viruses

Review

New Approaches to Multi-Parametric HIV-1 Genetics Using
Multiple Displacement Amplification: Determining the What,
How, and Where of the HIV-1 Reservoir

Sean C. Patro *'*, Aurelie Niyongabo, Frank Maldarelli and Mary F. Kearney

check for

updates
Citation: Patro, S.C.; Niyongabo, A_;
Maldarelli, F.; Kearney, M.F. New
Approaches to Multi-Parametric
HIV-1 Genetics Using Multiple
Displacement Amplification:
Determining the What, How, and
Where of the HIV-1 Reservoir. Viruses
2021, 13, 2475. https://doi.org/
10.3390/v13122475

Academic Editor: Francesco

Andrea Procopio

Received: 29 October 2021
Accepted: 7 December 2021
Published: 10 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Author’s contribution to the Work was
done as part of the Author’s official
duties as a NIH employee and is a
Work of the United States Government.
Therefore, copyright may not be estab-
lished in the United States. 17 U.S.C.
§ 105. Licensee MDPI, Basel, Switzer-
land. This article is an open access
article distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

HIV Dynamics and Replication Program, National Cancer Institute, Frederick, MD 21702, USA;
aurelieniyongabo@gmail.com (A.N.); fmalli@mail.nih.gov (FM.); kearneym@mail.nih.gov (M.F.K.)
* Correspondence: sean.patro@nih.gov

Abstract: Development of potential HIV-1 curative interventions requires accurate characteriza-
tion of the proviral reservoir, defined as host-integrated viral DNA genomes that drive rebound of
viremia upon halting ART (antiretroviral therapy). Evaluation of such interventions necessitates
methods capable of pinpointing the rare, genetically intact, replication-competent proviruses within
a background of defective proviruses. This evaluation can be achieved by identifying the distinct
integration sites of intact proviruses within host genomes and monitoring the dynamics of these
proviruses and host cell lineages over longitudinal sampling. Until recently, molecular genetic
approaches at the single proviral level have been generally limited to one of a few metrics, such
as proviral genome sequence/intactness, host-proviral integration site, or replication competency.
New approaches, taking advantage of MDA (multiple displacement amplification) for WGA (whole
genome amplification), have enabled multiparametric proviral characterization at the single-genome
level, including proviral genome sequence, host-proviral integration site, and phenotypic characteri-
zation of the host cell lineage, such as CD4 memory subset and antigen specificity. In this review, we
will examine the workflow of MDA-augmented molecular genetic approaches to study the HIV-1
reservoir, highlighting technical advantages and flexibility. We focus on a collection of recent studies
in which investigators have used these approaches to comprehensively characterize intact and defec-
tive proviruses from donors on ART, investigate mechanisms of elite control, and define cell lineage
identity and antigen specificity of infected CD4+ T cell clones. The highlighted studies exemplify
how these approaches and their future iterations will be key in defining the targets and evaluating
the impacts of HIV curative interventions.

Keywords: HIV reservoir; multiple displacement amplification; integration sites analysis; near
full-length genome amplification; intact proviral genomes; clonal expansion

1. Background

Treatment of HIV with combination antiretroviral therapy (ART) suppresses plasma
viremia below the limit of detection of commercial viral load assays. However, due to the
maintenance of a stable HIV reservoir, upon cessation of ART, viremia rebounds to pre-
therapy levels in most individuals [1-4]. The HIV reservoir is defined as the viral genomes
integrated into the DNA of host cells (proviruses) [5-7] that propagate the recrudescence of
viremia upon cessation of ART [5,8-14]. Achieving HIV remission without ART necessitates
the detailed characterization of HIV proviruses that persist on ART and the cells that harbor
them to understand their maintenance and to reveal potential targets for future efforts to
eradicate or suppress rebound viremia [15-17].

Due to frequent errors in HIV replication [7,18-21] and to strong selection by host
immune responses [22-25], genetically intact proviruses comprise only 0.5-5% of all provi-
ral sequences that persist during ART [26-28]. Estimates of the HIV reservoir size [29]
have been guided by quantitative viral outgrowth assays (VOA) [26,30-34] that detect
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and quantify intact proviruses in cell samples by inducing them to express virus particles
in limiting-dilution culture wells ex vivo or mice in vivo [35]. While laborious, these ap-
proaches are the gold standard of HIV reservoir quantification. Newer and less laborious
PCR and sequencing-based approaches to quantify the reservoir attempt to amplify the
near full-length (NFL) HIV genome or regions of the genome that are commonly deleted,
including the near full-length single-genome sequencing assay (NFL-SGS) [26,27,36-38],
the intact proviral DNA assay (IPDA) [28], the quadruplex qPCR (Q4PCR) assay [39], the
tat/rev induced limiting dilution assay (TILDA) [40], and others [34,41]. A proverbial
needle in a haystack, detecting genetically intact proviruses necessitates large amounts of
donor material (e.g., blood, lymph node). Complicating the characterization of the HIV
reservoir is the fact that, once observed (e.g., in a viral outgrowth or PCR-based assay),
the original single HIV genome is typically unrecoverable and, therefore, removed from
further study.

