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Abstract: While current antiretroviral therapies are able to halt HIV-1 progression, they are not
curative, as an interruption of treatment usually leads to viral rebound. The persistence of this
stable HIV-1 latent reservoir forms the major barrier in HIV-1 cure research. The need for a better
understanding of the mechanisms behind reservoir persistence resulted in the development of
several novel assays allowing to perform an extensive in-depth characterization. The objective
of this review is to present an overview of the current state-of-the-art PCR-based technologies to
study the replication-competent HIV-1 reservoir. Here, we outline the advantages, limitations, and
clinical relevance of different approaches. Future HIV-1 eradication studies would benefit from
information-rich, high-throughput assays as they provide a more efficient and standardized way of
characterizing the persisting HIV-1 reservoir.

Keywords: HIV-1; HIV-1 reservoir; PCR; sequencing; NGS; replication-competent; integration site;
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1. Introduction

The introduction of antiretroviral therapy (ART) has turned once deadly HIV-1 infection into a
manageable chronic disease, although drawbacks include side effects, high costs, and requirement for
lifelong adherence and accessibility to the medication [1]. However, a definitive cure is lacking, as ART
interferes with the viral life cycle and halts viral replication but does not lead to HIV-1 eradication.
Indeed, an interruption of ART typically results in viral rebound due to the early establishment of a
so-called latent “HIV-1 viral reservoir”. This reservoir remains unaffected by ART and consists of a
small stable pool of infected cells harboring HIV-1 proviruses that are replication-competent, forming
the major barrier to a cure [2].

As the search for new HIV-1 cure strategies has been highly pursued over the last decade, it has
put an emphasis on the need to adequately evaluate their efficacy by establishing an accurate way to
quantify and genetically characterize the reservoir. Indeed, many ongoing clinical trials aim to reduce
and/or eliminate the viral reservoir but lack a comprehensive and standardized assay to retrieve this
type of information, making it often difficult to compare studies as the outcome depends on the assay
that was used.

Over the years, a wide range of different techniques have been developed to assess the persisting
reservoir and can be stratified into two groups: 1) cell culture- or 2) PCR-based assays. Each of these
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assays has its merits and limitations, which need to be kept in mind in the setup of a study, as the
desired information needs to be matched with the most relevant assay.

The cell culture-based methods assess the activity and replication-competent status of the persistent
reservoir via in vitro stimulation assays of HIV-1-infected cells (i.e., CD4+ T cells) and have been
extensively discussed elsewhere [3,4]. Briefly, the main groups consist of viral outgrowth assays (VOA),
the Tat/Rev induced limiting dilution assay (TILDA), and HIV-Flow methods enriching for infected cells
expressing HIV-1 p24 protein after stimulation [5-7]. These methods unravel quantitative information
on the replication competence of HIV-1 genomes but are tedious and often cumbersome to perform. In
addition, they fail to reflect the real size of the HIV-1 replication-competent reservoir due to (i) the
inability to reactivate all the latent virus with stimulation agents (underestimation) or (ii) the inability
to distinguish protein or RNA products from defective and intact proviruses (overestimation) [3].

Next to this, a wide range of classical HIV-1 PCR-based assays exist, of which the total HIV-1
DNA and integrated HIV-1 assays are the most widely used in HIV-1 clinical trials. Unfortunately,
these assays are not able to distinguish genetically intact and defective proviruses, as they focus on
subgenomic regions, leading to gross overestimation of the replication-competent reservoir.

Overall, both groups of above-mentioned assays give information on different aspects on the
HIV-1 reservoir but are not capable of accurately studying the replication-competent HIV-1 reservoir [8].
However, during the last years several new, improved PCR-based assays have been developed to
obtain partial or complete sequencing information of the HIV-1 provirus. Hence, this review will
capture these developments which are designed to further unravel the latent and replication-competent
status of persisting HIV-1 reservoirs.

2. The Landscape of PCR-Based Methods to Asses HIV-1 Proviruses

To overcome the major hurdle in current HIV-1 cure research, sensitive and accurate assays are
needed to give an insight into the state of the viral reservoir and assist to determine the fraction of
replication-competent HIV-1 proviruses. In the following section, a selection of PCR-based assays,
listed in Table 1, will be discussed on their ability to define this viral landscape. They can be divided in
two groups based on their coverage of the HIV-1 provirus as seen in Figure 1, yielding information on
either subgenomic or the full-length provirus.
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Figure 1. A schematic overview of the HIV-1 genome displaying the coverage of each assay discussed in
this review. Note that the subgenomic coverage of SGS will depend on the target region of interest. IPDA
= intact proviral DNA assay, SGS = single-genome/proviral sequencing, ISS = integration site sequencing,
Q4PCR = quadruplex qPCR, NFL = near full-length sequencing, MDA = multiple-displacement
amplification-based technologies, long-read = pooled CRISPR inverse PCR sequencing.
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Table 1. A selection of PCR-based assays. IPDA = intact proviral DNA assay, SGS = single-genome/proviral sequencing, ISS = integration site sequencing, Q4PCR
= quadruplex qPCR, NFL = near full-length sequencing, MDA = multiple-displacement amplification-based technologies, long-read = pooled CRISPR inverse

PCR sequencing.
Assay Assay Overview Aspect Advantage Limitations Key References
High-throughput
. . . Easy set-up Prone to overestimation
IPDA ddPCR usbmg two‘ assays targeting Ir\foh on 1ntactt'nte.ss and Fast No info on (full-length) 9]
subgenomic reglons ypermutation Quantification, better estimation sequence
Subgenomic than total HIV-1 DNA
coverage Info on intactness of subgenomic Semi-high-throughput Prone to overestimation
SGS Sequencing at single-genome level regions 8 Single genome No info on (full-length) [10,11]
& Easy set-up sequence
. . . . Detection of clonality .
1SS Sequencing of flanking host regions Chromosomal Integration site Info on spatial context No proviral sequence [12,13]
Nested PCR, followed by Relative high-throughput More laborious workflow
NFL [llumina-based sequencing at Full-length sequences Distinction intact vs. defective Cost [14-16]
single-genome level provirus No info on clonality
Modified NFL sequencing with See NFL See NFL
Q4PCR addition of gPCR step for intactness Full-length sequences Enrichment of full-length Increased bench time [17]
Full-length coverage filtering sequences (gPCR)
MDA MDA at single-genome level, Matching full-length and See NFL and ISS Expensive [18,19]
followed by NFL and ISS integration site Combined info Challenging workflow !
s . - See NFL and ISS Lower sensitivity for small
Long-read Acquire single-genome and flanking Fragments containing both Combined info and/or non-clonal [20]

host sequences via PCIP-seq in bulk

full-length and integration site

Cost-effective compared to MDA

proviruses
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3. Subgenomic Methods

3.1. Intact Proviral DNA Assay (IPDA)

In an attempt to more accurately quantify the fraction of intact replication-competent HIV-1,
Bruner et al. developed the IPDA on the two-color digital PCR QX200 system (BioRad) [9].

