tree including all the intact sequences obtained for the 

study and confirmed that all single genome sequences clustered appropriately (Figure 2.3B).  

 

Distinct proviral landscapes in PTCs and NCs 

Until now, the intact proviral reservoir has not been described in PTCs. We hypothesized that a 

smaller intact proviral reservoir size before treatment interruption may be a determinant of post-

treatment control. Our results showed that prior to treatment interruption, PTCs had approximately 

7-fold lower levels of intact proviral genomes than NCs (IPGs, PTCs vs NCs: median 0.04 vs. 0.28 

copies/106 PBMCs, P<0.05, Figure 2.4A). These intact proviral sequences likely represent the 

replication-competent reservoir as we detected exact matches with plasma-derived sequences for 

a subset of participants. We observed lower percentages of intact proviruses in the PTCs compared 

to NCs, although this difference did not reach statistical significance (median 1.4% vs. 4.1%, P=0.4 
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Figure 2.3: Near-full-length single-template HIV-1 DNA amplicons 
(A) Virograms reflecting the diversity of HIV DNA PCR products amplified from 4 representative 
participants (2 PTCs and 2 NCs, all treated during chronic infection). Numbers in parentheses 
indicate absolute frequency of analyzed sequences in each participant. (B) Combined neighbor-
joining phylogenetic tree for all 137 intact proviral sequences showing no evidence of cross-
participant sequence contamination, with HXB2 as an outgroup. Participants with more than one 
intact near-full-length proviral sequence are colored and those with only one identified intact 
sequence are depicted in black. PIDs of each participant are shown to the right of the tree. Asterisks 
denote clonal sequences detected more than once. PTC, post-treatment controllers; NC, post-
treatment non-controllers; PSI, packaging signal. 
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Figure 2.3 (continued) 
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Figure 2.4: Comparison of reservoir measures between PTCs and NCs. 
(A) Copy numbers and (B) Percentages of intact proviral genomes within total reservoir are 
compared between both groups. (C) Copy numbers of total proviral genomes per million PBMCs 
are compared between groups. (D) Copy numbers and (E) Percentages of defective proviral 
genomes are depicted for each group. (F) Copy numbers and (G) Percentages of hypermuated 
proviral genomes are depicted for each group. The size of each data point corresponds to total 
number of sequences amplified per participant as indicated in the legend in figure A-G. (H) A 
comparison between PTCs and NCs in the hypermutation rate ratio, calculated as the ratio of the 
number of match sites out of potential sites to the number of control sites out of potential sites. (I) 
Pie charts reflecting the median relative contribution of each proviral species for all participants, 
normalized to 100%. Numbers in parentheses indicate absolute frequency of analyzed sequences 
in each group. (J-L) Longitudinal analysis of intact (J), total (K) and defective (L) proviral genome 
copy numbers from the pre- and post-ATI time points for 7 PTCs. Each PTC is shown in a different 
color. Significance was calculated using a Wilcoxon rank-sum test; P<0.05 was considered 
significant and denoted as *, P<0.01 as ** and P<0.001 as ***. NCs are depicted in blue and PTCs 
in red. PTC, post-treatment controllers; NC, post-treatment non-controllers; PSI, packaging signal; 
PSC, premature stop codon. 
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Figure 2.4B). Of note, there was a wide variation in the relative proportion of intact proviral 

genomes, including eight participants whose viral reservoir contained >10% intact proviral 

genomes, four of which harbored >20% intact proviral genomes. 

 

Interestingly, levels of total proviral genomes (TPGs) were 7-fold lower in PTCs (median 

1.6 vs. 11.1 copies/106 PBMCs, P<0.001, Figure 2.4C) and were predominantly driven by levels 

of defective proviral genomes (DPGs, median 1.5 vs. 10.8 copies/106 PBMCs, P<0.001, Figure 

2.4D). There were no significant differences in the percentages of defective proviruses between 

PTCs and NCs (median 98.6% vs. 95.9%, Figure 2.4E). Among the readouts examined (IPGs, 

TPGs and DPGs), levels of TPGs were the best reservoir marker to differentiate between PTCs 

and NCs, as 81% of NCs vs. 0% of PTCs had TPGs > 4 copies/106 PBMCs. No significant 

correlations between either pre-ATI CD4+ count or duration of ART treatment and any of the 

reservoir size measurements were detected. As a sensitivity analysis, we also calculated reservoir 

size per million CD4+ T cells, instead of PBMCs, and observed similar findings.  

 

Next, we assessed whether certain types of defective proviruses were overrepresented in 

PTCs as they can inform potential mechanisms underlying HIV control. Within the DPGs, PTCs 

had fewer proviral sequences with large deletions (median 1.1 vs. 10.5 copies/106 PBMCs, 

P<0.001) and fewer hypermutated proviral genomes (HPGs, median 0.2 vs. 1.2 copies/106 

PBMCs, P<0.01, Figure 2.4F). However, the percentages of proviral sequences with large 

deletions or hypermutated proviral sequences were not significantly different between PTCs and 

NCs (Figure 2.4G). Furthermore, there was no difference between PTCs and NCs in the extent of 

APOBEC-induced hypermutations relative to control (non-APOBEC) mutations (Figure 2.4H). 

The median proportions of each proviral species in the PTCs and NCs are shown in Figure 2.4I. 
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In addition, we were interested in exploring whether treatment during early vs. chronic infection 

changed the proportion of the different subsets of proviruses. In comparing the early and chronic-

treated participants, chronic-treated NCs had higher levels of TPGs (median 15.7 vs. 2.6 copies/106 

PBMCs, P<0.05) and DPGs (median 13.3 vs. 2.5 copies/106 PBMCs, P<0.05) compared to early-

treated NCs but no significant differences in percentages of any proviral subset or in the copy 

numbers of IPGs or HPGs. 

 

To confirm that the proviral sequences we characterized as intact were replication 

competent, we isolated CD4+ T cells from 2 study participants, 1A8 (PTC) and 1C114 (NC), for 

whom large numbers of PBMCs were available. The cells were activated and co-cultured with 

MOLT-4 cells in a viral outgrowth assay using a trans-well system. MOLT-4 cells from wells 

where virus was detected in the supernatant were subjected to near-full-length proviral 

amplification. Sequences obtained for each participant, 1A8 and 1C114, were nearly identical to 

Figure 2.5: Infectivity assay on TZM-bl cells. 
Infectivity of recombinant virions generated using env PCR fragments from intact proviral 
genomes was tested in a TZM-bl assay. RLU, relative luminescence units. 
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the intact provirus, differing by only 4 and 5 nucleotides out of 9,020 nucleotides, respectively. 

These few nucleotide differences likely represent the expected variation arising during the 3-week 

culture period used to obtain each isolate (145, 146) and translated to 1 amino acid change in env 

for 1A8 and 2 changes in env for 1C114. To confirm that our bioinformatic calls of intact env 

reflect true functionality, we separately tested the functionality of env by co-transfecting env PCR 

fragments with a Denv-NL4-3 plasmid and determined the infectivity of the produced virus in a 

TZM-bl assay. Figure 2.5 shows the infectivity titer for four recombinant viral constructs harboring 

intact proviral env from these participants, indicating that they are functional. 

 

Stability of the intact HIV reservoir after treatment interruption in PTCs 

Upon treatment interruption, levels of HIV DNA increase dramatically in most HIV 

patients (147). We wanted to investigate whether this increase also occurred in PTCs post-ATI, 

especially within the intact proviral reservoir. Levels of IPGs, TPGs and DPGs were assayed for 

7 PTCs with available samples at a late timepoint, a median of 71 weeks post-treatment 

interruption. Unlike previously reported NCs (147), we detected no consistent increases in levels 

of IPGs, TPGs and DPGs between the pre- and post-treatment interruption timepoints (Figure 2.4J-

L). The median ratio of pre:post-TI genomes per million PBMCs was 0.9 for IPGs, 1.3 for TPGs 

and 1.4 for DPGs. No new HIV drug resistance mutations were detected in any of these individuals 

after treatment interruption compared to the pre-interruption time point (148, 149). 

 

No differences between PTCs and NCs in the clonal expansion of cells harboring intact 

proviral sequences 

As illustrated in Figure 2.3B, our dataset included several participants with a significant 

number of identical intact proviral sequences and likely represent clonally-expanded sequences. 
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Thus, we assessed whether the smaller intact proviral reservoir detected in PTCs is caused by 

differential rates of clonal expansion. To investigate this, we assessed the percentage of identical 

proviral sequences detected more than once and found no significant differences between PTCs 

and NCs in the proportion of clonally-expanded proviral genomes. This was true regardless of 

whether the clonally-expanded populations harbored intact (PTCs vs. NCs: median 0% in both 

cases) or  defective proviral sequences (median 14% vs. 17%, Figure 2.6A). Likewise, the absolute 

number of IPGs detected more than once was not significantly different between PTCs vs NCs, 

although PTCs did have a smaller number of DPGs detected more than once (median 0.2 vs. 2.7 

copies/106 PBMCs, P<0.01, Figure 2.6B). A sensitivity analysis limited to participants who 

initiated ART during chronic infection yielded similar results. Of note, there were 4 participants 

who harbored a high percentage of clonal intact proviruses, 3 of whom initiated ART during 

chronic infection (31% for PID 1C16, 26% for PID 1C104 and 9% for PID 1C116, Figure 2.6C) 

and 1 treated during early infection (21% for PID 1A5). These intact sequences could be grouped 

into a few clusters of identical sequences with the largest two clusters comprising ≥50% of all 

expanded intact sequences. We confirmed that the detection of identical near-full-length single-

genome sequences represented clonal expansion by performing integration site analysis for these 

same four participants. Our results confirmed that clonality estimates calculated by identical near-

full-length proviral genomes were similar to those calculated from integration site analysis (Figure 

2.6D). The frequency of clonally-expanded proviruses determined by near-full-length sequence 

analysis was on average 75% (Q1, Q3: 61, 82%) of the frequency determined by integration site 

analysis. 
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A possible driver of clonally-expanded cells harboring intact proviruses could be T cell 

activation, given that it induces cellular proliferation and clonal expansion. However, we observed 

Figure 2.6: Contribution of clonal sequences to the proviral reservoir 
(A) No difference between PTCs and NCs in percentages of either intact or defective proviral 
genome copies detected more than once. (B) PTCs have lower numbers of defective proviruses 
detected more than once, but no difference in intact copy numbers. Significance was calculated 
using a Wilcoxon rank-sum test; P<0.01 is denoted as **; ns, not significant. (C) Analysis of 
four participants who harbored a high percentage of intact proviruses detected more than once. 
Different stripe patterns depict different clones. Total number of amplicons is shown above each 
bar. (D) Integration site analysis of the same four participants in (C). Different stripe patterns 
depict different clones. Total number of integration sites is shown above each bar. PTC, post-
treatment controllers; NC, post-treatment non-controllers. 
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no significant correlation between percentages of HLA-DR+ CD38+ CD4+ or CD8+ T cells and 

either the proportion or absolute numbers of clonally-expanded IPGs and DPGs.  