In addition to quantifying the HIV reservoir, HIV genomes that persist during ART
have been genetically characterized using a variety of molecular approaches. For example,
combining fluorescence-activated cell sorting (FACS) with HIV single-genome sequencing
(SGS) or integration site analysis (ISA) informs proviral structures (defined as the HIV
sequence including deletions, hypermutation, and inversions), the clonality of infected
cells, and the integration sites across cell subsets/tissue [37,42]. Capture and enrich-
ment approaches, including G&T-seq for single-cell paired genome and transcriptome
characterization [43], HIV SortSeq for infected, single-cell transcriptional analysis [44],
HIV-DNA-capture-seq for bulk sequencing of HIV genomes and recovery of some inte-
gration sites [45], and PCIP-seq (Pooled CRISPR Inverse PCR sequencing) for linking HIV
integration sites to their proviral structures [46] have all been used for multiparametric
characterization of HIV. While powerful techniques, these multimodal workflows are lim-
ited throughput, in their resolution of single proviral genomes in heterologous samples,
and/or their full HIV-genome sequence coverage.

Here, we discuss how the addition of multiple displacement amplification (MDA) of
single HIV proviral genomes in a background of host genomic DNA can augment some
of the above molecular approaches and allow for more comprehensive and simultaneous
characterization of the HIV reservoir. For example, MDA can be performed on proviral
endpoint diluted DNA extracted from cells sorted on immunologic markers or collected
using other upstream approaches. The MDA-expanded proviruses can then be used for
multiple downstream analyses such as SGS and ISA to determine the HIV proviral structure
and the site of integration into the host DNA. These MDA-augmented approaches maintain
the original donor genetic material (e.g., DNA from blood, lymph node, gut biopsy),
allowing for parallel downstream characterization of single proviruses and infected cell
clones. Proviral information derived from MDA approaches also provides bookmarks for
tracking dynamics of infected cell clones, which is vital to the development and evaluation
of current and future curative strategies.

2. Comprehensive Evaluation of HIV-Infected Cell Populations Using
MDA Approaches

2.1. MDA-Augmented Workflow: Amplification, Screening, and Multi-Parametric Analysis

MDA has been developed and optimized for the amplification of a single proviral
genome and its flanking host genomic DNA in the background of uninfected cell DNA [47,48].
MDA offers an isothermal, non-templated, non-biased amplification of genetic material within
a given sample [49-52], including the integrated HIV provirus, the host genome, and the
proviral-host junctions. Briefly, genomic DNA is extracted from donor material (e.g., PBMC,
CD4+ T cells, lymph node biopsies) and diluted to a proviral endpoint such that less than
30% of aliquots contain a single HIV provirus. The MDA reaction, commercially available or
lab-optimized [49-52], utilizes phi29 DNA polymerase with random oligomers for unbiased,
isothermal (30 °C) amplification. The branching DNA polymerization reaction generates
greater than 10 kb fragments that include a 100 to 10,000-fold amplification of the HIV provirus
in the context of its host genome [10,11]. The resulting MDA reactions contain many copies of
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the HIV proviruses that can then be used for multiple downstream applications (Figure 1).
Figure 1 highlights a generic workflow of MDA-augmented HIV proviral characterization.
Upstream of MDA, donor cells can be enriched for CD4+ T cells or FACS-sorted to investigate
distinct CD4+ memory subsets, activation phenotypes, or CD4+ T cells reactive to specific
antigens. Downstream from MDA, aliquots can be screened for HIV proviruses by PCR
amplification and sequencing of sub-genomic regions of HIV (e.g., LTR, gag, pol, or env). The
sequence information resulting from the screens can then be used to identify proviruses of
interest by pairing to previous sequence datasets [11,53]. In addition, MDA products can be
screened for HIV using quantitative PCR or droplet digital PCR that target specific genome
elements, such as those described in the IPDA and Q4PCR assays [28,39]. MDA wells that
screen positive for HIV can be used for NFL-SGS, allowing for identification of proviruses
that are inferred intact [26,27,37,38]. Downstream analysis of MDA aliquots may also include
integration site analyses [5,6,8,54,55] and CD4+ TCRf sequencing, further informing T cell
clonality [14].

Screening MDA wells for
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Figure 1. Workflow of MDA-supplemented HIV proviral characterization. (Left) HIV (+) PBMC or other material can
be CD4-enriched or cell sorted to target specific CD4+ memory subsets or phenotypes such as activation state or antigen

reactivity. Genomic DNA or sorted cells are diluted to a single proviral endpoint and used for multiple displacement

amplification (MDA). (Center) MDA reactions are screened for HIV-1 proviruses by amplification and sequencing of a

sub-genomic region of HIV (e.g., LTR, gag, int, env), qPCR/ddPCR targeting specific genome elements, or size selection of

the near full-length (NFL) HIV amplicon. Red circles designate candidate proviruses for follow-up. (Right) Multi-parametric

HIV proviral analysis including full-length (NFL) HIV amplification and sequencing, integration site analysis, host-HIV

amplification and sequencing, and/or CD4+ TCR sequencing.
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2.2. Persistence of Clonally Expanded, Infected CD4+ T-Cells with Intact and Defective Proviruses
in Individuals on Suppressive ART