This assay consists of two duplex assays, one to detect HIV-1 and one for a human gene RPP30. The
HIV-1 duplex assay combines information of two regions in the HIV-1 genome which are often deleted
in replication-deficient viruses (packaging signal (PSI), env). Both these regions were selected based
upon information on >900 full-length HIV-1 sequences and downstream bioinformatics analysis [9].
Next to deletions, the authors included a dark competition probe in the env assay to exclude viruses
with hypermutations induced by APOBEC3G editing. Double-positive partitions are likely to contain
an intact HIV-1 DNA virus. A control was implemented, indicating that the absence of probe signal was
not wrongly interpreted as a HIV-1 deletion instead of a sheared genome during extraction protocol or
due to handling of the samples. For this purpose, a duplex assay was designed for the RPP30 gene
with the same distance as for the HIV-1 duplex assay. As deletions are not expected for this human
gene, single positives truly indicate shearing of DNA. Hence, a normalization can be performed on the
HIV-1 assay based on this outcome, calculated as the DNA shearing index.

Bruner et al. demonstrated the capability of the assay in 62 patient samples. This method brings
a medium-throughput assay for quantifying intact virus, which will be useful in the follow-up of
HIV-1 cure clinical trials and more easily implemented as compared with full-length sequencing-based
methods with more challenging protocols and bioinformatics analysis.

The IPDA remains a HIV-1 subtype B-oriented assay, so subtype-specific primers will be needed to
quantify other subtypes. Indeed, an adaptation for the IPDA assay for SIV was recently described by the
same group [21]. In addition, although this method prioritizes subgenomic regions for quantification
of replication-competent HIV-1, it misses information on genomic variation elsewhere. Hence, it will
still overestimate the fraction of intact viruses, but makes a much better estimation than the total HIV-1
DNA assays.

3.2. Single-Genome/Proviral Sequencing (SGS)

The single-genome/proviral sequencing techniques by Palmer et al. and Josefsson et al. presented
the first opportunity to look at the genetic composition of the HIV-1 reservoir in plasma, cell subsets,
or tissues by producing subgenomic DNA sequences from single HIV-1 viruses, ensured via a limiting
dilution step [10,11]. Transitioning from sequencing at bulk to single copy level results in a more
accurate overview, as viral quasispecies might be dominated by the major abundant proviruses [10]. The
assay allows for a high-throughput study of the HIV-1 reservoir characteristics and dynamics including
tropism determination, drug resistance mutations present in the target region, and phylogenetic analysis.
As such, it has been used in several large-scale studies involving a wide range of samples to investigate
the effects of new therapeutic compounds or identify the elusive source of viral rebound [22,23].
While the single-genome/proviral sequencing assay provides a comprehensive general overview of the
persisting reservoir, it was designed to look at subgenomic regions of the HIV-1 virus such as the V1V3
env region and p6-RT gag-pol region. Thus, one should be aware that this SGS assay will report an
overestimation of the number of replication-competent viruses, as one sequence might still be defective
outside the genomic region that is not sequenced. Yet, due to the relative ease to perform SGS, it is still
an effective way for phylogenetic analysis and to study small portions of the HIV-1 genome of interest,
such as pol or env.

3.3. Integration Site Sequencing (ISS)

HIV-1 reservoir establishment is spearheaded by the stable integration of HIV-1 proviruses into the
genomes of host cells, linking the fate of the provirus to that of the host cell. Indeed, the integration site
plays a role in the activation state of the virus, where there is a fine balance between promoting latency
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and locking the virus in a dormant state. While it was long thought that reservoir persistence was the
result of the long half-life of host cells or ongoing replication at sanctuary sites (or a combination of
both), it has been shown that infected cells can undergo clonal expansion, as such contributing to the
maintenance of the reservoir [12,13]. Clonal expansion of infected cells can be studied by two main
techniques: proviral sequencing and integration site sequencing. While proviral sequencing provides
qualitative data on reservoir composition, it is severely limited in studying clonal expansion by the
assumption that identical proviral sequences stem from a clonally expanded infected cell. Indeed,
when proviral sequence variability is limited, or when a small subgenomic region is sequenced, this
assumption often does not hold true, as highlighted in a study by Laskey et al. [24]. ISS, however,
does not have this drawback, as the recurrence of a specific integration site in a pool of infected
cells is direct proof of clonal expansion. Methods for ISS can be broken down into two categories:
ligation-mediated PCR followed by next-generation sequencing of bulk integration sites, and single
proviral ISS after limiting dilution, which can be Sanger or Illumina sequencing based. The former
type of method is based on shearing of DNA into small fragments, followed by ligations of adapters
and PCR amplification of provirus/host DNA junctions [12]. The resulting amplicons are prepped
and paired-end sequenced on an [llumina platform [12]. The fragmentation step introduces random
breakpoints, which can be used to distinguish PCR duplicates from clonally expanded integration sites.
The most important method falling into the latter category is the Integration Site Loop Amplification
(ISLA) method by Wagner et al. [13]. This method is based on linear pre-amplification of proviral/host
DNA junctions, followed by a looping step and nested PCR amplifications. The resulting amplicons
are Sanger-sequenced. The main benefit of this method over Illumina-based methods is the fact that
it allows to sequence a part of the provirus associated with a specific integration site, which is not
the case for short-read Illumina-based methods. Therefore, most of the integration site sequencing
techniques provide no information on proviral integrity, rendering them unable to focus on the
replication-competent reservoir.