 

HLA typing and HLA-associated escape polymorphisms 

In order to examine the role of protective HLA alleles in post-treatment control, we 

analyzed available HLA typing for 6 of the PTCs and 11 of the NCs treated during chronic 

infection. Overall, protective HLA alleles were rare and found in only 1 participant of each group. 

We next surveyed for evidence of immune pressure on the proviral reservoir by examining inferred 

HLA-associated escape mutations within gag, pol and nef in the context of each participant's HLA 

class I profile (142). Inferred escape mutations matching the participants' HLA allele(s) were 

present at a median of 25% of possible amino acid sites in gag, 17.4% in pol and 25.8% in nef 

across all participants. There were no significant differences between PTCs and NCs in the extent 

of mutations detected. We also analyzed the proportion of inferred HLA escape mutations after 

treatment interruption in four PTCs and observed a modest increase in the percentage of HLA 

escape sites for at least one gene in three of the four individuals.  

 

Defective proviral genome copies are associated with levels of CA-RNA and timing to viral 

rebound 

Levels of intracellular HIV RNA expression have been shown to predict the timing of viral 

rebound after treatment interruption (72, 131). Thus, we assessed whether levels of intact provirus 

correlated with both levels of CA-RNA, as well as timing to viral rebound. Contrary to our 

expectations, the number of pre-interruption IPGs was not significantly associated with unspliced 

CA-RNA levels as quantified by qPCR. However, the number of TPGs and DPGs were associated 

with levels of CA-RNA (r=0.50, P<0.05, Figure 2.7A). In addition, the number of TPGs and DPGs, 
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but not IPGs, predicted the timing of subsequent viral rebound post-ATI (Figure 2.7B). Individuals 

with late viral rebound (≥400 HIV-1 RNA copies/mL) were found to have the lowest TPG and 

DPG numbers (viral rebound >16 vs. 4-16 vs. <4 weeks: median DPGs 1.5 vs. 9.1 vs. 13.0). There  

 

 

 

 

 

 
Figure 2.7: Relationship between defective proviral genome copy numbers versus viral and 
immune markers. 
(A) Correlation between levels of cell-associated HIV RNA and copy numbers of defective 
proviral genomes. (B) Individuals with delayed viral rebound had lower levels of defective 
proviral genomes. Significance was calculated using a Wilcoxon rank-sum test; P<0.05 was 
considered significant and denoted as * and P<0.001 as ***. (C) Correlation between percentage 
of CD38+ NK cells and copy numbers of defective proviral genomes. (D) Correlation between 
percentage of HIV-specific CD107+ CD8 T cells and copy numbers of defective proviral 
genomes. (E) Correlation between percentage of HIV-specific IFNg+ CD4 T cells and copy 
numbers of defective proviral genomes. NCs are depicted in blue and PTCs in red. Correlations 
between reservoir measures were estimated with non-parametric Spearman correlation 
coefficients. PTC, post-treatment controllers; NC, post-treatment non-controllers.  
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was no association between the levels of any specific type of defective sequences and either levels 

of CA-RNA or timing to viral rebound.  

 

Association of defective proviral genomes with both innate and adaptive immune responses 

Next, we hypothesized that the intact proviral reservoir size is dictated by levels of immune 

activation and the strength of the HIV-specific cellular immune response. Immune phenotyping 

was performed for CD4+/CD8+ T cells and NK cells for markers of activation and cellular 

exhaustion prior to treatment interruption. The extent of NK cell function and HIV gag-specific T 

cell responses were assessed by intracellular cytokine staining. Amongst all participants, none of 

the NK cell phenotypes or T cell responses were associated with levels of IPGs. However, higher 

CD38+ NK cell percentages were associated with lower numbers of DPGs (r=-0.46, P<0.05, 

Figure 2.7C). Similarly, higher levels of HIV-specific CD8+ cells expressing CD107a and HIV-

specific IFN-γ-secreting CD4+ cells were both associated with lower DPGs (CD8+ CD107a+ r=-

0.51, P<0.05 and CD4+ IFN-γ+ r=-0.48, P=0.06, Figure 2.7D-E). Given that the vast majority of 

the proviruses are defective, all the trends described are also true for TPGs. There was no 

association between the levels of specific types of defect and any of the innate or adaptive immune 

responses. Furthermore, there were no significant associations between TPGs, DPGs or IPGs and 

levels of soluble inflammatory markers D-dimer, IL-6, IP10, sCD14, sCD163 or CRP.  

 

Common motifs present at proviral deletion junctions 

Given the high frequency of proviruses with large deletions, we assessed the presence of 

common motifs at the site of proviral deletions and found that repeat elements were detected at the 

deletion junction in 11% of the proviral genomes with large deletions (Figure 2.8A). These repeat 

elements ranged in size from 3 to 20 nucleotides (Figure 2.8B). Interestingly, one specific repeat 



 51 

element residing at HXB2 coordinates 4781-4800 (TTTTAAAAGAAAAGGGGGGA) flanked 

the deletion junctions in 16 different proviral sequences originating from 8 study participants (2 

PTCs and 6 NCs, Figure 2.8C). This element maps to both the polypurine tract located in pol 

(cPPT), as well as in nef/U3 (3’PPT) and likely represents a hotspot for deletion. This sequence 

functions as a primer site for plus strand DNA synthesis and has been previously studied for its 

role in HIV replication (150–152).  

 

 

 

Figure 2.8: Detection of repeat elements at HIV proviral deletion junctions. 
(A) Illustration of a common pattern present flanking both ends of the deletion junction. (B) 
Histogram of number of proviral genomes detected with repeat elements of varying lengths. One 
specific 20 base nucleotide repeat is over-represented. (C) Histogram of the number of times each 
repeat was detected. nts, nucleotides.  
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Discussion 
 

Up until now, the best studied PTCs have been the VISCONTI cohort (113, 114), but other 

isolated cases of PTCs have also been described (116–121, 123, 124, 126, 131, 153). In the 

VISCONTI study, 14 acutely-treated participants were found to have levels of HIV DNA that were 

significantly lower than that of ART-treated individuals previously described in the literature 

(113). However, it is clear that the vast majority of the HIV DNA reservoir is comprised of 

replication defective proviruses (3–5, 66, 68) and an in-depth analysis of the proviral reservoir, 

including the frequency of intact proviruses, has yet to be performed for any of these PTCs. In this 

study, we provide the first detailed survey of the proviral genomic landscape in a PTC cohort and 

contrast it with that of NCs.  

 

Our results show that prior to treatment interruption, the DNA reservoir size, defined as 

either total or intact proviral genomes, was a median 7-fold lower in PTCs than in NCs. 

Specifically, 81% of NCs had > 4 total proviral genome copies/106 PBMCs, while none of the 

PTCs had a total reservoir size that reached this threshold. Low levels of total HIV DNA are 

associated with short-term delays in viral rebound timing (45, 121), as exemplified by the report 

of two Boston patients who underwent allogeneic hematopoietic stem cell transplantation with 

susceptible donor cells. In both patients, proviral DNA was reduced to undetectable levels post 

transplantation and viral rebound was delayed until 12 and 32 weeks post-TI despite an immune 

system that was functionally naïve to HIV (154). This observation led some to predict that at least 

a 3-4 log10 reduction in the HIV reservoir may be needed to achieve sustained HIV remission (155, 

156). Our finding of a substantial difference in time to rebound between post-treatment controllers 

and non-controllers despite relatively modest (7-fold) differences in total and intact proviral 

genomes suggests that factors other than reservoir size must play an important role in determining 
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time to rebound. Such factors could include differences in viral replication rate and/or robust anti-

HIV immune responses. This interpretation is underscored by the finding that despite prolonged 

treatment interruption, levels of total and intact proviral reservoir did not significantly increase in 

PTCs, similar to results from the VISCONTI study. This finding contrasts with the pattern reported 

for other HIV-infected subjects, where the HIV DNA burden significantly increases upon 

treatment interruption due to viral replication (147, 157, 158).  

 

Given the rarity of PTCs and safety concerns involving treatment interruption studies, 

future HIV cure trials would benefit from a set of biomarkers that could predict which participants 

are more likely to be PTCs prior to treatment interruption. Our finding that the majority of NCs, 

but none of the PTCs, had > 4 total proviral genomes/106 PBMCs prior to treatment interruption 

suggests that quantification of total proviral genome copy numbers could contribute to the 

prediction of sustained HIV remission. PTCs had a greater variation in the number of intact 

proviral genomes that hindered use of this parameter in differentiating between the two groups. In 

particular, > 40% of the total proviral reservoir for PTC 1C16 was intact, including two large 

clonal populations. This observation highlights that the size of the intact proviral reservoir has 

limited predictive ability for viral rebound timing and additional analysis of the integration sites 

and viral replication fitness are needed.  

 

Similar to previously published reports (3–5, 66, 68), we found that the vast majority of 

proviral genomes amplified from participant-derived DNA were defective and only a small 

proportion had intact open reading frames. This was true both for participants treated in either the 

early or the chronic stage of HIV infection. We were intrigued to find that for PTCs, the proportion 

of intact proviruses was almost 3 times lower (1.4%) than in NCs (4.1%), although this comparison 
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did not reach statistical significance and the characterization of additional participants is needed 

to further explore this finding. We also found no significant differences in the frequency of any 

particular defective proviral species between PTCs and NCs. Of note, our analysis of defective 

proviral genomes revealed the proportionally higher prevalence of a specific proviral deletion, 

represented in 8 distinct participants and reported previously in two other cohorts (4, 5). This 

pattern comprises a 20 nucleotide repeat sequence flanking the deletion junction, representative of 

the polypurine tract and appears to be a hotspot for proviral deletions.  