Clonal expansion of infected CD4+ T-cells was first suggested by observation of identical
sub-genomic and NFL sequences in plasma and PBMC but was confirmed by the detection
of identical proviral integration sites in ART-treated individuals [5,6,8,27,37,38,42,53,56-61].
Identical viral sequences observed in rebounding viruses during analytical treatment interrup-
tions (ATI) and in outgrowth from multiple wells of VOA supported that expansion of infected
cells during ART included CD4+ T cells carrying genetically intact, replication-competent
proviruses [3,9,32,62-64]. The first confirmed replication-competent provirus within an ex-
panded cell clone (AMBI-1) was comprehensively characterized using a combination of
integration site analysis, genomic DNA and plasma NFL-SGS, amplification and sequencing
with host-proviral junction primers, and VOA [5,8]. Despite a change in ART regimen, the
wild-type AMBI-1 viral genome persisted in plasma and PBMC for years on ART [8].

Observing clusters of proviral populations with sub-genomic identity in donors on
ART, Patro et al. used MDA followed by single-genome sequencing and integration sites
analysis to address if such groups resulted from infected cell clones (identical integration
sites) or from multiple cells being infected with identical or similar proviruses (different
integration sites) (n = 5 donors, n = 10 clusters of identical sequences) [11]. Proviruses
in these clusters with identical integration sites (cell clones) were identified in all donors.
Although identical sub-genomic sequences often corresponded to identical integration sites,
many clusters also included singly observed integration sites distinct from the integration
site in the cell clone. The authors suggested that genetic bottlenecks occurring before ART
may be another source of proviruses with sub-genomic identity, evidenced in proviral
populations with drug-resistance mutations and in those with low genetic diversity/early
treatment (i.e., transmission bottleneck) [61,65]. In one proviral population with low
genetic diversity, although no intact sequences were observed, reconstruction of the intact
viral ancestor could be inferred from proviruses with non-overlapping deletions. Albeit
indirectly, such an approach could be useful for estimating the sequences of the intact
proviruses that persist on ART in those with small proviral reservoirs or for inferring the
transmitted /founder lineages that initiate HIV infections [65].

Einkauf et al. developed an MDA approach called MIP-Seq (matched integration site
and proviral sequencing) to interrogate the contribution of integration sites to the persis-
tence of intact proviruses on ART (n = 3 donors) [10]. Their MIP-Seq analyses resulted in
100 intact proviruses (73 unique proviral/IS pairs) and 84 defective proviruses (76 unique
proviral /IS pairs) that were used to compare their sites of integration into the human
genome. The integration sites of intact proviruses, relative to defective, trended towards
enrichment in intergenic/pseudogenic regions (p = 0.07), and, in those with genic integra-
tion sites, a higher number of gene-opposite integrations were observed for intact relative
to defective proviruses (p = 0.05). The authors also paired their MIP-Seq analyses with
autologous RNA-seq and ATAC-seq approaches, mapping the proximity of transcriptional
start sites (TSS), accessible chromatic regions, and nearby transcriptional activity to the
integration sites of intact relative to defective proviruses. They found that intact proviruses
(relative to defective) in one donor trended toward more distance to transcriptional start
sites, open chromatin, and gene expression, supporting a transcriptional silencing model
of HIV persistence. For donors 2 and 3, however, intact proviruses were found to be closer
to transcriptional start sites and ATAC-seq peaks and trended toward regions of higher
local gene expression, supporting a role of transcriptional interference in the maintenance
and persistence of these proviral populations. The authors’ contrasting findings across
three donors highlight the need for deep characterization of intact proviruses across larger
cohorts. Depositing into well-maintained databases, such as the Retroviral Integration
Database (https:/ /rid.ncifcrf.gov/, accessed on 8 December 2021) [54] and Proviral Se-
quence Database (https://psd.cancer.gov/, accessed on 8 December 2021) [55], will allow
for statistically powered, cross-study analyses to investigate mechanisms that drive persis-
tence in the majority of proviruses and donors. Complementing the Einkauf 2019 study,
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Garcia-Broncano et al. also utilized MIP-Seq to characterize intact proviruses and their
associated integration sites in neonates born with HIV and initiated on ART days after
birth [66].

Both Einkauf et al. and Patro et al. observed cell clones containing intact proviruses,
including one that was highly expanded (n = 20 observations) [10] and several that matched
or closely matched viruses from VOA experiments, supporting the role of clonal expan-
sion in the persistence of the HIV reservoir. The investigations described above serve as
proof-of-concept that MDA-based approaches can be adapted to HIV genetics [10,11], sup-
plementing more laborious methods and allowing for the comprehensive characterization
of persistent, intact proviruses within expanded cell clones.