However, the study of integration sites is contributing to our basic understanding of where HIV-1
integrates and which integration sites are persistent. Furthermore, enrichment of integration sites
into genes that play a role in proliferation, combined with the observation of aberrant splicing events
between the provirus and the host gene in vivo, highlighted the potential role of the integration site
itself in driving clonal expansion [25,26]. The complex interplay between provirus and the neighboring
host gene is a subject of great interest, as, to date, little is known in the context of HIV-1 persistence.

Nowadays, focus is shifting towards obtaining assays that can capture both the integration site
and the proviral sequence, as this allows to study the relationship between replication competence and
site of integration. Methods that can do both will be described later in this review.

4. Full-Length Methods

4.1. Near Full-Length (NFL) Sequencing

The first set of assays, like single-genome/proviral sequencing assays, provide no real estimate of
the replication-competent viruses. Therefore, new assays have been developed to look at the intactness
of individual proviral genomes, allowing for a good characterization of the genetic composition and
thus making a better estimation of the replication-competent fraction of the persisting viral reservoir. In
2013, Ho et al. presented a novel technique to generate NFL proviral sequences [14]. Starting again with
a limiting dilution to ensure the presence of a single proviruses per reaction, an outer PCR reaction was
performed ranging from the 5 LTR to the 3’ LTR. Next, inner PCRs targeting subgenomic regions were
performed to verify hypermutations, followed by a set of inner PCRs amplifying overlapping regions of
the HIV-1 genome of non-hypermutated HIV-1 positive wells. The resulting products were visualized
on an agarose gel and cut out to send for direct Sanger sequencing followed by sequencing analysis.

The initial results gave novel insights in the composition of the HIV-1 latent reservoir, revealing
that the frequency of replication-competent proviruses was at least 60-fold higher than expected
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when measuring via a standard quantitative Virus Outgrowth Assay (QVOA), thus indicating the
severe underestimation of this cell culture assay [14]. In 2016, a follow-up paper using the same
technique by Bruner et al. studied proviruses present in non-induced CD4+ T cells from patients
on ART [27]. A vast majority of proviruses were harboring a variety of genetic defects such as large
internal deletions or APOBEC3G-mediated mutations. The observed fractions of intact proviruses
were very low, 5% in patients who started ART during acute infection and 2% for patients starting ART
during chronic infection.

In 2017, two papers by Hiener et al. and Lee et al. presented a modified protocol, this time using a
two-step nested PCR that amplifies a 9kb amplicon fragment (~92% of provirus), followed by deep
next-generation sequencing (NGS) via Illumina [15,16]. For each positive well, de novo assembled
proviruses using these short reads were generated and aligned to an HXB2 reference genome for further
downstream analysis. Each provirus was assessed on a list of varying criteria such as inversions,
large internal deletions, premature stop codons, frameshift mutations, and the presence of mutations
or deletions in either the major splice donor (MSD) site or the PSI. This NGS strategy allows for a
simplified, faster, and more cost-effective assessment of NFL proviral genomes than using multiple
internal primers to sequence via Sanger, while also reducing the chance of erroneously labeling a virus
as defective due to primer mismatch failing to amplify that region (however, it is important to note
that the primers used in nested NFL PCR reactions might still show mismatches despite their location
in a conserved region).

These novel developments allow for an in-depth characterization of the viral reservoir, shedding a
new light on the genomic composition and reservoir dynamics. Lee et al. studied several functionally
polarized memory CD4+ T cells in five individuals of which Thl-polarized CD4+ T cells harbored
the most intact [16]. Meanwhile, Hiener et al. looked at the proviral composition across different
differentiation stages of CD4+ T cells in six participants, identifying effector memory T cells as the
subset with highest amount of intact sequences [15]. Another study employing full-length NGS by Lu
et al. sequenced proviral genomes from CD4+ T cells of 12 patients who underwent analytic treatment
interruption (ATI) and compared those with results from VOA. They showed a partial overlap of intact
sequences picked up from limiting dilution on lysed DNA from CD4+ T cells [28]. This demonstrates
that the intactness of the sequence can be linked to replication competence, however no overlap with
rebounding sequences was found [28]. Recent papers by Pinzone et al. and Lee et al. employed NFL
sequencing to longitudinally study the evolution of the HIV-1 reservoir in different setups [26,29]. The
former, spanning several years, focused on the selective pressures driving the dynamics of the viral
reservoir in four individuals on ART and revealed a stronger clearance of intact proviruses due to a
negative selection pressure driven by their effective protein expression [26]. The other paper by Lee et
al. gave rare insights in the early stages of HIV-1 infection in four women infected with subtype C,
observing the initial composition consisting of almost solely intact, non-identical proviral genomes and
the increase in diversity of the proviral landscapes over time due to multiple factors such as truncation
and hypermutation [29]. Additionally, all these studies report the detection of proportions of identical
proviral sequences in several patients on ART, suggesting a role for clonal expansion of infected cells in
the maintenance of HIV-1 reservoir. Yet, these NGS assays can merely lead to assumptions on clonality,
as the integration site to confirm clonal origins is still missing [24].

The introduction of NFL sequencing provides a new level of understanding of the viral reservoir.
Still, the costs associated with NGS due to use of limiting dilution are still high, and might explain
why the aforementioned papers included, on average, six individuals, making more informative
large-population studies too expensive [15,16,26,28,29].

4.2. Quadruplex gPCR (Q4PCR)

In 2019, Gaebler et al. presented a novel method using a combination of quantitative PCR (qPCR)
and NGS to examine the latent HIV-1 reservoir dubbed Q4PCR [17].
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This approach consists of a nested NFL PCR, but with an additional gPCR step between the outer
and inner PCR reaction. The probes of their multiplex qPCR strategy cover four different regions of
the HIV-1 region: packaging signal (PS), gag, pol, and env, which are optimized for optimal detection
via in silico design using intact proviral sequences from the Los Alamos HIV Database. After the
multiplex gPCR, only those reaction-positive for two probes are further selected for NFL PCR. Due to
the inclusion of those four conserved regions, they can make a prediction on intactness. By adding this
intermediate step, they can improve the efficiency of picking up intact or NFL proviruses by filtering
out defective ones while still retaining qualitative data on non-sequenced wells (not observed on
agarose gel comparison). The acquired intact sequences from six individuals were positive for any of
two of the four probe combinations, as were 99% of the intact subtype B sequences on the Los Alamos
HIV database, confirming the robustness of the assay design.