 

HIV integration site analysis suggests that clonal proliferation of HIV-infected cells plays 

an important role in the proliferation and persistence of HIV infected cells (14, 15). Other groups 

have shown that clonally-expanded populations of HIV-infected cells can harbor intact, 

replication-competent proviruses (66, 145, 159). A recent report provided definitive evidence that 

reactivatable latent cells can arise by clonal expansion in vivo by determining that the cells 

harbored identical TCR sequences through scRNA-seq (160). Thus, we evaluated whether clonal 

expansion of intact proviruses could be playing a role in the reservoir size differences between 

NCs and PTCs by assessing the number and frequency of identical proviral sequences detected 

more than once. We observed no difference between PTCs and NCs in the proportion of identical 

intact proviral sequences detected more than once. This finding suggests that the clonal expansion 

rate of cells harboring intact proviruses is similar between PTCs and NCs and therefore does not 

explain the smaller reservoir size in PTCs nor their ability to maintain viral suppression.  

 

We also evaluated the relationship between the proviral landscape and 1) levels of viral 

transcription and 2) immune activity. The level of unspliced CA-RNA during suppressive ART 

has been shown in several studies to be predictive of the timing of viral rebound after ART 
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discontinuation (72, 131), which suggested that CA-RNA may largely reflect transcription of the 

intact provirus. Surprisingly, we found that the level of total and defective, but not intact, proviral 

genomes, was significantly associated with CA-RNA levels. These results reinforce a recent 

finding that defective proviruses express intracellular HIV RNA (161) and that the bulk of the CA-

RNA quantified is likely defective given that the vast majority of proviruses are replication-

incompetent (4, 5, 162). Any relationship between the size of the intact proviral reservoir and CA-

RNA levels is likely obscured by the overwhelming number of defective proviruses also 

expressing HIV RNA.  

 

 In addition, we found an association between higher levels of NK cell activation and HIV-

specific T cell activity with lower levels of total and defective proviral genomes. This observation 

suggests that a more robust HIV-specific immune response can identify and effectively eliminate 

HIV-infected cells, even those harboring defective proviruses. Combined with the CA-RNA 

results, these findings support the concept that defective HIV genomes can lead to viral RNA 

transcription and antigen production (5, 162), which leads to interactions between cells harboring 

defective HIV genomes with both the innate and adaptive immune system. Further studies are 

needed to explore this finding. 

 

We also found that the level of defective, but not intact, proviral genomes was associated 

with the timing of viral rebound after ART interruption. The reason behind this counter-intuitive 

result is unclear, but possible explanations include 1) The size of the defective proviral genome 

within the peripheral blood reflects the overall true reservoir size within the body, including within 

anatomic sites; 2) Given the low frequency of intact proviruses, a larger sample may be needed to 

detect a relationship with the timing of viral rebound. 
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The limitations of this study should also be acknowledged. First, there were individuals 

with extremely small reservoir sizes and relatively few amplified proviral sequences. This factor 

may affect the accuracy of the estimated frequency of different proviral species. However, the 

results were largely unchanged if the analysis was restricted to only participants with > 20 proviral 

sequences. Second, in vitro reconstitution of the reported full-length intact proviruses is needed to 

confirm that they are indeed replication-competent (4), although we were able to detect identical 

matches between intact proviral and plasma-derived sequences and obtained highly similar 

sequences in viral outgrowth assays. 

 

In this report, we provide the most comprehensive survey to date of the proviral landscape 

in both PTCs and NCs prior to treatment interruption. The results highlight the restricted intact 

and defective HIV reservoir in PTCs and suggest that total proviral genome burden could act as 

the first biomarker for identifying PTCs. Additional studies are needed to confirm these findings 

and to explore whether inefficient viral replication and/or robust anti-HIV immune responses are 

also present in these individuals. We also found that the size of the defective proviral reservoir was 

associated with levels of CA-RNA and several NK and T cell markers. Until recently, the defective 

proviral reservoir appears to have been under-appreciated, but these results support the concept 

that defective proviruses are far from quiescent (162) and are likely playing key roles in immune 

activation, shaping anti-HIV immune responses and may be a marker of the timing of plasma viral 

emergence after ART discontinuation.  
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CHAPTER 3 

 
 

EFFECT OF SHORT-TERM ART INTERRUPTION ON LEVELS OF INTEGRATED 
HIV-1 DNA 
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Abstract 
 

 
Analytic treatment interruption (ATI) studies are required to evaluate strategies aimed at 

achieving ART-free HIV remission, but the impact of ATI on the viral reservoir remains unclear. 

We validated a DNA size selection-based assay for measuring levels of integrated HIV DNA and 

applied it to assess the effects of short-term ATI on the HIV reservoir. Samples from participants 

from four AIDS Clinical Trials Group (ACTG) ATI studies were assayed for integrated HIV DNA 

levels. Cryopreserved PBMCs were obtained for 12 participants with available samples pre-ATI 

and approximately 6 months after ART resumption. Four participants also had samples available 

during the ATI. The median duration of ATI was 12 weeks. Validation of the HIV Integrated DNA 

size-Exclusion (HIDE) assay was performed using samples spiked with unintegrated HIV DNA, 

HIV-infected cell lines, and participant PBMCs. The HIDE assay eliminated 99% of unintegrated 

HIV DNA species and strongly correlated with the established Alu-gag assay. For the majority of 

individuals, integrated DNA levels increased during ATI and subsequently declined upon ART 

resumption. There was no significant difference in levels of integrated HIV DNA between the pre- 

and post-ATI time points, with the median ratio of post:pre-ATI HIV DNA levels of 0.95. Using 

a new integrated HIV DNA assay, we found minimal change in the levels of integrated HIV DNA 

in participants who underwent an ATI followed by 6 months of ART. This suggests that short-

term ATI can be conducted without a significant impact on levels of integrated proviral DNA in 

the peripheral blood. 
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Introduction 
 

Antiretroviral therapy (ART) is effective in maintaining viral suppression, but cannot 

eradicate the viral reservoir (23, 24). After ART initiation, the decline in the HIV reservoir is most 

dramatic during the first year of treatment, but subsequently slows with largely stable HIV DNA 

levels despite more than a decade of ART (48, 163). Consequently, the cessation of ART generally 

results in rapid viral rebound (72).    

 

Strategies aimed at achieving sustained ART-free remission will ultimately require 

efficacy testing using analytic treatment interruption (ATI) studies. However, there are a number 

of safety concerns associated with ATI trials.  One recent study suggested that ATI can be 

associated with the irreversible increase in the viral reservoir, as reflected by levels of integrated 

HIV DNA (164). However, this conclusion was reached by the evaluation of participants who 

underwent 48 weeks of ATI, an extended duration that is substantially longer than the duration of 

modern ATI trials.   

 

The assessment of the HIV reservoir changes in treatment interruption trials would benefit 

from a scalable assay that can quantify levels of integrated HIV DNA, especially as non-integrated 

forms of HIV DNA comprise a major proportion of total HIV DNA during ATI and for a period 

after ART reinitiation (47). However, the traditional Alu-gag  integrated HIV DNA assay is 

challenging to perform and dependent on the presence of Alu elements in close proximity to the 

HIV integration sites (53, 56, 165). For these reasons, we validated a novel assay for measuring 

HIV integrated DNA levels that avoids these drawbacks by relying on size-selecting genomic 

DNA to eliminate non-integrated HIV DNA, followed by quantitative PCR (qPCR) measurements 

of integrated DNA levels based on a previously proposed method (166). We termed this the HIV 
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Integrated DNA size-Exclusion (HIDE) assay and employed it to assess changes in levels of 

integrated HIV DNA in participants of AIDS Clinical Trials Group (ACTG) ATI trials.   
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Materials and Methods 
 

Study Participants 

Cryopreserved peripheral blood mononuclear cells (PBMCs) were obtained for 12 

participants with available samples from previously completed ACTG ATI trials (A5197 (135), 

A5068 (139), A371 (138), A5170 (136)). All participants were on an ART regimen for at least 1 

year prior to ATI, experienced viral rebound within 5 weeks of treatment interruption and 

subsequently achieved viral suppression upon ART resumption. The median [Q1, Q3] length of 

the ATI was 12 [7,17] weeks. Samples were obtained at a time point immediately prior to ATI and 

a median [Q1, Q3] of 27 [24,33] weeks after ART reinitiation. Four participants had samples 

available during the ATI.  

 

HIV Integrated DNA size-Exclusion (HIDE) Assay 

DNA was extracted from cryopreserved PBMCs using the QIAmp DNA Mini Kit, loaded 

into a 0.75% gel cassette with an external S1 marker, and size-selected using a 20kb High-Pass 

protocol on the BluePippin Pulsed-Field Gel Electrophoresis System (Sage Science) to remove 

non-integrated viral DNA species. HIV DNA levels were quantified by qPCR with primers/probe 

targeting HIV LTR/gag and normalized to cellular input by qPCR targeting the CCR5 gene (42).  

The limit of detection (LOD) for each sample was calculated based on a 2 HIV DNA copies/well 

value adjusted to cellular input. 

 

HIDE Assay Validation 

To confirm the removal of non-integrated HIV DNA by the HIDE assay, we spiked HIV-

negative DNA with either linear near-full-length HIV amplicons or a 12kb HIV-encoding plasmid 

at varying quantities. To ensure that measurements of integrated DNA did not change due to the 
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size-selection process, we also measured HIV DNA levels before and after size selection in three 

HIV infected cell lines with integrated replication-defective HIV provirus.  These included J-Lat 

cells (clone 9.2) containing an env defective proviral copy, 8E5 cells containing an RT defective 

proviral copy, and CEM cells infected with pseudotyped Denv HIV virions allowing only one 

round of replication and propagated in vitro for 4 weeks (57). Prior to size selection and 

quantification, DNA extracted from the HIV-infected cell lines was diluted in HIV-negative DNA 

to approximate in vivo integrated HIV DNA levels. Integrated DNA levels in these cell lines and 

in cells from one participant were also assayed by the Alu-gag method (56, 165).  