2.3. Persistent Plasma Viremia Driven by Clonal Expansion of Cells Containing Intact Proviruses
(“Repliclones”) in Individuals on Continuous ART

The case study describing the AMBI-1 cell clone provided a paradigm for the com-
prehensive characterization of replication-competent proviruses within expanded cell
clones as the source of persistent, low-level viremia in donors on ART [5,8]. Building
on this model, Halvas et al. investigated a longitudinal cohort with low-level clinically
detectable persistent viremia, that is, HIV (+) donors adhering to ART with no evidence
of drug-resistance, and with greater than 6 months of non-suppressible plasma viremia
(>20 copies/mL) [12]. Near full-length (NFL) proviral genomes were recovered from four
of the donors that matched plasma and/or VOA virus, suggesting the presence of infected
cell clones in peripheral blood capable of producing replication-competent virus particles
in vivo. Incorporating an MDA approach paired with integration site analysis (ISA), the
proviral sequences and distinct host genome locations were mapped to introns of genes of
ABCA11P (chr4), ZNF268 (chr12), MATR3 (chr5), and ZNF721/ABCA11P (chr4). These
proviral clones were termed “repliclones” by the authors. Specific integration site-provirus
amplifications [10,11] provided integration site confirmation and additional proviral se-
quence information. Extensive integration site analyses determined that these repliclones
comprised 0.03-1.1% of the integrated proviruses examined, consistent with prevailing
data that the reservoir is a minute fraction of all integrated proviruses [26-28]. The Halvas
et al. study demonstrated the origin of a stable reservoir in a directly clinically relevant
cohort and provided a model by which infected expanded clones contribute to persis-
tent low-level viremia. Their findings also support previous studies showing that ART
intensification may do little to address such viremia in already adherent cohorts [67-69].
The demonstration of a clonally expanded “active reservoir,” presumptively capable of
quickly rekindling viremia upon therapy cessation or ATI, provides both a challenge and
demonstratable target of future therapies. Furthermore, identifying such repliclones will
provide future efforts with discrete, trackable targets for the evaluation of potential curative
interventions [16,29].

2.4. Characteristics of Intact and Defective Proviruses and “Deep Latency” in Elite
Control Individuals

Mechanisms of “elite control” (natural control of viremia below commercial limits
of detection without ART) have been studied for decades and include select HLA phe-
notypes [70-72], highly functional/polyfunctional cytotoxic T-lymphocytes (CTL) [73,74],
innate NK-KIR (natural killer-killer-cell immunoglobulin-like receptor) alleles [75,76], and
other correlates [77]. The composition and dynamics of the proviral reservoir in elite
controllers have been investigated using full-length sequencing and characterization of
replication competent viruses [78], by demonstrating ongoing viral replication and evo-
lution [79,80], and by characterizing infected cell clones [81]. Seeking to differentiate the
HIV reservoir in elite controllers (n = 64 donors) vs. in individuals on long-term ART
(n = 41 donors), Jiang et al. found an overall lower proviral/intact proviral burden in
elite controllers. Furthermore, the intact proviruses in elite controllers had lower genetic
diversity and fewer CTL escape mutations than in donors on long-term ART. The authors
suggested that the intact proviruses are maintained, at least in part, by clonal prolifera-
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tion [13], consistent with previous findings [81,82]. Their comprehensive characterization of
proviral populations in elite controllers (n = 11) also revealed oligoclonal phylogenetic land-
scapes, likened to chronic HTLV-1 infection [83] and to the mono/oligoclonal landscapes
in vertically infected children on sustained ART [38].

Using MIP-Seq, the integration sites of intact genomes in elite controllers were investi-
gated by Jiang et al. and were found to be in pseudogenic/non-genic regions (45% versus
17.8%) and were flanked by centromeric or satellite host DNA. The authors also noted a sig-
nificant enrichment of intact proviruses in zinc finger (ZNF) genes (chr4, 18, 19), including
the ZNF721/ABCAL11P gene also reported by Halvas et al. [12]. RNA-seq, ATAC-seq, and
Hi-C-seq were performed in the aforementioned studies on separate aliquots of autologous
CD4+ T cells, CD4+ effector memory T cells, and CD4+ central memory T cells and revealed
that sites of intact proviruses in elite controllers, relative to those in ART-treated donors,
were further from transcriptional start sites and were further from open chromatic regions.
Of note, as transcriptional analysis was performed on separate aliquots of cells, it informs
global chromatin structures but may not reflect the specific chromatin structure linked to
the intact proviruses. These findings suggest the “deep latency” model of HIV persistence
in elite controllers resulting from years or decades of immune-mediated elimination of
transcriptionally active proviruses. Jiang et al. analyzed over 1 billion PBMC and gut-
associated lymphocytes each from two elite controllers and found 0-1 intact proviruses.
While viral replication continues in elite controllers [79,80], efficient, extensive, and rapid
CTL killing [84,85] may likely tip the balance toward immune control, exemplified as these
two cases demonstrate extreme suppression/elimination of the HIV reservoir. These cases
provide a potential model and goal for the design of strategies for HIV remission without
continued ART.

A developing theme, intact proviruses integrated within ZNF genes have been ob-
served in several studies (Einkauf et al. [10], Halvas et al. [12], Jiang et al. [13]). To further
investigate the relationship between integration site and persistence of intact proviruses,
Huang et al. used a modified MIP-Seq approach supplemented with Q4PCR [39] on CD4+
T cells from six donors on long-term ART [86]. They observed an enrichment of intact
proviruses integrated into ZNF genes, especially those in expanded CD4+ T cell clones
with integration sites within Kriippel-associated box (KRAB) domain—containing ZNF
genes. They suggest that integration within ZNF genes may be especially permissive for
maintaining HIV latency, perhaps even in T cells that are in an activated state.