Gaebler et al. present a sensitive, specific, and informative assay, capable of an unbiased
characterization of the HIV-1 latent reservoir when compared with regular NFL NGS. It could help to
reduce the costs associated with NGS of HIV-1 proviruses in larger clinical studies. Of note, the Q4PCR
is not a standalone absolute quantitative assay as compared with the IPDA, as the quantitative nature
of the Q4PCR requires a prior limiting dilution gag qPCR coupled with a near full-length PCR protocol.

4.3. Multiple-Displacement Amplification (MDA)-Based Techniques

As pointed out, clonal proliferation is thought to be a major driver of the viral persistence of the
HIV-1 reservoir, as suggested by detection of similar integration sites via ISS and clusters of identical
sequences via the current full-length assays. In 2019, Einkauf et al. and Patro et al. published similar
novel approaches, respectively dubbed matched integration site and proviral sequencing (MIP-seq)
and MDA-SGS, to get combined information indisputably linking proviral integrity and integration
sites [18,19].

The setup is as follows: the first step includes an MDA at limiting dilution, which produces
hundreds to thousands of long templates consisting of the proviral genome and the upstream and/or
downstream host genomic sequence. Parts of these templates are subsequently used for viral sequencing
by the SGS assay or NFL assay, and parts are used to go after the integration site with an ISS method
of choice.

Both papers present the first combined data of proviruses and their chromosomal positions
respectively on three and five participants. This offers a big change to earlier studies, which could only
rely on assumptions of clonality based on expansion of identical viral sequences [24]. In addition to
sequencing, Einkauf et al. also analyzed the chromatin accessibility and gene expression in proximity
to integration sites to get a comprehensive overview of the persisting reservoir. On the basis of their
observations, the researchers suggest the occurrence of deep latency, where patients on long-term ART
would develop a reservoir consisting of less activatable, yet still intact proviruses due to their location
in either non-genic/pseudogenic regions, their reverse orientation to the host gene, or location in less
accessible chromatin [18]. Patro et al. used the new assay to explore clonality of proviral genomes in
patients on ART, being either the result of clonal expansion of infected cells or the result of viral genetic
bottlenecks during the absence of ART [19]. Like Einkauf et al., they noted the importance of reverse
orientation to the host gene of integrated intact clones. Next, the authors were able to match an intact
expanded clone to an NFL provirus picked up via VOA, confirming its replication-competent state.

The arrival of MDA-based techniques will allow for a better characterization of the HIV-1 reservoir.
It allows the most informative view of the proviral landscape to date, providing insights in clonality and
the replication-competent state of the persistent reservoir of individuals on ART and, more importantly,
links these two together. Still, the associated high costs might hamper the wide use of this technique in
large-scale studies.
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5. Discussion and Future Perspectives

5.1. Shift from Partial to Complete Sequence Information

The ultimate goal is to obtain an assay capable of detecting the persisting HIV-1 reservoir and
thus overcoming following technical challenges; (i) provide an accurate and sensitive overview of the
replication-competent fraction while (ii) keeping the associated assay costs, duration, and complexity of
the protocol at a minimum. Over the last decade, novel technological advancements have enabled the
development and further fine-tuning of the discussed assays, with a shift from partial information to a
more complete overview. So far, the MDA-based methods arise as the most informative and accurate
techniques to date to measure the replication-competent HIV-1 reservoir, hereby overcoming the first
technical challenge. Despite these assays claiming to be high-throughput, no data has been published
of these assays being employed on large patient cohorts that could contribute to a more global level of
understanding of HIV-1 persistence. An explanation can be found in the costs of these sequencing
assays, since most protocols still resort to a limiting dilution step to ensure single viral templates and
rely on the use of expensive reagents such as MDA enzymes, making these assays still very expensive
to perform on very large cohorts. Next to this, the major focus of the studies so far has mostly been
on CD4+ T cells derived from blood, a more in-depth look at other subsets and compartments that
might contribute to the HIV-1 reservoir would also be advisable. No thorough comparison of these
different approaches thus far has been carried out. In 2013, Eriksson et al. performed a cross-validating
performance analysis for existing reservoir assays on a well-characterized patient cohort on ART.
Redoing such analysis for the full-length sequencing assays benchmarked against the well-established
assays would pinpoint the most efficient assay to use in future studies [8].

5.2. Pitfalls of PCR-Based Sequencing

Over the past decade, PCR and sequencing-based measures have gained increasing importance
in HIV-1 research and cure studies. However, we should pay attention to pitfalls that are inherent
to the mechanism of choice. HIV-1 is a virus with a high genetic variability between patients and
within patients, which complicates optimizing an assay suitable for all HIV-1-patients since PCR is
based on the identical match between an oligo and the target HIV-1 sequence, which is the foundation
for all methods described here [30]. This inherent variation of the HIV-1 proviruses might affect the
sensitivity and specificity of the assays, as they could still miss a “hidden” fraction of the reservoir due
to mismatches [17,31]. In addition, most assays are currently solely optimized on HIV-1 subtype B, the
most common subtype in the Western world, but not the most prevalent worldwide [32].