 

Statistical Analysis  

Data analysis was performed using GraphPad Prism 6 (GraphPad, La Jolla, CA). Wilcoxon 

matched-pairs signed rank test was used in analysis of pre- and post-size selection values as well 

as in analysis of pre- and post-ATI integrated DNA levels. The ratio of post:pre-ATI integrated 

DNA levels was compared to the ratio of 1.0 by the Wilcoxon signed-rank test.  The LOD value 

was used in the analysis for samples quantified below the LOD. 

 

Ethics Statement 

Written informed consent was provided by all study participants for use of stored samples 

in HIV-related research. This study was approved by the Partners Institutional Review Board.  
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Results 
 

HIDE Assay Validation 

On average, 27% of input DNA was recovered post size-selection for DNA fragments 

larger than 20kb. The HIDE assay eliminated approximately 99% of linear and circular non-

integrated HIV DNA species at either high or low levels of non-integrated DNA (Figure 3.1A).  

We performed the HIDE assay on three cell lines containing integrated, replication-incompetent 

HIV DNA. The mean ratio of HIV DNA levels before and after size-selection was 1.02, 

demonstrating that the assay did not selectively eliminate integrated HIV DNA. We also assessed 

levels of HIV DNA pre- and post-size selection for one participant. On long-term suppressive 

ART, 

Figure 3.1: HIDE assay validation. 
(A) HIV DNA levels for uninfected DNA spiked with linear or circular HIV DNA before and after 
genomic DNA size-selection. (B) Levels of total and size-selected HIV DNA in participant 
PBMCs at a pre-ATI (39 months on ART), during treatment interruption and post-ATI (6 months 
after ART restart) timepoint. (C) Correlation between integrated HIV DNA levels measured by 
the HIDE assay and by the Alu-gag assay for three HIV-infected cell lines and for the three 
samples shown in part b.  
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ART, we observed little difference in HIV DNA with and without size selection (Figure 3.1B), but 

during the ATI, we observed an increase in total HIV DNA while the size-selected HIV DNA 

levels did not change, reflecting the expected increase in non-integrated DNA after ART 

interruption (47).  In addition, the integrated HIV DNA levels measured by the HIDE assay 

correlated strongly with integrated DNA measurements by the Alu-gag method (Spearman r=0.94, 

P=0.02, Figure 3.1C).  

 

Effect of Short-Term ATI on Integrated HIV DNA Levels 

The 12 ACTG ATI participants had been on ART for a median of 3.9 years with a median 

CD4 count of 852 cells/mm3. Four participants had available samples during ATI at a median of 

12 weeks after ART discontinuation and with a median plasma viral load of 51,664 copies/mL. 

These participants were found to have a median increase in integrated HIV DNA levels during 

ATI of +94 HIV DNA copies/106 PBMCs and levels subsequently declined after ≥24 weeks of 

ART at a median of -109 HIV DNA copies/106 PBMCs (Figure 3.2A). Amongst all 12 participants, 

there was no significant difference between the pre- and post-ATI time points in levels of HIV 

integrated DNA (median difference -15 copies/106 PBMCs, Wilcoxon Signed Rank P=0.34, 

Figure 3.2B). The median ratio of post:pre-ATI HIV DNA levels was 0.95 (Q1, Q3: 0.8, 1.6, Figure 

3.2C), which was not significantly different than a ratio of 1.0 (P=0.79). Within the 42% of 

individuals that had higher HIV DNA levels post-ATI, the increase in integrated DNA levels was 

generally small, with a median change of 11 HIV DNA copies/106 PBMCs (Q1, Q3: 7, 20 HIV 

DNA copies/106 PBMCs). There was no significant correlation between duration of ATI and the 

ratio of post:pre-ATI reservoir size.  
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Figure 3.2: Treatment interruption had minimal effect on levels of integrated HIV DNA in 
PBMCs. 
(A) Levels of integrated HIV DNA pre-ATI, during treatment interruption and post-ATI in 4 
ACTG participants. (B) Pre- and post-ATI levels of integrated HIV DNA for 12 participants. 
For samples that are below the limit of detection (LOD), the LOD for that sample is used (open 
circle). (C) Ratio of post:pre-ATI levels of integrated HIV DNA. Open circle represents if either 
the pre- or post-ATI time point was below the LOD. Line represents median value. 
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Discussion 
 

In this study, we validated a new technique for quantifying levels of integrated HIV DNA, 

termed the HIDE assay, that is less sample- and labor-intensive than the currently used Alu-gag 

assay. We used this assay to assess the impact of short-term ATI on changes in the integrated HIV 

DNA. The HIDE assay eliminated approximately 99% of non-integrated HIV DNA species, did 

not affect levels of integrated HIV DNA, and showed high correlation with the standard Alu-gag 

assay. We also found minimal change in levels of integrated HIV DNA after short-term ATI, 

followed by approximately 6 months of ART. 

 

While quantifying intact full-length proviral numbers and the viral outgrowth assay are the 

gold-standards for measuring the HIV reservoir, these assays are costly, labor/time-intensive, 

dependent on large sample volumes, and challenging to implement for large-scale clinical studies 

(18, 77, 167). In non-suppressed individuals, it is difficult to interpret total HIV DNA levels given 

the presence of non-integrated forms of HIV DNA (47). In addition, non-integrated HIV DNA 

species can persist despite long-term ART, suggesting that measuring total HIV DNA, even in 

patients on long-term ART, may over-estimate integrated HIV DNA levels (168, 169). While 

assays for integrated HIV DNA do not differentiate between replication-competent and 

incompetent virus, levels of integrated HIV DNA have been shown to strongly correlate with 

QVOA, suggesting that integrated HIV DNA can provide a valuable surrogate for the true reservoir 

size (77, 170).  The HIDE assay overcomes two key hurdles intrinsic to the conventional Alu-gag 

assay, including the need for integrated DNA standards that are challenging to create and the 

reliance on the proximity of random Alu elements to the HIV provirus, requiring high numbers of 

replicates to account for the varying amplification efficiency (165, 171). By eliminating non-

integrated DNA species and using only conserved HIV specific primers, this assay, while using 



 69 

fewer replicates, can effectively measure both widely diverse and highly clonal proviral 

populations (42). 

 

ATI trials remain an indispensable tool in the evaluation of strategies for HIV remission.  

However, there remains a concern amongst both potential participants and physicians about the 

potential reseeding or expansion of the HIV reservoir due to the ATI. This question remains 

controversial as some studies have shown a return to baseline reservoir levels after ART 

reinitiation (45, 147, 158), while another study reported an increase in HIV integrated DNA levels 

after ATI that was not reversible with ART reinitiation (164). However, the latter study included 

participants with prolonged treatment interruption that is not reflective of the short-term ATI 

studies that are being performed in the modern era (172). Using the HIDE assay, we found that in 

general, short-term ATI did not have a significant impact on levels of integrated HIV DNA after 

ART resumption. Despite an increase in integrated DNA levels during the ATI, the viral reservoir 

subsequently reduced to pre-ATI levels after approximately 6 months of ART, possibly suggesting 

that most newly infected cells during the ATI have relatively limited life-spans. These findings 

suggest that short-term ATI studies can be conducted without an irreversible increase in integrated 

HIV DNA levels. However, additional studies will be needed to confirm these findings within the 

intact proviral reservoir and amongst the tissue reservoirs of HIV.  

 

In summary, this study validated the HIDE assay, a size-selection-based method to quantify 

levels of integrated HIV DNA. The HIDE assay showed that short-term ATI had minimal impact 

on levels of integrated HIV DNA after ART resumption. The HIDE assay could be a useful 

technique for evaluating the impact of strategies aimed at reducing the HIV reservoir and the 
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results provide a measure of reassurance on the impact of short-term ATI on reseeding of the HIV 

reservoir. 
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CHAPTER 4 
 
 

PERSISTENT HIV-1 LOW-LEVEL VIREMIA CAN ARISE FROM 
TRANSCRIPTIONALLY-ACTIVE HIV-INFECTED CELLULAR CLONES  
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Abstract 
 

Persistent low-level HIV viremia (LLV) can occur despite continuous antiretroviral 

treatment, but the mechanism remains unclear. Here, we describe an individual with persistent 

LLV for > 4 years despite detectable plasma ARV levels and ≥2 active ARVs by resistance 

genotyping. We performed HIV single-genome sequencing and a novel assay combining near-full 

length PBMC proviral sequencing and integration site identification. In total, 2 clonal populations 

comprised 95% of plasma RNA sequences, with the largest comprising 86% of plasma sequences 

and harboring no ARV resistance. This majority plasma clone matched 6% of all intact proviruses, 

which were integrated into the CD200R1 gene. The second largest plasma population comprised 

9% of plasma HIV, but matched 54% of intact proviruses, with an integration site in the cell 

division-associated STAG2 gene. This finding highlights that persistent LLV can arise from a 

clonally-expanded cellular population without viral evolution and viral suppression will require 

targeting of this transcriptionally-active reservoir. 
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Introduction 
 

The introduction of antiretroviral therapy (ART) has led to viral suppression in the majority 

of people living with HIV (PLWH), resulting in a dramatic decrease in HIV-related morbidity and 

mortality. However, detectable low-level viremia is commonly found in a subset of patients despite 

the use of ART. The incidence of low-level viremia (LLV) on first-line ART has been found to 

range from 6 – 25% (82–85). In addition, approximately 1 in 5 individuals with LLV have repeated 

low-level viremia (86). In studies with long-term follow-up, the persistent LLV can last for a year 

or longer, even in individuals who undergo ART modification (173). Persistent low-level viremia 

remains an area of clinical concern given its clinical consequences as it has been found to increase 

the risk of subsequent virologic failure (86, 173–176) and increase the risk of HIV transmission 

(177, 178).   