2.5. Knowing the Host Cell: Identifying Antigen Specificity and CD4+ T Cell Memory Subset of
Expanded HIV-Infected T-Cell Clones

Accumulating evidence supports the proliferation of infected CD4+ T cells as a key
driver of HIV persistence during ART. Proposed underlying mechanisms include homeo-
static proliferation of memory cells [8,9,32,37,53,59,87,88], integration into cancer-associated
genes promoting survival or proliferation [5,6], and antigenic-driven activation and pro-
liferation of infected cells [14]. The first detected replication-competent provirus within
an expanded cell clone (AMBI-1) was hypothesized to be within a tumor-responding T
cell clone, as the provirus was found to be prevalent in the squamous cell carcinoma
primary tumor and enriched in the metastases [8]. Simonetti et al. used an MDA approach
to further address the role of antigen/TCR-driven expansion of infected CD4+ T cells
as a mechanism of proviral persistence [14]. Briefly, CD4+ T cells (n = 10 donors) were
sorted for their responsiveness to CMV or HIV antigens. The cells were then dispersed
into multiple small aliquots and lysed. The genomes from within the lysed cells were
MDA-amplified and used for downstream integration site analyses to identify infected
cell clones. The MDA wells containing infected cell clones were used to sequence the
full-length HIV proviruses and the TCR CDR3{ (TCR[{3) sequence associated with them.
This approach detected 22 antigen-driven infected cell clones, one of which contained an
intact provirus integrated into the FBXO22 gene. The FBXO22 integrant was found in
longitudinal PBMC samples but did not match HIV recovered from VOA. TCRf3-identity
was determined for eight antigen-responding infected cell clones (5 CMYV, 3 HIV), from
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which custom proviral-host and TCRf primers were used to estimate their frequency in
the CD4+ T cell population. Interestingly, within three of the CMV-responding clones, only
14-72% of the cells contained HIV proviruses while 92-93% in two other CMV-responding
clones were infected. These important findings demonstrate that HIV-infection occurs both
before and during or after antigen-driven expansions.

CD4+ T cell subsets are the result of a continuum of phenotype and function in
the antigen recognition, expansion, elimination, and memory response effected by the
adaptive, cell-mediated immune response. Defined by combinations of surface markers
such as CD45RO/RA, CD27, CCR7, and CD57, these subsets can include TN (naive, naive-
like) TCM/TCTM (central, central transitional memory), TEM/TEMRA (effector memory,
effector memory CD45RA-expressing), and T effector [89,90]. Applying integration site and
TCRp determination (as described above) to T cell subsets, Simonetti et al. demonstrated
the presence of infected cell clones residing primarily within the TCM and TEM. The
composition of infected cells in the subsets was mirrored by the composition of the TCR
clonotype, suggesting antigen, immune factors, and/or other exogenous non-viral factors
driving the differentiation state of the provirus-containing cell clones [14]. Similarly,
Cole et al. developed and applied STIP-seq (Simultaneous TCR, Integration site, and
Proviral sequencing), a modification of the HIV Flow assay [91] that combines single-cell
p24+ selection with simultaneous TCR, proviral genome, integration site analysis, and
memory subset analysis, to comprehensively characterize the proviral landscape in a cohort
of ART-treated individuals (n = 8) [92]. Their report described the finding of five genetically
intact proviruses, including one integrated in the ZNF gene, ZNF274.

Using MDA-SGS [11], we also examined the distribution of HIV-infected CD4+ T cell
clones within TCM and TEM subsets and found that AMBI-1 and other proviruses in the
same individual populated both subsets (Figure 2). These findings are also consistent with
observed identical full-length proviral genomes across multiple T cell subsets [37]. Overall,
these data suggest that antigen-specific CD4+ T cells that were infected before or during
the antigen response are expanded despite containing intact or defective HIV proviruses.
The data also suggest that T cells infected with replication-competent proviruses may
be capable of returning to a resting state, implying that they are not eliminated via host
immunity or viral-mediated cytotoxicity despite activation. The demonstration of antigen-
driven expansion of HIV-infected T cell clones and evidence of differentiation across CD4+
memory subsets may present additional challenges to current attempts to achieve HIV
remission without ART, such as the “shock and kill” strategies [15,17,93,94]. Future curative
strategies may require additional augmentation of host immunity to tip the balance toward
host-mediated control and functional cure, as demonstrated naturally in elite controllers.
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designated in coordination with phylogenetic tree (2A).