5.3. Need for Standardized Data Analysis

The emergence of these new sequencing-based technologies also results in new forms of data
output and requires adequate bioinformatics pipelines to analyze the generated data while considering
the complexity of HIV-1. The importance of this step should not be neglected, as different analysis
strategies and different parameters could lead to different outcomes, making it hard to compare results
between the assays. This gives rise to the need for good universal criteria on what defines replication
competence, which factors should be taken into account while subjecting these sequences for analysis,
and an open disclosure of the used strategy when presenting data. Examples of such pipelines offering
a standardized method using Illumina sequencing data have been published, yet they focus on different
aspects [33-35]. For instance, hivmmer is a variant-caller for the pol subgenomic region whereas shiver
and veSEQ-HIV are both aimed at the reconstruction of HIV-1 quasispecies to study epidemiology and
viral drug resistance [33-35]. So far, only two tools tailored for handling and analyzing individual NFL
HIV-1 sequences have been published; HIVSeqinR by Lee et al. and Pro-Seq IT in Patro et al. [19,29].
Yet, a standardized analysis pipeline would benefit from a strict guideline on replication competence
to avoid discrepancies between different users.
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5.4. Promising Technology on the Horizon: Long-Read Sequencing

Next to the previously discussed assays that already have been used to generate clinically relevant
data, another generation of assays is imminent, showing promise to overcome some limitations faced
with the current assays, such as need for limiting dilution. Until now, all sequencing-based assays
have made use of either Sanger or Illumina sequencing, resulting in short reads, restricted in size
by technical limits of the method. Long-read and single-molecule sequencing, such as presented by
PacBio and Nanopore, overcomes this size restriction and allows to sequence the whole provirus
as a single read (and reducing the need for limiting dilution to guarantee single templates). Both
technologies are maturing at a vast rate, with the associated error rate becoming less of an issue [36].
Exploration has been done in terms of applicability within the HIV-1 context, for example, by Artesi et
al. [20]. In this preprint, the authors present a technique called pooled CRISPR inverse PCR sequencing
(PCIP-seq) to asses retroviral integration and proviral genomes, mirroring the outcome of MDA-based
techniques [20]. In short, genomic DNA is extracted, randomly sheared into fragments, and circularized,
after which a CRISPR-guided enrichment strategy is employed to select for circles containing infected
provirus. Afterwards, an inverse long-range PCR using HIV-1 specific primers is performed to produce
amplicons. These fragments are sequenced via a long-read NGS technology, yielding reads that contain
both provirus and part of the host integration site, allowing for an easier identification. In their preprint,
the researchers present a proof-of-concept of this protocol on two HIV-1-infected patients on ART. They
showcased the recovery of several integration sites like STAT5B (also found via ISS- and MDA-based
techniques) and the (partial) genomes of the associated proviruses, enabling them to distinguish intact
from defective viruses and detect the occurrence of clonally expanded cells [12,13,18-20]. Further
optimization and increasing of sensitivity could lead to a novel approach while avoiding the use of
limiting dilutions, which would make the protocol less laborious and expensive, thus offering a huge
improvement on the second technical challenge.

5.5. Functional Confirmation of Replication-Competent HIV-1 and Beyond

While sequencing offers a way to look at the replication-competent state of the HIV-1 provirus,
functional confirmation remains necessary to prove the studied provirus can be reactivated from its
latent state. Therefore, linking intactness to actual replication competence is key, and assays that
combine functional methods and sequencing would be highly informative, for instance, application
of NFL sequencing after cell culture assays such as HIV-flow [7]. Still, other aspects of the viral
reservoir besides proviral sequences and integration sites might also be of interest to study ongoing
persistence. For example, several studies highlighted an important role for epigenetic modifications,
like DNA methylation and histone modifications, affecting the transcriptional activity of the integrated
proviruses [37-41]. Therefore, including assays like Hi-C, RNA-Seq, or assay for transposase-accessible
chromatin using sequencing (ATAC-5eq) to study respectively the genomic confirmation and Hi-C
contact densities near integration sites, the transcriptional activity of the host genes containing or
surrounding integrated proviral HIV-1, and chromatin accessibility near integration sites would
result into an even more comprehensive reservoir characterization [18,38,42]. The recent study by
Einkauf et al. showcased this complementary approach employing both RNA-Seq and ATAC-Seq, as it
allowed for a more in-depth discussion about the influence of proviral integration and its effect on
latency due to the inclusion of chromosomal features [18]. Novel technologies like third-generation
sequencing methods might lead to the development of integrated assays linking proviral information
and chromosomal features as they allow for the identification of modified nucleotides, yet these
techniques require untampered template DNA, since PCR would remove the epigenetic structure while
applying bisulfite sequencing, or can result in short fragments unsuitable for long-read sequencing
(i.e., ATAC-Seq) [18,39].
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6. Closing Remarks

Over the past decade, analytical techniques have improved and brought us closer to determining
the real size of the replication-competent reservoir. However, the development of a cost-effective,
scalable approach for widespread use in clinical studies, which retains the level of information
generated by methods like MDA-based sequencing methods, remains the ongoing challenge. This
information is important as novel HIV-1 cure strategies are specifically targeting that small group of
persisting infected cells, thus an accurate measurement is key to HIV-1 eradication.

Author Contributions: Conceptualization, L.L., B.C., S.R., W.T. and L.V.; Writing—original draft preparation, L.L.,
B.C., W.T.; Writing—review and editing, L.L., B.C., S.R., W.T., L.V,; visualization, L.L.; Supervision, W.T., L.V.; All
authors have read and agreed to the published version of the manuscript.

Funding: L.L. received a strategic basic research fund of the Research Foundation — Flanders (grant number FWO
1529220N). B.C. received a strategic basic research fund of the Research Foundation — Flanders (grant number
FWO 1528920N). S.R. received a strategic basic research fund of the Research Foundation — Flanders (grant number
FWO 1532916N). L.V. is funded by the Research Foundation Flanders (grant number FWO 1.8.020.09.N.00).

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Barré-Sinoussi, F.; Ross, A.L.; Delfraissy, J.-F. Past, present and future: 30 years of HIV research. Nat. Rev.
Microbiol. 2013, 11, 877-883. [CrossRef] [PubMed]

2. Kulpa, D.A.; Chomont, N. HIV persistence in the setting of antiretroviral therapy: When, where and how
does HIV hide? J. Virus Erad. 2015, 1, 59-66.