 

Traditionally, the presence of LLV has been attributed to suboptimal ART adherence (179) 

or continued viral replication in tissue reservoirs with incomplete ART penetration (88, 89). In 

either scenario, there is potential evidence of viral evolution and emergence of drug resistance 

mutations (90), thus a combination of adherence counseling and ART regimen modification is 

indicated. However, the presence of viral evolution has not been confirmed in other studies (91) 

and ART intensification has not generally been successful in clinical trials of individuals with LLV 

or residual viremia (92, 93). This suggests that for some individuals, persistent LLV may arise due 

to alternative mechanisms.  

 

In this study, we describe an individual living with HIV for >20 years with persistent LLV 

over 4.5 years despite high levels of self-reported ART adherence and multiple changes to the 

ART regimen. Commercial drug level testing and HIV resistance genotyping were obtained. We 
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assessed the presence of viral evolution and the mechanisms behind the persistent LLV by 

performing plasma HIV single-genome sequencing at multiple time points and employing a novel 

assay to obtain near-full-length PBMC proviral sequences with their matched integration sites in 

the host genome. Furthermore, we performed RNA transcriptomic analysis to define the potential 

influence of host gene activity on levels of proviral transcription. 
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Materials and Methods 
 

HIV Eradication and Latency (HEAL) cohort 

The HEAL cohort is a Boston-based longitudinal cohort of participants with HIV who are 

receiving, or initiating antiretroviral therapy. The study was approved by the Partners Institutional 

Review Board and began in 2016, investigating HIV latency and reservoir dynamics in the study 

participants. Approximately ninety participants have been enrolled thus far with one participant 

manifesting persistent low-level viremia. 

 

ART resistance genotyping and plasma drug level testing 

Commercial resistance genotyping for NRTI, NNRTI and PI mutations was performed 

using the Viroseq HIV-1 Genotyping System kit. HIV-1 integrase genotype testing was performed 

by Quest Diagnostics. ARV drug level testing was performed by the infectious disease 

pharmacokinetics lab at the University of Florida. Testing was performed for darunavir and 

dolutegravir by liquid chromatography with tandem mass spectrometry. 

 

Plasma single-genome sequencing 

Plasma viral RNA was extracted using the single-copy assay protocol (180) and cDNA 

synthesized using Superscript IV (Invitrogen) and p9017 primer (HXB2 coordinates 9038-9017). 

Nested amplification of the Pol-Env region (HXB2 coordinates 2090-8796) or the Pro-RT region 

(HXB2 coordinates 2853-3869) was performed at limiting dilution. Using ClustalW, the resulting 

plasma-derived single-genome sequences were aligned with proviral sequences and neighbor-

joining phylogenetic trees were generated. 
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HIV near-full-length proviral sequencing 

DNA was isolated from peripheral blood mononuclear cells (PBMCs) using the QIAamp 

DNA Mini Kit (Qiagen) and subjected to HIV-1 near-full-length amplification and Illumina MiSeq 

sequencing as previously described (67). The resulting short reads were de novo assembled using 

Ultracycler v1.0. Sequences were aligned to HXB2 to identify large deletions, out-of-frame indels, 

premature stop codons, internal inversions, or packaging signal defects using an automated in-

house pipeline (66). Hypermutated sequences were identified using Los Alamos HIV Sequence 

Database Hypermut 2.0 (141). Viral sequences that lacked all mutations listed above were 

classified as genome-intact.  

 

Matched Integration site and Proviral Sequencing (MIP-Seq) 

MIP-Seq is a method to identify the integration sites of intact proviruses (181). Extracted 

DNA was diluted to single viral genome levels and subjected to multiple displacement 

amplification (MDA) using the REPLI-g Single Cell Kit (Qiagen). After whole genome 

amplification, DNA from each well was split and separately subjected to near-full-length proviral 

amplification and integration site analysis. HIV-1 near-full-length amplification (HXB2 

coordinates 638-9610) was performed using a 5-amplicon approach (182). All near-full-length 5-

amplicon positive products were subjected to Illumina MiSeq sequencing and the resulting short 

reads were de novo assembled using Ultracycler v1.0 as described above. Integration sites 

associated with each viral sequence were obtained using integration site loop amplification (15). 

MiSeq paired end FASTQ files were demultiplexed and analyzed through an in-house 

bioinformatics pipeline. A subset of integration sites was confirmed by nested PCR amplification 

using integration-site-specific primers on one end and HIV primers on the other end, as outlined 

in table 4.1. 
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Infectivity of recombinant viruses 

We generated recombinant virions encoding participant-derived sequences by co-

transfecting 293T cells with Dpol-NL4-3 plasmid and pol PCR fragments or Denv-NL4-3 plasmid 

and env PCR fragments. Virus was harvested and propagated in U87-CCR5 and U87-CXCR4 cells 

for 7-10 days. Afterwards, we tested the infectivity of the virus in a TZM-bl infectivity assay. 

TZM-bl cells (NIH AIDS Reagent Program) are a permissive HeLa cell clone that contain Tat–

regulated reporter gene for b-galactosidase under the control of the HIV-1 LTR.  

 

RNA-Seq 

Total RNA was extracted from memory CD4 T cells using a PicoPure RNA Isolation Kit. 

RNA-Seq libraries were generated as previously described (183), followed by sequencing on an 

Illumina NextSeq 500 Instrument. The quantification of transcript abundance was conducted using 

RSEM software (v1.2.22) supported by STAR aligner software (STAR 2.5.1b) and aligned to the 

hg38 human genome. Transcripts per million (TPM) values were then normalized among all 

samples using the upper quantile normalization method. Host gene transcriptional interference was 

assessed in the top 10 percentile of highly expressed genes that overlap with other genes as 

compiled in OvergeneDB (184). Spearman correlation was used to determine the expression levels 

of one gene (gene 1) with the overlapping gene (gene 2) present in the reverse orientation.  
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Table 4.1. Primer sequences used to confirm the integration sites of clone 1 and clone 2. 

Integration-site-specific primers hg38 coordinates 
CIS_h22_F1 AGACTATGCCACTGTACTCCAGCCTG chrX 124031402-124031427 
CIS_h22_F2 AAAACACAGCACAAAAGTCTTATATATG chrX 124031284-124031311 
CIS_h22_R1 CCAAACCGAATGAATGGTCATCACCAAC chrX 124031036-124031063 
CIS_h22_R2 GAAGTTGTTAAAATGGGCAAGAGTGCTAT chrX 124031093-124031121 
ISL76_F1 TCAACCAGGGTTGGATGAAGAATTAATAAATTTCA chr3 112921938-112921972 
ISL76_F2 TGTCTATTGTGAACATTGCTTGGTAATATTTATA chr3 112921988-112922021 
ISL76_R1 AACATAAGTCTATTTGCTCCATAGCAGAAA chr3 112922288-112922317 
ISL76_R2 CAATCATACCATCTGAGATTTTTAAGACAGCT chr3 112922200-112922231 

HIV-specific primers HXB2 coordinates 
RT3.1 GCTCCTACTATGGGTTCTTTCTCTAACTGG 3830-3859 
RT3798R CAAACTCCCACTCAGGAATCCA 3798-3777 
GP41Fo TTCAGACCTGGAGGAGGAGATAT 7626-7648 
GP41Fi GGACAATTGGAGAAGTGAATTAT 7652-7674 
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Results 
 

Clinical summary 

The patient is a male individual diagnosed with HIV-1 in 1990. He had a long history of 

antiretroviral treatment (ART), including nucleoside reverse transcriptase inhibitor (NRTI) 

zidovudine monotherapy, zidovudine and lamivudine dual therapy, as well as subsequent treatment 

with both protease inhibitors (PIs) and non-nucleoside reverse transcriptase inhibitors (NNRTIs) 

with documented viral suppression between 2000-2004. In consultation with his physician, the 

patient discontinued ART for approximately 3 years and in 2007, he had a plasma HIV-1 RNA 

level of 12,842 copies/mL and was started on a regimen of co-formulated tenofovir disoproxil 

fumarate and emtricitabine (TDF/FTC) with ritonavir-boosted atazanavir (ATV/r). He achieved 

virologic suppression with a viral load <75 HIV-1 RNA copies/mL (Year 0 in Figure 1). At 3.7 

years after viral suppression, the patient had a low-level viremia of 224 HIV-1 RNA copies/mL 

with virologic re-suppression documented 2 months later and continuing through 5.9 years. At that 

time, the patient had plasma HIV-1 RNA levels of 150 copies/mL and over the subsequent 4.5 

years, he has had 18 consecutive viral load measurements ranging between 150-810 HIV-1 RNA 

copies/mL. This low-level viremia persisted despite a stable CD4 T cell count and ART 

intensification first with co-formulated rilpivirine (RPV)/TDF/FTC plus the integrase strand-

transfer inhibitor (INSTI) dolutegravir (DTG), and subsequently with co-formulated tenofovir 

alafenamide plus emtricitabine (TAF/FTC) with ritonavir-boosted darunavir (DRV/r), and DTG. 

Levels of HIV-1 DNA were tested at the timepoints sampled and were determined to be 210 and 

250 copies/million PBMCs at timepoints 1 and 2, respectively. 