3. Future Directions

Strategies for a functional cure for HIV-1 include “shock and kill” [15,17,93,94], “block
and lock” [95,96], enhanced cell-mediated immunity [97-101], engineered “HIV-resistant”
T-cells/CRISPR approaches [102-106], and more [107,108]. However, all interventions
require an accurate characterization of the target and a means to evaluate the efficacy of the
intervention [29]. At current, the gold standards of quantitative VOA and ATI [3,109,110]
remain indispensable but require significant time and careful planning. MDA-based
approaches have the potential to provide in-depth, multi-parametric characterization of the
HIV reservoir during ART and a means to track the dynamics of intact proviruses over time
and during curative interventions. To date, MDA approaches have demonstrated: (1) the
ability to screen for rare events while maintaining the original source material, (2) the
ability to perform parallel analyses of a single provirus or infected cell clone, (3) the ability
to identify “repliclones,” including their sites of integration, (4) the ability to track the
dynamics of infected cell clones over time, and (5) the ability to characterize infected cells
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clones, including their memory subset and TCRf{3 identity. MDA-augmented workflows are
not without limitations, however, including: (1) reagents and/or kits are costly compared
to other molecular genetic approaches, (2) individual provirus/integration site analyses
are labor intensive, and (3) sampling depth (number of proviruses) and breadth (number
of donors/timepoints/subsets) is limited due to the cost and labor. Current efforts to
automate workflows, target screening to specific proviruses of interest, and reduce costs are
underway. As these MDA approaches continue to improve in efficiency and throughput,
they will offer significant insights into new potential strategies to achieve HIV remission
without ART.

4. Methods
4.1. Ethics Statement

All participants signed informed consent in accordance with NCT00009256 (AVBIO).
Protocols were approved by the internal review boards at the National Institutes of Health.

4.2. MDA-SGS

CD4+ memory T cells were sorted into effector and central/transitional memory as
in [111] and subjected to MDA-SGS as in [11]. Briefly, genomic DNA was extracted from
sorted subsets, diluted to proviral endpoint (such that less than 30% of wells in a microtiter
plate are positive for the P6-PR-RT sub-genomic region of HIV-1), and subjected to multiple
displacement amplification. Integration sites analysis [5,8,54] was performed on MDA
wells containing identical P6-PR-RT sequences.

Data Deposition: All sequence data reported in this paper are available in GenBank (accession
nos. OL343701-OL343752). All integration site data are available in the Retroviral Integration
Database [54] (https:/ /rid.ncifcrf.gov/, accessed on 8 December 2021) (accession numbers rid0000001 _
1-rid0000001_52) or using the PubMed ID of this paper; 0000001 will be replaced with the appropriate
PubMed ID once it is granted.

Manuscript Preparation: Figure 1 was generated with the assistance of BioRender.com. Phylogenetic
tree of P6-PR-RT proviral single-genome sequences (Figure 2) was constructed in MEGA?7 (https:
//www.megasoftware.net/, accessed on 8 December 2021) using the neighbor-joining method.

Author Contributions: S.C.P. conceived of the idea, conducted experiments, analyzed data, wrote the
paper; AN. conducted experiments, analyzed data; FEM. procured clinical samples; M.EK. conceived
of the idea, analyzed data, wrote the paper. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by National Cancer Institute (NCI) intramural funding (to
M.EK.) and by funding from the Office of AIDS Research (to M.EK.).

Acknowledgments: We thank Connie Kinna, Valerie Turnquist, Teresa Burdette, and Susan Toms for
administrative support.

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

1. Siliciano, ].D.; Kajdas, J.; Finzi, D.; Quinn, T.C.; Chadwick, K.; Margolick, J.B.; Kovacs, C.; Gange, S.J.; Siliciano, R.F. Long-term
follow-up studies confirm the stability of the latent reservoir for HIV-1 in resting CD4+ T cells. Nat. Med. 2003, 9, 727-728.

[CrossRef] [PubMed]

2. Treasure, G.C.; Aga, E.; Bosch, R].; Mellors, ].W.; Kuritzkes, D.R.; Para, M.; Gandhi, R.T; Li, ].Z. Brief Report: Relationship
Among Viral Load Outcomes in HIV Treatment Interruption Trials. J. Acquir. Immune Defic. Syndr. 2016, 72, 310-313. [CrossRef]

[PubMed]

3. Salantes, D.B.; Zheng, Y.; Mampe, F.; Srivastava, T.; Beg, S.; Lai, J.; Li, ].Z.; Tressler, R.L.; Koup, R.A.; Hoxie, J.; et al. HIV-1 latent
reservoir size and diversity are stable following brief treatment interruption. J. Clin. Investig. 2018, 128, 3102-3115. [CrossRef]
4. Wen, Y, Bar, KJ.; Li, ].Z. Lessons learned from HIV antiretroviral treatment interruption trials. Curr. Opin. HIV AIDS 2018, 13,

416-421. [CrossRef]


https://rid.ncifcrf.gov/
https://www.megasoftware.net/
https://www.megasoftware.net/
http://doi.org/10.1038/nm880
http://www.ncbi.nlm.nih.gov/pubmed/12754504
http://doi.org/10.1097/QAI.0000000000000964
http://www.ncbi.nlm.nih.gov/pubmed/26910502
http://doi.org/10.1172/JCI120194
http://doi.org/10.1097/COH.0000000000000484

Viruses 2021, 13, 2475 10 of 14

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

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

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

Hughes, S.H.; Coffin, ]. M. What Integration Sites Tell Us about HIV Persistence. Cell Host Microbe 2016, 19, 588-598. [CrossRef]
Simonetti, ER.; Sobolewski, M.D.; Fyne, E.; Shao, W.; Spindler, ].; Hattori, J.; Anderson, E.M.; Watters, S.A.; Hill, S.; Wu, X,; et al.
Clonally expanded CD4+ T cells can produce infectious HIV-1 in vivo. Proc. Natl. Acad. Sci. USA 2016, 113, 1883-1888. [CrossRef]
Wang, Z.; Gurule, E.E.; Brennan, T.P; Gerold, ] M.; Kwon, K.J.; Hosmane, N.N.; Kumar, M.R.; Beg, S.A.; Capoferri, A.A ; Ray, S.C.;
et al. Expanded cellular clones carrying replication-competent HIV-1 persist, wax, and wane. Proc. Natl. Acad. Sci. USA 2018, 115,
E2575-E2584. [CrossRef]