3. Wang, Z; Simonetti, ER; Siliciano, R.F,; Laird, G.M. Measuring replication competent HIV-1: Advances and
challenges in defining the latent reservoir. Retrovirology 2018, 15, 21. [CrossRef]

4. Baxter, A.E.; O'Doherty, U.; Kaufmann, D.E. Beyond the replication-competent HIV reservoir: Transcription
and translation-competent reservoirs. Retrovirology 2018, 15, 18. [CrossRef] [PubMed]

5. Siliciano, J.D.; Siliciano, R.F. Enhanced culture assay for detection and quantitation of latently infected,
resting CD4+ T-cells carrying replication-competent virus in HIV-1-infected individuals. Methods Mol. Biol.
2005, 304, 3-15. [PubMed]

6.  Procopio, FA.; Fromentin, R.; Kulpa, D.A.; Brehm, J.H.; Bebin, A.-G.; Strain, M.C.; Richman, D.D.;
O’Doherty, U.; Palmer, S.; Hecht, EM.; et al. A Novel Assay to Measure the Magnitude of the Inducible Viral
Reservoir in HIV-infected Individuals. EBioMedicine 2015, 2, 874-883. [CrossRef]

7. Pardons, M.; Baxter, A.E.; Massanella, M.; Pagliuzza, A.; Fromentin, R.; Dufour, C.; Leyre, L.; Routy, J.-P.;
Kaufmann, D.E.; Chomont, N. Single-cell characterization and quantification of translation-competent viral
reservoirs in treated and untreated HIV infection. PLoS Pathog. 2019, 15, e1007619. [CrossRef]

8. Eriksson, S.; Graf, E.-H.; Dahl, V,; Strain, M.C.; Yukl, S.A.; Lysenko, E.S.; Bosch, R.J.; Lai, J.; Chioma, S.;
Emad, F; et al. Comparative Analysis of Measures of Viral Reservoirs in HIV-1 Eradication Studies. PLoS
Pathog. 2013, 9, €1003174. [CrossRef]

9. Bruner, KM.; Wang, Z.; Simonetti, ER.; Bender, AM.; Kwon, K.J.; Sengupta, S.; Fray, E.J.; Beg, S.A.;
Antar, A.A.R;; Jenike, KM.; et al. A quantitative approach for measuring the reservoir of latent HIV-1
proviruses. Nature 2019, 1. [CrossRef]

10. Palmer, S.; Kearney, M.; Maldarelli, F.; Halvas, E.K.; Bixby, C.J.; Bazmi, H.; Rock, D.; Falloon, J.; Davey, R.T.;
Dewar, R.L.; et al. Multiple, Linked Human Immunodeficiency Virus Type 1 Drug Resistance Mutations in
Treatment-Experienced Patients Are Missed by Standard Genotype Analysis. J. Clin. Microbiol. 2005, 43,
406-413. [CrossRef]

11. Josefsson, L.; Palmer, S.; Faria, N.R.; Lemey, P; Casazza, J.; Ambrozak, D.; Kearney, M.; Shao, W.; Kottilil, S.;
Sneller, M.; et al. Single Cell Analysis of Lymph Node Tissue from HIV-1 Infected Patients Reveals that the
Majority of CD4+ T-cells Contain One HIV-1 DNA Molecule. PLoS Pathog. 2013, 9. [CrossRef] [PubMed]

12.  Maldarelli, E; Wu, X.; Su, L.; Simonetti, ER.; Shao, W.; Hill, S.; Spindler, J.; Ferris, A.L.; Mellors, ] W.;
Kearney, M.F;; et al. Specific HIV integration sites are linked to clonal expansion and persistence of infected
cells. Science 2014, 345, 179-183. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrmicro3132
http://www.ncbi.nlm.nih.gov/pubmed/24162027
http://dx.doi.org/10.1186/s12977-018-0404-7
http://dx.doi.org/10.1186/s12977-018-0392-7
http://www.ncbi.nlm.nih.gov/pubmed/29394935
http://www.ncbi.nlm.nih.gov/pubmed/16061962
http://dx.doi.org/10.1016/j.ebiom.2015.06.019
http://dx.doi.org/10.1371/journal.ppat.1007619
http://dx.doi.org/10.1371/journal.ppat.1003174
http://dx.doi.org/10.1038/s41586-019-0898-8
http://dx.doi.org/10.1128/JCM.43.1.406-413.2005
http://dx.doi.org/10.1371/journal.ppat.1003432
http://www.ncbi.nlm.nih.gov/pubmed/23818847
http://dx.doi.org/10.1126/science.1254194
http://www.ncbi.nlm.nih.gov/pubmed/24968937

Viruses 2020, 12, 149 11 of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Wagner, T.A.; McLaughlin, S.; Garg, K.; Cheung, C.Y.K,; Larsen, B.B,; Styrchak, S.; Huang, H.C.; Edlefsen, P.T.;
Mullins, ].I; Frenkel, L.M. Proliferation of cells with HIV integrated into cancer genes contributes to persistent
infection. Science (New York, N.Y.) 2014, 345, 570-573. [CrossRef]

Ho, Y.-C.; Shan, L.; Hosmane, N.N.; Wang, ]J.; Laskey, S.B.; Rosenbloom, D.I.S.; Lai, J.; Blankson, ].N.;
Siliciano, J.D,; Siliciano, R.F. Replication-competent noninduced proviruses in the latent reservoir increase
barrier to HIV-1 cure. Cell 2013, 155, 540-551. [CrossRef] [PubMed]

Hiener, B.; Horsburgh, B.A.; Eden, ].-S.; Barton, K.; Schlub, T.E.; Lee, E.; von Stockenstrom, S.; Odevall, L.;
Milush, ].M.; Liegler, T.; et al. Identification of Genetically Intact HIV-1 Proviruses in Specific CD4+ T Cells
from Effectively Treated Participants. Cell Rep. 2017, 21, 813-822. [CrossRef] [PubMed]

Lee, G.Q.; Orlova-Fink, N.; Einkauf, K.; Chowdhury, EZ.; Sun, X.; Harrington, S.; Kuo, HH.; Hua, S.;
Chen, H.R.; Ouyang, Z.; et al. Clonal expansion of genome-intact HIV-1 in functionally polarized Th1 CD4+T
cells. J. Clin. Investig. 2017, 127. [CrossRef]