 

 

Commercial antiretroviral medication (ARV) resistance and plasma drug level testing 
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Commercial ARV resistance genotyping for NRTI, NNRTI and PI at 7.1 and 7.5 years 

after recent viral suppression demonstrated no ARV resistance mutations, despite viral loads of 

590 and 430 HIV-1 RNA copies/mL, respectively. A subsequent resistance genotyping test at 7.9 

years when plasma viral load was 413 HIV-1 RNA copies/mL showed the presence of the 

following thymidine analog resistance mutations (TAM): D67N, K70R, K219Q, with no resistance 

to either the PIs or INSTIs. Random plasma ARV levels were obtained at 7.6 and 7.9 years with 

viral loads of 260 and 413 HIV-1 RNA copies/mL (Figure 4.1). Peak plasma darunavir 

concentrations of 5-8 mcg/ml occur 2.5-4 hours post-dose, while trough concentrations generally 

  

 

are in the range of 2-4 mcg/ml (185). At the 7.6 years timepoint, the plasma darunavir 

concentration was measured at 1.52 mcg/ml 11 hours after the last dose. At the 7.9 years timepoint, 

 

Figure 4.1: Plasma viral loads and CD4 counts. 
At each timepoint, the viral load is graphed in blue and CD4 count in red. Open blue circles denote 
viral load levels below limit of detection. The drug regimens are depicted below the graph, 
according to the timescale on the x-axis. Green arrows represent timepoints used for genotype 
resistance testing and orange arrows represent timepoints used for drug level testing. Black arrows 
indicate the timepoints used for plasma and proviral sequencing. Years depicted on the x-axis 
represent years since the most recent viral suppression. TDF, tenofovir disproxil fumarate; FTC, 
emtricitabine; RPV, rilpivirine; TAF, tenofovir alafenambide; DTG, dolutegravir; DRV, 
darunavir; yrs, years; cps, copies.  
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the concentration was measured at 7.21 mcg/ml 2 hours after the last dose. At steady state, 

dolutegravir peak concentrations typically are 3.3 mcg/ml approximately 2 hours post-dose (186) 

and steady-state trough concentrations are generally <1 mcg/ml. At the 7.6 years timepoint, the 

dolutegravir concentration was measured at 0.29 mcg/ml 11 hours after the last dose. At the 7.9 

years timepoint, the concentration was measured at 2.88 mcg/ml 2 hours after the last dose. 

Overall, these results are consistent with high levels of self-reported ART adherence. 

 

Persistent plasma LLV is comprised primarily of two clonal populations 

Single-genome sequencing of plasma HIV pol RNA was performed at 3 timepoints 1 year 

apart (at 8.2, 9.2, and 10.2 years, Figure 4.1). In total, 2 clonal populations, hereafter identified as 

clone 1 and clone 2, made up 95% of all single-genome plasma pol sequences across all the time 

points (Figure 4.2). The largest plasma viral clone, clone 2, comprised 86% of all plasma sequences 

(range 67% - 100% at each time point). This clone harbored no known drug-resistance mutations. 

The other clonal population (clone 1) comprised 9% of all plasma sequences, although it was 

detected only at the first sampling time point (8.2 years). All clone 1 plasma sequences harbored 

the same D67N, K70R, and K219Q mutations identified on commercial HIV resistance genotyping 

at 7.9 years. No evidence of viral evolution was seen by phylogenetic analysis and emergence of 

new drug resistance mutations were not detected in plasma HIV sequences over the 3-year 

sampling period.   
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Figure 4.2: Neighbor-joining tree of the Pro-RT region in both proviral and plasma-derived 
sequences. 
This figure depicts a phylogenetic tree of sequences obtained from the LLV participant rooted to 
HXB2. Sequences were obtained from plasma (shown in purple) or PBMCs (shown in green) at 
one of three different timepoint. The adjacent arrows illustrated the drug resistance mutations 
present in each sequence as detailed in the legend.  
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To confirm the results from the plasma sequencing of HIV pol, we also performed single-

genome HIV sequencing of a nearly 7 kb region from the plasma virus spanning pol to env. The 

pol-env sequence confirmed the clonality of these two populations (Figure 4.3). No integrase drug 

resistance mutations were identified in these plasma sequences.  

 

 

 

Figure 4.3: Neighbor-joining tree of the near-full-length sequences derived from both provirus and 
plasma. 
This figure depicts a phylogenetic tree of sequences obtained from the LLV participant rooted to 
HXB2. Sequences spanning a ~ 7 kb region of HIV were obtained from plasma (shown in purple) 
or PBMCs (shown in green) at one of three different timepoint. Clone 1 and 2 are indicated with 
the bold black line, along with their associated integration site, annotated by chromosome number, 
location and strand.  
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The persistent low-level HIV viremia arose from clonally-expanded HIV-infected cellular 

populations  

At the 3 sampling time points, near-full-length sequencing of an approximately 9 kb region 

of the HIV-1 proviral genome was performed using DNA extracted from PBMCs as depicted in 

Figure 4.4. In total, we obtained 623 proviral genomes, of which 9.1% were categorized as intact 

(Figure 4.5). Intact proviruses that exactly matched the largest plasma clonal variant, clone 2, were 

identified both at the 1st and 2nd time points (8.2 and 9.2 years), but comprised only 6% of all intact 

proviruses (Figure 4.2). Interestingly, the majority of intact proviruses consisted of one clonal 

proviral sequence, comprising 54% of all intact proviruses and matching the clone 1 plasma 

variants present at 9% of the plasma HIV RNA population (Figures 4.2 and 4.3). The proviral 

sequences  within  this  clone  also  harbored  the  D67N,  K70R,  and  K219Q  NRTI  resistance  

 

Figure 4.4: Flowchart for obtaining Pro-RT sequences from intact proviral sequences and plasma 
viral RNA. Numbers are based on HXB2 coordinates. 
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mutations. Additional ARV resistance mutations were identified within the proviral reservoir that 

were not detected in plasma, including one proviral variant harboring the following resistance 

mutations: D67N, K70R, L74V, M184V, T215Y, and K219Q. No PI or INSTI resistance 

mutations were detected in any provirus. Infectivity of recombinant virions generated using pol 

and env PCR fragments from both clone 1 and clone 2 intact proviruses was confirmed in a TZM-

bl assay (Figure 4.6). 

 

The proviral clone matching the major plasma variant is integrated in a silent gene  

Next, we sought to determine the integration site locations of intact proviruses by using a 

recently-described assay termed the Matched Integration site and Proviral sequencing (MIP-Seq) 

assay (181). This technique is based on an initial step of whole genome amplification (WGA) 

under limiting dilution conditions to generate sufficient material for both near-full-length proviral 

 

Figure 4.5: Pie chart reflecting the relative contribution of each proviral species across all three 
timepoints. The makeup of the intact proviral reservoir is represented in the smaller pie chart. 
PSC, premature stop codon; PSI, packaging signal.  
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 amplification and integration site analysis (Figure 4.7). Using this assay, we confirmed that 

identical near-full-length proviruses were integrated into the same loci and identified the 

integration sites for the intact proviruses comprising both clone 1 and 2 populations. The largest 

population of clonally-expanded intact provirus (clone 1) was found to be integrated into 

chrX:124031231(-), corresponding to the intron of the STAG2 gene in chromosome X. The 

STAG2 protein is part of the cohesin complex regulating chromosome structure and cell division 

(187). HIV proviruses responsible for the largest plasma viral population (clone 2) were integrated 

into chr3:112922138(+), which corresponds to exon 7 of the CD200R1 gene in chromosome 3. 

The CD200R1 gene encodes a transmembrane receptor that regulates the expression of pro-

inflammatory molecules, but is not generally expressed at high levels in CD4 cells except in the 

setting of chronic immune stimulation (188, 189). Both proviral clones were integrated in an 

opposite direction relative to the gene. 

 

 

Figure 4.6: Infectivity assay on TZM-bl cells. 
Infectivity of recombinant virions generated using (A) pol or (B) env PCR fragments from intact 
proviral genome of clone 1 and 2 was tested in a TZM-bl assay. RLU, relative luminescence 
units. 
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Finally, we performed RNA-Seq on total memory CD4 T cells from all three timepoints to 

assess the transcriptional activity of the genes into which these two HIV proviral sequences were 

integrated: 1) STAG2 gene for clone 1 and 2) CD200R1 gene for clone 2, which comprises the 

majority of plasma variants. STAG2 was expressed at a median 161.5 transcripts per million 

(TPM), placing it in the top 10% of all expressed genes. This level of expression is substantially 

higher than the median TPM for all expressed transcripts (11.8 TPM) and higher than 

housekeeping genes like GAPDH (Figure 4.8A). In contrast, no CD200R1 transcripts were 

 

Figure 4.7: Flowchart for obtaining near-full-length plasma and proviral sequences with the 
associated integration site via Matched Integration site and Proviral sequencing (MIP-Seq) assay. 
WGA, whole-genome amplification. Numbers are based on HXB2 coordinates. 
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detected in any of the three timepoints across two biological replicates. These results suggest that 

higher levels of host gene transcription could negatively impact levels of proviral transcription, 

especially in the setting of proviral clones integrated in the opposite direction of the host gene. If 

this hypothesis is true, we should see evidence of transcriptional interference between overlapping 

host genes located in opposite orientation to each other. Using a database comprised of overlapping 

gene pairs (184), we tested the correlation between expression levels of the top 10% of highly 

expressed genes and that of their overlapping gene, residing in the opposite orientation. In 95 gene 

pairs, we found a strong negative correlation between the expression of one gene and its 

overlapping neighboring gene (Spearman correlation, P < 0.0001, Figure 4.8B), providing 

additional evidence of host gene transcriptional interference as a regulator of proviral gene 

expression. 

 

 

 
Discussion 

 

 

Figure 4.8: RNA-Seq results. 
(A) TPM counts from an RNA-Seq experiment performed on total memory CD4 T cells showing 
values for STAG2 for clone 1 and CD200R1 for clone 2. Green circles denote counts for the two 
genes where intact proviruses were integrated. Black circles denote counts for GAPDH. (B) 
Correlation between the expression of overlapping genes positioned in opposite orientation to 
each other.  
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In this report, we describe an individual with stable LLV over > 4 years. Using intensive 

single-genome sequencing of the plasma RNA and PBMC DNA, we show that 95% of the plasma 

RNA sequences were comprised of just 2 clonal populations, with the largest clonal population 

stable over 3 years and harboring no HIV drug resistance mutations. Using the MIP-Seq technique, 

we found that these plasma clonal variants arose from clonally-expanded populations of intact 

proviruses integrated into genes that modulate CD4 cell function or regulate cellular division. 

Transcriptomic analysis further suggest that host gene transcriptional activity may play a role in 

regulating levels of proviral expression. 