Einkauf, K.B,; Lee, G.Q.; Gao, C.; Sharaf, R.; Sun, X.; Hua, S.; Chen, S.M.; 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,
988-998. [CrossRef] [PubMed]

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]

Halvas, E.K,; Joseph, K.W.; Brandt, L.D.; Guo, S.; Sobolewski, M.D.; Jacobs, J.L.; Tumiotto, C.; Bui, ].K.; Cyktor, J.C.; Keele, B.E.;
et al. HIV-1 viremia not suppressible by antiretroviral therapy can originate from large T cell clones producing infectious virus. J.
Clin. Investig. 2020, 130, 5847-5857. [CrossRef] [PubMed]

Jiang, C.; Lian, X.; Gao, C.; Sun, X.; Einkauf, K.B.; Chevalier, ].M.; Chen, SM.Y.; Hua, S.; Rhee, B.; Chang, K.; et al. Distinct viral
reservoirs in individuals with spontaneous control of HIV-1. Nature 2020, 585, 261-267. [CrossRef]

Simonetti, ER.; Zhang, H.; Soroosh, G.P.; Duan, J.; Rhodehouse, K.; Hill, A.L.; Beg, S.A.; McCormick, K.; Raymond, H.E.; Nobles,
C.L,; et al. Antigen-driven clonal selection shapes the persistence of HIV-1-infected CD4+ T cells in vivo. . Clin. Investig. 2021,
131. [CrossRef] [PubMed]

Archin, N.M.; Margolis, D.M. Emerging strategies to deplete the HIV reservoir. Curr. Opin. Infect. Dis. 2014, 27, 29-35. [CrossRef]
Martin, A.R; Siliciano, R.F. Progress Toward HIV Eradication: Case Reports, Current Efforts, and the Challenges Associated with
Cure. Annu. Rev. Med. 2016, 67, 215-228. [CrossRef] [PubMed]

Sengupta, S.; Siliciano, R.F. Targeting the Latent Reservoir for HIV-1. Immunity 2018, 48, 872-895. [CrossRef] [PubMed]
Bebenek, K.; Abbotts, J.; Roberts, J.D.; Wilson, S.H.; Kunkel, T.A. Specificity and mechanism of error-prone replication by human
immunodeficiency virus-1 reverse transcriptase. J. Biol. Chem. 1989, 264, 16948-16956. [CrossRef]

Abram, M.E,; Ferris, A.L.; Shao, W.; Alvord, W.G.; Hughes, S.H. Nature, position, and frequency of mutations made in a single
cycle of HIV-1 replication. J. Virol. 2010, 84, 9864-9878. [CrossRef]

Hu, W.S.; Hughes, S.H. HIV-1 reverse transcription. Cold Spring Harb. Perspect. Med. 2012, 11. [CrossRef]

Varadarajan, J.; McWilliams, M.].; Hughes, S.H. Treatment with suboptimal doses of raltegravir leads to aberrant HIV-1 integra-
tions. Proc. Natl. Acad. Sci. USA 2013, 110, 14747-14752. [CrossRef]

Borrow, P.; Lewicki, H.; Wei, X.; Horwitz, M.S,; Peffer, N.; Meyers, H.; Nelson, J.A.; Gairin, ].E.; Hahn, B.H.; Oldstone, M.B,; et al.
Antiviral pressure exerted by HIV-1-specific cytotoxic T lymphocytes (CTLs) during primary infection demonstrated by rapid
selection of CTL escape virus. Nat. Med. 1997, 3, 205-211. [CrossRef] [PubMed]

Goonetilleke, N.; Liu, M.K.; Salazar-Gonzalez, ].F.; Ferrari, G.; Giorgi, E.; Ganusov, V.V,; Keele, B.F.; Learn, G.H.; Turnbull, E.L.;
Salazar, M.G; et al. The first T cell response to transmitted /founder virus contributes to the control of acute viremia in HIV-1
infection. J. Exp. Med. 2009, 206, 1253-1272. [CrossRef]

Deng, K.; Pertea, M.; Rongvaux, A.; Wang, L.; Durand, C.M.; Ghiaur, G.; Lai, J.; McHugh, H.L.; Hao, H.; Zhang, H.; et al. Broad
CTL response is required to clear latent HIV-1 due to dominance of escape mutations. Nature 2015, 517, 381-385. [CrossRef]
[PubMed]

Sunshine, J.E.; Larsen, B.B.; Maust, B.; Casey, E.; Deng, W.; Chen, L.; Westfall, D.H.; Kim, M.; Zhao, H.; Ghorai, S.; et al.
Fitness-Balanced Escape Determines Resolution of Dynamic Founder Virus Escape Processes in HIV-1 Infection. J. Virol. 2015, 89,
10303-10318. [CrossRef] [PubMed]