Gaebler, C.; Lorenzi, ].C.C.; Oliveira, T.Y.; Nogueira, L.; Ramos, V.; Lu, C.-L.; Pai, J.A.; Mendoza, P;
Jankovic, M.; Caskey, M.; et al. Combination of quadruplex qPCR and next-generation sequencing for
qualitative and quantitative analysis of the HIV-1 latent reservoir. J. Exp. Med. 2019, jem.20190896. [CrossRef]
Einkauf, K.B.; Lee, G.Q.; Gao, C.; Sharaf, R; Sun, X;; Hua, S.; Chen, SM.Y; Jiang, C.; Lian, X.; Chowdhury, EZ,;
et al. Intact HIV-1 proviruses accumulate at distinct chromosomal positions during prolonged antiretroviral
therapy. J. Clin. Investig. 2019, 129. [CrossRef]

Patro, S.C.; Brandt, L.D.; Bale, M.].; Halvas, E.K.; Joseph, K.W.; Shao, W.; Wu, X.; Guo, S.; Murrell, B.;
Wiegand, A.; et al. Combined HIV-1 sequence and integration site analysis informs viral dynamics and
allows reconstruction of replicating viral ancestors. Proc. Natl. Acad. Sci. USA 2019, 116, 25891-25899.
[CrossRef]

Artesi, M.; Hahaut, V.; Cole, B.; Lambrechts, L.; Ashrafi, F.; Marcais, A.; Hermine, O.; Griebel, P,; Arsic, N.;
van der Meer, F; et al. Pooled CRISPR Inverse PCR sequencing (PCIP-seq): Simultaneous sequencing of
retroviral insertion points and the integrated provirus with long reads. bioRxiv 2019, 558130.

Bender, A.M.; Simonetti, ER.; Kumar, M.R,; Fray, E.].; Bruner, KM.; Timmons, A.E.; Tai, K.Y.; Jenike, K.M.;
Antar, A.A.R;; Liu, P-T.; et al. The Landscape of Persistent Viral Genomes in ART-Treated SIV, SHIV, and
HIV-2 Infections. Cell Host Microbe 2019, 26, 73-85.e4. [CrossRef] [PubMed]

De Scheerder, M.-A.; Vrancken, B.; Dellicour, S.; Schlub, T.; Lee, E.; Shao, W.; Rutsaert, S.; Verhofstede, C.;
Kerre, T.; Malfait, T.; et al. HIV Rebound Is Predominantly Fueled by Genetically Identical Viral Expansions
from Diverse Reservoirs. Cell Host Microbe 2019, 26, 347-358.e7. [CrossRef] [PubMed]

Josefsson, L.; von Stockenstrom, S.; Faria, N.R.; Sinclair, E.; Bacchetti, P; Killian, M.; Epling, L.; Tan, A.; Ho, T.;
Lemey, P.; et al. The HIV-1 reservoir in eight patients on long-term suppressive antiretroviral therapy is
stable with few genetic changes over time. Proc. Natl. Acad. Sci. USA 2013, 110, E4987-E4996. [CrossRef]
[PubMed]

Laskey, S.B.; Pohlmeyer, C.W.; Bruner, K.M,; Siliciano, R.F. Evaluating Clonal Expansion of HIV-Infected
Cells: Optimization of PCR Strategies to Predict Clonality. PLoS Pathog. 2016, 12, €1005689. [CrossRef]
Cesana, D.; Santoni de Sio, F.R.; Rudilosso, L.; Gallina, P.; Calabria, A.; Beretta, S.; Merelli, I.; Bruzzesi, E.;
Passerini, L.; Nozza, S.; et al. HIV-1-mediated insertional activation of STAT5B and BACH2 trigger viral
reservoir in T regulatory cells. Nat. Commun. 2017, 8. [CrossRef]

Pinzone, M.R.; VanBelzen, D.].; Weissman, S.; Bertuccio, M.P.; Cannon, L.; Venanzi-Rullo, E.; Migueles, S.;
Jones, R.B.; Mota, T.; Joseph, S.B.; et al. Longitudinal HIV sequencing reveals reservoir expression leading to
decay which is obscured by clonal expansion. Nat. Commun. 2019, 10, 728. [CrossRef]

Bruner, K.M.; Murray, A.J.; Pollack, R.A.; Soliman, M.G.; Laskey, S.B.; Capoferri, A.A.; Lai, J.; Strain, M.C.;
Lada, S.M.; Hoh, R;; et al. Defective proviruses rapidly accumulate during acute HIV-1 infection. Nat. Med.
2016, 22, 1043-1049. [CrossRef]

Lu, C.-L,; Pai, J.A.; Nogueira, L.; Mendoza, P; Gruell, H.; Oliveira, T.Y.; Barton, J.; Lorenzi, ].C.C.; Cohen, Y.Z,;
Cohn, L.B,; et al. Relationship between intact HIV-1 proviruses in circulating CD4+ T cells and rebound
viruses emerging during treatment interruption. Proc. Natl. Acad. Sci. USA 2018, 115, E11341-E11348.
[CrossRef]

Lee, G.Q.; Reddy, K.; Einkauf, K.B.; Gounder, K.; Chevalier, ].M.; Dong, K.L.; Walker, B.D.; Yu, X.G,;
Ndung'u, T.; Lichterfeld, M. HIV-1 DNA sequence diversity and evolution during acute subtype C infection.
Nat. Commun. 2019, 10, 2737. [CrossRef]


http://dx.doi.org/10.1126/science.1256304
http://dx.doi.org/10.1016/j.cell.2013.09.020
http://www.ncbi.nlm.nih.gov/pubmed/24243014
http://dx.doi.org/10.1016/j.celrep.2017.09.081
http://www.ncbi.nlm.nih.gov/pubmed/29045846
http://dx.doi.org/10.1172/JCI93289
http://dx.doi.org/10.1084/jem.20190896
http://dx.doi.org/10.1172/JCI124291
http://dx.doi.org/10.1073/pnas.1910334116
http://dx.doi.org/10.1016/j.chom.2019.06.005
http://www.ncbi.nlm.nih.gov/pubmed/31295427
http://dx.doi.org/10.1016/j.chom.2019.08.003
http://www.ncbi.nlm.nih.gov/pubmed/31471273
http://dx.doi.org/10.1073/pnas.1308313110
http://www.ncbi.nlm.nih.gov/pubmed/24277811
http://dx.doi.org/10.1371/journal.ppat.1005689
http://dx.doi.org/10.1038/s41467-017-00609-1
http://dx.doi.org/10.1038/s41467-019-08431-7
http://dx.doi.org/10.1038/nm.4156
http://dx.doi.org/10.1073/pnas.1813512115
http://dx.doi.org/10.1038/s41467-019-10659-2