 

The presence of LLV despite ART has become an area of increasing concern as recent 

reports have highlighted the clinical significance of LLV and persistent LLV as a risk factor for 

subsequent treatment failure (86, 176, 190). For individuals on ART, the cause of LLV has 

historically been attributed to suboptimal ART adherence and/or the acquisition of HIV drug 

resistance (179, 191–194). Previous studies supporting the presence of active viral replication have 

shown that ART resistance mutations can accumulate when viremia levels persist in the low but 

detectable range (195, 196). While these factors represent an important cause of persistent LLV, 

controversy remained as evidence also showed that persistent LLV can be maintained for long 

periods of time without leading to high-level virologic failure or the development of new resistance 

mutations (91, 173, 191, 197–199). The participant described here reported high levels of ART 

adherence, which was corroborated by several additional pieces of evidence suggesting that 

suboptimal ART adherence and/or active viral replication were not likely causes of the persistent 

LLV. This evidence includes: 1) the stability of the LLV over > 4 years despite multiple ART 

changes and intensification, 2) plasma ARV levels in the expected range at the time of the LLV, 

and 3) the lack of viral evolution or drug resistance accumulation over time.  



 92 

 

There have been previous reports of clonally-expanded plasma viral populations in 

perinatally-infected children with persistent LLV (193) as well as in an adult with persistent LLV 

in the setting of metastatic squamous cell carcinoma, radiation and chemotherapy (22). Through 

intensive single-genome sampling of the plasma RNA and proviral DNA, we show for the first 

time that in an adult without concurrent malignancy, persistent LLV can be composed of primarily 

oligoclonal variants produced by a few large clonally expanded HIV-infected cellular populations. 

The largest of these plasma clones harbored no HIV drug resistance and the frequency of this clone 

was stable over three years. These results describe a mechanism of persistent low-level viremia 

that has not been well appreciated up to now and offer an alternative explanation for the disparate 

outcomes of adults with persistent low-level viremia in prior clinical studies. Despite the presence 

of persistent low-level viremia, our results do not support the presence of ongoing viral replication 

and suggest that ART intensification is unlikely to be of clinical benefit in this setting. The 

investigation of interventions targeting these clonally-expanded HIV-infected cells is warranted, 

especially as LLV has been associated with a higher risk of virologic failure (86, 176, 190) and 

other adverse consequences, including immune activation (200), microbial translocation (201), 

systemic inflammation (199) and cases of HIV transmission (177, 178).  

 

Identifying the HIV integration site of intact proviruses has represented a major technical 

hurdle in the field as 1) there remains some doubt as to whether some identical proviruses may 

arise not only from clonal expansion of HIV-infected cells, but also from early seeding of multiple 

cellular reservoirs during a time of limited viral diversity and 2) it has not been possible to explore 

the hypothesis that the integration site may influence HIV transcriptional activity of intact 

proviruses and thus contribute to the presence of low-level viremia. We utilized a recently-
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developed technique, termed MIP-Seq, that allowed us to identify the matched integration sites of 

intact proviruses (181). This approach enabled us to confirm that identical intact proviral 

sequences from this participant indeed arose from clonally-expanded populations of HIV-infected 

cells and to investigate the host integration sites of the proviral populations that led to the persistent 

low-level viremia.   

 

  We found that the largest proviral clone (clone 1) was integrated into the intron of the 

STAG2 gene in the X chromosome in the opposite orientation relative to the gene. STAG2 is part 

of the cohesin complex with a critical function in the regulation of chromosome structure and 

cellular division (202–204). STAG2 enhances HIV LTR promoters, as well as the activity of TNFa 

(205). In addition, STAG2 interacts with the viral transactivator tat and promotes tat-mediated 

activation of the LTR (205). It is unknown whether HIV integration into this intronic region 

disrupts RNA splicing for this gene, which may be especially relevant as only one copy of this 

gene is present in this male (XY) participant. On the other hand, the proviral clone producing the 

majority of the plasma viremia was found to be integrated in the reverse orientation into exon 7 of 

the CD200R1 gene. This gene encodes for an immunomodulatory transmembrane receptor on 

myeloid and CD4 cells, although not generally expressed at high levels except in the setting of 

chronic immune stimulation (189, 206, 207).  

 

Interestingly, transcriptomic analysis of memory CD4+ cells in this individual showed that 

STAG2 was consistently expressed at high levels while CD200R1 expression was undetectable 

throughout. These results raise the intriguing possibility that host transcriptional interference, 

whereby host RNA pol II complexes may induce premature termination of HIV-1 transcription, 

could be responsible for reduced transcription levels from proviral clone 1, leading to its low 
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frequency in the plasma despite the abundance of a clonally-expanded cellular population 

harboring this provirus (Figure 4.9). In contrast, the absence of host transcriptional interference in 

the CD200R1 gene could contribute to the relatively high expression levels of proviral clone 2 and 

thus persistent LLV (Figure 4.9). This hypothesis is supported by evidence of transcriptional 

interference of host genes present in overlapping and reverse orientations. In addition, 

transcriptional host gene interference with HIV-1 proviral gene expression was previously 

described in in vitro HIV-1 models and was shown to effectively inhibit gene expression of 

proviruses (208–211). The fact that cells from clone 2 are the source of the major plasma variant, 

yet persist over time, suggests that these cells are escaping both immune surveillance, as well as 

viral protein-mediated cytotoxicity. This finding is puzzling. However, previous reports have 

shown that host factors can promote the persistence of HIV-1 infected CD4 T cells by activating 

cellular survival programs (212, 213) and that cells harboring replication-competent HIV may be 

resistant to clearance by CD8+ T cells (214). Additional studies will be needed to assess 

mechanisms by which these transcriptionally-active HIV reservoirs can maintain the LLV in the 

face of these selective pressures. 
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It has been demonstrated that different chromatin environments can impose different 

degrees of transcriptional regulation on the integrated HIV proviral genome, with reactivatable 

latent HIV residing in more transcriptionally active regions of the genome (215, 216). Our results 

highlight that the orientation of the integrated intact provirus relative to the host gene, as well as 

the transcriptional activity of that gene, may be of additional value as both pieces of information 

may influence which clones will be impacted by convergent transcription. Recent published work 

from our group also showed that among intact proviruses integrated in genes, a higher proportion 

was integrated in an opposite orientation to the host gene (181). This finding was observed in two 

patients on prolonged antiretroviral therapy and suggested that intact proviruses located in an 

opposite orientation to host genes were preferentially selected for. 

 

Of note, the TAM mutations present in clone 1 were detected by commercial HIV 

resistance testing at year 7.9 and by single-genome plasma and proviral sequencing at year 8.2. In 

 

Figure 4.9: Model for transcriptional interference in clone 1 and 2. 
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addition, the proviral clone 1 represented the major proviral population detected at year 8.2. 

However, these mutations were not detected on commercial resistance testing at years 7.1 and 7.5, 

and neither plasma nor proviral single-genome sequences harboring these mutations were 

identified at years 9.2 and 10.2. The dramatic fluctuations in the frequency of proviral clone 1 is 

consistent with reports that clonally expanded populations of HIV-infected cells wax and wane 

over time (217). Whether this fluctuation is in response to antigenic stimulation and/or influenced 

by proviral integration into host genes remains an area of uncertainty. The HIV resistance 

genotyping at years 7.1 and 7.5 was performed by Sanger sequencing, which offers limited 

sensitivity as only mutations above ~20% frequency can be reliably detected. Thus, it is likely that 

clone 1 sequences were present at a low frequency at years 7.1 and 7.5, below the limit of detection 

of the commercial resistance testing. 

 

Our study has a few notable limitations. First, technical barriers in amplifying single-

genome plasma RNA from low-level viremia samples limited us to analyzing a ~ 7 kb region of 

plasma HIV pol-env sequence. We believe that these plasma clones arose from matching proviral 

clones as 1) we did not identify any proviral sequences containing exact matches in this 7 kb 

region, but harbored mismatches outside of that region, and 2) the clonal prediction score 

calculator estimates that amplifying this 7 kb region should identify clonal proviral sequences with 

100% accuracy (218). Another limitation of this study is that the RNA-Seq was performed on total 

memory CD4 T cells as it remains technically challenging to perform transcriptomic analysis of 

HIV-expressing cells given their rarity, even in this participant. Finally, this work represents an 

intensive study of a single case and larger studies are needed to determine the relative contribution 

of clonally-expanded reservoir versus active viral replication as the underlying mechanism 

amongst the general population of patients with persistent LLV. 
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In summary, this report demonstrates that persistent LLV can arise from the integration of 

HIV into a clonally-expanded CD4 population without evidence of ongoing viral replication or 

concurrent malignancy. These results also highlight the likely influence of host transcriptional 

interference on viral gene expression. Interventions that specifically target transcriptionally-active 

HIV-infected cells or reduces antigenic stimulation may be needed to achieve viral suppression in 

patients with persistent LLV. 
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CHAPTER 5 
 

CONCLUSIONS AND SIGNIFICANCE 
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Any evaluation of interventions aimed at functional cure will require a treatment 

interruption. However, concerns still remain among clinicians regarding the stopping of treatment 

including patient safety, higher risk of transmission and selection for drug resistant viruses. 

Previous studies have shown that treatment interruption leads to a transient increase in the HIV 

reservoir size (58, 147). However, recent data suggests that the risks associated with treatment 

interruption can be attenuated and may be outweighed by the potential benefits of assessing the 

efficacy of new interventions for HIV remission. 

 

Despite the risk associated with a transient increase in the reservoir, we and others have 

shown that upon treatment re-initiation, the reservoir size returns to its pre-treatment interruption 

values (58, 147, 219), as detailed in chapter 3 of this thesis. Furthermore, it has been demonstrated 

that the viral decay kinetics upon treatment resumption are similar to those in drug-naïve 

individuals (112, 220, 221). Similarly, several studies have shown that drug-resistant viral variants 

are usually not selected during the ATI (137, 221). The risk of developing drug resistance may be 

particularly higher in the context of repeated treatment interruptions (222) and in cases when drugs 

with prolonged half-lives, such as non-nucleoside reverse transcriptase inhibitors (NNTRIs) are 

used (223). This limitation can be overcome by switching participants to agents other than NNRTIs 

before the treatment interruption phase and conducting drug resistance testing before resuming 

treatment.  