Viruses 2020, 12, 149 12 of 12

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Rutsaert, S.; Bosman, K.; Trypsteen, W.; Nijhuis, M.; Vandekerckhove, L. Digital PCR as a tool to measure
HIV persistence. Retrovirology 2018, 15, 16. [CrossRef]

Kinloch, N.; Ren, Y.; Conce Alberto, W.; Dong, W.; Huang, S.H.; Wilson, A.; Mota, T.; Kikby, D.; Del Rio
Estrada, P.M.; Brumme, C.J.; et al. Intra- and inter-individual HIV diversity limits the application of the
intact proviral detection assay (IPDA). J. Virus Erad. 2019, 5 (Suppl. S3).

Global HIV & AIDS Statistics — 2018 Fact Sheet | UNAIDS. Available online: https://www.unaids.org/en/
resources/fact-sheet (accessed on 19 December 2019).

Howison, M.; Coetzer, M.; Kantor, R. Measurement error and variant-calling in deep Illumina sequencing of
HIV. Bioinformatics 2019, 35, 2029-2035. [CrossRef]

Wymant, C.; Blanquart, E; Golubchik, T.; Gall, A.; Bakker, M.; Bezemer, D.; Croucher, N.J.; Hall, M.;
Hillebregt, M.; Ong, S.H.; et al. Easy and accurate reconstruction of whole HIV genomes from short-read
sequence data with shiver. Virus Evol. 2018, 4, vey007. [CrossRef] [PubMed]

Bonsall, D.; Golubchik, T.; de Cesare, M.; Limbada, M.; Kosloff, B.; MacIntyre-Cockett, G.; Hall, M.;
Wymant, C.; Ansari, A.; Abeler-Dorner, L.; et al. A comprehensive genomics solution for HIV surveillance
and clinical monitoring in a global health setting. BioRxiv 2018, 397083. [CrossRef]

McNaughton, A.L.; Roberts, H.E.; Bonsall, D.; de Cesare, M.; Mokaya, J.; Lumley, S.F.; Golubchik, T.; Piazza, P,;
Martin, J.B.; de Lara, C.; et al. lllumina and Nanopore methods for whole genome sequencing of hepatitis B
virus (HBV). Sci. Rep. 2019, 9, 1-14. [CrossRef] [PubMed]

Hakre, S.; Chavez, L.; Shirakawa, K.; Verdin, E. Epigenetic regulation of HIV latency. Curr. Opin. HIV AIDS
2011, 6. [CrossRef]

Van Lint, C.; Bouchat, S.; Marcello, A. HIV-1 transcription and latency: An update. Retrovirology 2013, 10, 67.
[CrossRef]

Weber, S.; Weiser, B.; Kemal, K.S.; Burger, H.; Ramirez, C.M.; Korn, K.; Anastos, K.; Kaul, R.; Kovacs, C.;
Doerfler, W. Epigenetic analysis of HIV-1 proviral genomes from infected individuals: Predominance of
unmethylated CpG’s. Virology 2014, 449, 181-189. [CrossRef]

Trejbalova, K.; Kovétova, D.; Blazkovd, J.; Machala, L.; Jilich, D.; Weber, J.; Kucerovd, D.; Vencélek, O.;
Hirsch, I.; Hejnar, J. Development of 5° LTR DNA methylation of latent HIV-1 provirus in cell line models
and in long-term-infected individuals. Clin. Epigenetics 2016, 8, 19. [CrossRef]

Khan, S.; Igbal, M.; Tariq, M.; Baig, S.M.; Abbas, W. Epigenetic regulation of HIV-1 latency: Focus on
polycomb group (PcG) proteins. Clin. Epigenetics 2018, 10, 14. [CrossRef]

Lucic, B.; Chen, H.-C.; Kuzman, M.; Zorita, E.; Wegner, J.; Minneker, V.; Wang, W.; Fronza, R.; Laufs, S.;
Schmidt, M.; et al. Spatially clustered loci with multiple enhancers are frequent targets of HIV-1 integration.
Nat. Commun. 2019, 1, 1. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1186/s12977-018-0399-0
https://www.unaids.org/en/resources/fact-sheet
https://www.unaids.org/en/resources/fact-sheet
http://dx.doi.org/10.1093/bioinformatics/bty919
http://dx.doi.org/10.1093/ve/vey007
http://www.ncbi.nlm.nih.gov/pubmed/29876136
http://dx.doi.org/10.1101/397083
http://dx.doi.org/10.1038/s41598-019-43524-9
http://www.ncbi.nlm.nih.gov/pubmed/31068626
http://dx.doi.org/10.1097/COH.0b013e3283412384
http://dx.doi.org/10.1186/1742-4690-10-67
http://dx.doi.org/10.1016/j.virol.2013.11.013
http://dx.doi.org/10.1186/s13148-016-0185-6
http://dx.doi.org/10.1186/s13148-018-0441-z
http://dx.doi.org/10.1038/s41467-019-12046-3
http://www.ncbi.nlm.nih.gov/pubmed/31492853
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Landscape of PCR-Based Methods to Asses HIV-1 Proviruses 
	Subgenomic Methods 
	Intact Proviral DNA Assay (IPDA) 
	Single-Genome/Proviral Sequencing (SGS) 
	Integration Site Sequencing (ISS) 

	Full-Length Methods 
	Near Full-Length (NFL) Sequencing 
	Quadruplex qPCR (Q4PCR) 
	Multiple-Displacement Amplification (MDA)-Based Techniques 

	Discussion and Future Perspectives 
	Shift from Partial to Complete Sequence Information 
	Pitfalls of PCR-Based Sequencing 
	Need for Standardized Data Analysis 
	Promising Technology on the Horizon: Long-Read Sequencing 
	Functional Confirmation of Replication-Competent HIV-1 and Beyond 

	Closing Remarks 
	References