 

Most individuals will exhibit viral rebound after treatment is interrupted as shown in figure 

5.1. Previous studies have shown that measurements of HIV-1 DNA were predictive of the time 

to plasma virus rebound (45, 121, 224) and may help identify individuals who could safely 

interrupt ART in future treatment interruption trials. In certain individuals, particularly those with 
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an ultralow reservoir size, viral rebound may be delayed as compared to individuals with a larger 

reservoir size (158). Furthermore, timing of treatment initiation influences the median time to viral 

rebound, which is significantly longer in patients treated during early/acute HIV infection (8 

weeks) versus those treated during chronic infection (4 weeks) (225, 226). This observation is 

likely a result of a smaller reservoir in HIV-infected individuals who start treatment early after 

HIV infection compared to those who start treatment later in infection (21, 227–231). This 

association between early treatment initiation and a smaller reservoir size has been reported by 

multiple groups using different assays to measure the reservoir size, including measures of total 

HIV DNA (228–231), integrated HIV-1 DNA (21, 231), QVOA (227, 230, 231) and total near-

full-length proviral genomes (67).  

 

The term “post-treatment controllers” (PTCs) was coined to identify a group of HIV-1-

infected individuals who interrupt treatment, yet maintain viral control, as displayed in figure 5.1 

(113). PTCs were identified at a higher frequency (13-15%) within individuals treated during early 
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infection compared to chronic infection (4%) (113, 115, 122–125, 130). There are reasons to 

believe that treatment altered the course of natural infection in PTCs, suggesting that therapy 

delivered at the right time to the right people may be “curative”. These individuals are likely a 

heterogeneous group with multiple potential mechanisms of control, providing a unique 

opportunity to better understand viral persistence and host control. Because of new WHO 

guidelines released in 2015 that recommend treating all HIV-infected individuals as early as 

possible regardless of their CD4 count (232), it is likely that more individuals with favorable 

conditions to control infection after treatment interruption will appear over time. In this context, 

the priority is to identify markers that will allow the identification of patients who are more likely 

to become PTCs and in whom ART could be safely interrupted. As detailed in the second chapter 

of this thesis, we have found that levels of total proviral genomes (TPGs) can serve as a biomarker 

differentiating between PTCs and post-treatment non-controllers (NCs), given that prior to 

treatment interruption, 81% of NCs vs. 0% of PTCs had TPGs > 4 copies per million PBMCs. 

 

Mechanisms underlying post-treatment control are still poorly understood. These factors 

can be grouped into two categories: host-related or virus-related. In this thesis, we have explored 

a few of these viral factors. Throughout chapter 2, we explored differences in the proviral 

landscape between PTCs and NCs, particularly within the intact reservoir, showing that PTCs 

harbor a ~7-fold smaller intact reservoir size. On the other hand, as outlined in chapter 2, we found 

no evidence to suggest that levels of clonal expansion within cells harboring intact proviruses 

differ between PTCs and NCs. Other factors that can be studied in future work include differences 

in integration sites of intact proviruses and viral replication fitness, the latter being of particular 

relevance given prior reports showing that the ex vivo cultivation of virus from CD4 T cells of a 

PTC consistently failed and showed delayed kinetics in three other PTCs (124). In vitro replication 
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studies of viruses from these three PTCs showed low to absent growth in two cases and a virus 

with normal fitness in the third case (124). In addition, the field would benefit from a comparison 

of host genetic variants, susceptibility of CD4 T cells for infection and expression levels of host 

restriction factors between the two groups. 

 

Furthermore, a comprehensive analysis of the host antiviral immune response within PTCs 

is still needed, both cellular and humoral. Previous work from our group demonstrated that PTCs 

possess higher levels of baseline HIV-specific IFNg-producing CD4 T cells compared to non-

controllers (132). This is in contrast to reports from the VISCONTI (113, 233) and Belgian cohorts 

(124) demonstrating no differences in the frequency and cytokine production ability of HIV-

specific CD4 and CD8 T cells within PTCs compared to patients on continuous ART. In addition 

to cytokine production, functional assays such as viral inhibition, target cell killing and T cell 

proliferation would be highly informative. There is evidence suggesting that T cells from PTCs 

have higher proliferative responses towards gag and pol peptides (124). In addition, it was reported 

that CD8 T cells sampled after 10 years of post-treatment control can suppress HIV-1 replication 

in vivo (129). With regards to the humoral immune response, little work has been performed in 

understanding the antibody-mediated immune response within PTCs. The only published evidence 

to date comes from the Belgian cohort showing that PTCs possess high levels of autologous 

neutralizing antibodies (124). In other cases, HIV-specific antibodies were undetectable (127). 

 

  One of the concerns regarding the study of PTCs is whether PTCs may, in fact, represent 

elite controllers who received ART during early infection, before they were able to demonstrate 

spontaneous virologic control. Multiple lines of evidence argue against this theory. First, within 

some of these individuals, viral loads were measured prior to treatment initiation and were found 
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to be persistently high (67), suggesting that it is unlikely they would have been able to 

spontaneously control HIV-1. Second, both in our cohort, as well as in the VISCONTI cohort, 

PTCs expressed lower levels of T-cell activation markers and weaker HIV-specific CD8 T cell 

responses, compared to HIV-1 controllers (108, 113, 132). Third, protective HLA alleles such as 

class I HLA-B*57 and HLA-B*27 alleles are highly enriched in elite controllers (106, 107), but 

no such enrichment exists within the PTCs studied to date (67, 113). Fourth, elite controllers 

represent 0.5-1% of well-described cohorts of HIV patients (104). PTCs, on the other hand, are 

identified at much higher frequencies, ranging between 4-15% (113, 115). Finally, there is a case 

report of an individual who was unable to control HIV-1 after the first treatment interruption, 

resumed treatment and after a second treatment interruption successfully controlled HIV-1 for 9 

years (120). This case provides further evidence arguing against the idea that PTCs are predisposed 

to naturally control HIV-1 in the absence of treatment.  

 

In addition to our studies of PTCs, studies performed for this dissertation include detailed 

analysis of a subject presenting with persistent low-level viremia, where viral load measurements 

over more than three years fluctuated between 200-800 copies/mL. This viremia persisted despite 

high levels of self-reported ART adherence, detectable plasma drug levels, an active ART regimen 

by virus resistance testing and multiple rounds of ART intensification. Our results showed that 

95% of all the plasma Pro-RT sequences within this study participant were comprised of 2 clonal 

populations. These plasma clones were exact matches to intact proviral sequences amplified from 

the participant’s PBMCs. Thus, we concluded that a persistent clone harboring intact provirus is 

constantly releasing virions without signs of active viral replication and that further ART 

intensification is unlikely to be effective in fully suppressing the viremia.  
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Given that this individual is currently on a protease inhibitor, these released virions would 

likely be immature and thus defective, yet they would still be quantified by plasma viral load 

testing and contribute to the measurable low-level viremia. It is unclear whether this viremia poses 

any transmission threat to sexual partners. Recently, another group similarly reported that in 4 out 

of 9 patients presenting with persistent low-level viremia, large cell clones carrying intact 

proviruses were identical in the Pro-pol region to the plasma virus (234). The mechanisms 

involved in clonal expansion and persistence of these cells harboring intact proviruses need to be 

understood to effectively target the HIV reservoir in these patients. 

 

In chapter 4 of this thesis, we describe a novel assay, termed MIP-Seq, which stands for 

Matched Integration Site and Proviral Sequencing. The MIP-Seq methodology represents the first 

report to assess combined HIV integration sites of near-full-length proviral sequences in the setting 

of persistent LLV. Identifying the HIV integration site of intact proviruses has represented a major 

technical hurdle in the field. This knowledge is particularly crucial to a better understanding of the 

viral reservoir as there remains some doubt as to whether some identical proviruses arise not only 

from clonal expansion of HIV-infected cells, but also from early seeding of multiple cellular 

reservoirs during a time of limited viral diversity. Prior to our work, it was not been possible to 

explore the hypothesis that the integration site may influence HIV transcriptional activity of intact 

proviruses and thus contribute to the presence of low-level viremia. Recently, another group 

described an assay based on the same principles as MIP-Seq, interrogating both the near-full-

length sequence, as well as integration site of the provirus (235). 

 

Performing MIP-Seq on samples from this LLV participant showed that the largest cellular 

clone, which contributed a minor population of plasma virus, harbored an intact provirus integrated 
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in the opposite orientation relative to a highly transcribed gene. On the other hand, one of the small 

cellular clones contributed the majority of the plasma virus. This intact provirus was integrated in 

the opposite orientation relative to a host gene that was found to be transcriptionally silent. These 

results strongly suggest that transcriptional interference plays a role in the differential expression 

levels of proviral HIV-1 DNA in patients presenting with persistent low-level viremia. This 

hypothesis is supported by our identification of transcriptional interference of host genes that are 

also present in overlapping and reverse orientations. 

 

It is important to note some of the limitations of our work. Most of the studies conducted 

thus far in the HIV field, including ones discussed in this thesis, have focused on cells isolated 

from peripheral blood. Little is known about reservoirs present in tissues, particularly the major 

anatomical HIV reservoirs such as the gut and lymph nodes, mainly attributed to the difficulty of 

obtaining these samples. There are conflicting data as to whether compartmentalization exists 

between virus isolated from the blood and that residing in tissues such as lymph nodes. Some 

studies report differences between lymph nodes and blood in the viral sequences (88, 236, 237), 

while other studies have shown a lack of compartmentalization of the HIV sequences between 

blood and lymphoid tissues (238–241). Another drawback concerns the limited number of 

participants included in our studies. Given that the PTC phenotype is rare, it is difficult to assemble 

a large cohort of individuals. Our group has recently published on the CHAMP cohort, the largest 

cohort to-date comprising 67 PTCs from 14 different treatment interruption studies (115). These 

larger cohorts of PTCs will enable future work to include a larger sample size of individuals. 

 

In summary, within this thesis, we have described the proviral landscape in post-treatment 

controllers and determined that levels of total, as well as intact, proviral genomes are significantly 
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lower in post-treatment controllers, compared to non-controllers. We have shown that a short 

treatment interruption leads to an increase in the viral reservoir, but this increase is reversible upon 

treatment resumption. Finally, we demonstrated that plasma virus in an individual with persistent 

low-level viremia is largely clonal and may be influenced by transcriptional interference from the 

host gene into which the provirus is integrated.  
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