Ho, Y.C,; Shan, L.; Hosmane, N.N.; Wang, ].; Laskey, S.B.; Rosenbloom, D.I; Lai, J.; Blankson, J.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]

Bruner, KM.; 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]

Bruner, KM.; Wang, Z.; Simonetti, ER.; Bender, A.M.; Kwon, K.J.; Sengupta, S.; Fray, E.].; 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, 566, 120-125. [CrossRef]
Abdel-Mohsen, M.; Richman, D,; Siliciano, R.F,; Nussenzweig, M.C.; Howell, B.].; Martinez-Picado, J.; Chomont, N.; Bar, K.J.; Yu,
X.G,; Lichterfeld, M.; et al. Recommendations for measuring HIV reservoir size in cure-directed clinical trials. Nat. Med. 2020, 26,
1339-1350. [CrossRef]


http://doi.org/10.1126/science.1254194
http://www.ncbi.nlm.nih.gov/pubmed/24968937
http://doi.org/10.1126/science.1256304
http://doi.org/10.1016/j.chom.2016.04.010
http://doi.org/10.1073/pnas.1522675113
http://doi.org/10.1073/pnas.1720665115
http://doi.org/10.1172/JCI124291
http://www.ncbi.nlm.nih.gov/pubmed/30688658
http://doi.org/10.1073/pnas.1910334116
http://doi.org/10.1172/JCI138099
http://www.ncbi.nlm.nih.gov/pubmed/33016926
http://doi.org/10.1038/s41586-020-2651-8
http://doi.org/10.1172/JCI145254
http://www.ncbi.nlm.nih.gov/pubmed/33301425
http://doi.org/10.1097/QCO.0000000000000026
http://doi.org/10.1146/annurev-med-011514-023043
http://www.ncbi.nlm.nih.gov/pubmed/26526767
http://doi.org/10.1016/j.immuni.2018.04.030
http://www.ncbi.nlm.nih.gov/pubmed/29768175
http://doi.org/10.1016/S0021-9258(19)84799-3
http://doi.org/10.1128/JVI.00915-10
http://doi.org/10.1101/cshperspect.a006882
http://doi.org/10.1073/pnas.1305066110
http://doi.org/10.1038/nm0297-205
http://www.ncbi.nlm.nih.gov/pubmed/9018240
http://doi.org/10.1084/jem.20090365
http://doi.org/10.1038/nature14053
http://www.ncbi.nlm.nih.gov/pubmed/25561180
http://doi.org/10.1128/JVI.01876-15
http://www.ncbi.nlm.nih.gov/pubmed/26223634
http://doi.org/10.1016/j.cell.2013.09.020
http://doi.org/10.1038/nm.4156
http://doi.org/10.1038/s41586-019-0898-8
http://doi.org/10.1038/s41591-020-1022-1

Viruses 2021, 13, 2475 11 of 14

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Siliciano, J.D.; Siliciano, R.FE. 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. [CrossRef]

Rosenbloom, D.I; Elliott, O.; Hill, A.L.; Henrich, T.J.; Siliciano, ].M.; Siliciano, R.E. Designing and Interpreting Limiting Dilution
Assays: General Principles and Applications to the Latent Reservoir for Human Immunodeficiency Virus-1. Open Forum Infect.
Dis. 2015, 2, 0ofv123. [CrossRef]

Hosmane, N.N.; Kwon, K.J.; Bruner, K.M.; Capoferri, A.A.; Beg, S.; Rosenbloom, D.I.; Keele, B.E.,; Ho, Y.C.; Siliciano, ].D.;
Siliciano, R.F. Proliferation of latently infected CD4+ T cells carrying replication-competent HIV-1: Potential role in latent reservoir
dynamics. J. Exp. Med. 2017, 214, 959-972. [CrossRef] [PubMed]

Lee, S.K.; Zhou, S.; Baldoni, P.L.; Spielvogel, E.; Archin, N.M.; Hudgens, M.G.; Margolis, D.M.; Swanstrom, R. Quantification of
the Latent HIV-1 Reservoir Using Ultra Deep Sequencing and Primer ID in a Viral Outgrowth Assay. J. Acquir. Immune Defic.
Syndr. 2017, 74, 221-228. [CrossRef] [PubMed]

Massanella, M.; Yek, C.; Lada, S.M.; Nakazawa, M.; Shefa, N.; Huang, K.; Richman, D.D. Improved assays to measure and
characterize the inducible HIV reservoir. EBioMedicine 2018, 36, 113-121. [CrossRef] [PubMed]

Metcalf Pate, K.A.; Pohlmeyer, C.W.; Walker-Sperling, V.E.; Foote, ].B.; Najarro, KM.; Cryer, C.G.; Salgado, M.; Gama, L.; Engle,
E.L.; Shirk, E.N.; et al. A Murine Viral Outgrowth Assay to Detect Residual HIV Type 1 in Patients With Undetectable Viral Loads.
J. Infect. Dis. 2015, 212, 1387-1396. [CrossRef]

Lee, G.Q.; Orlova-Fink, N.; Einkauf, K.; Chowdhury, FZ.; Sun, X.; Harrington, S.; Kuo, H.H.; 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, 2689-2696.
[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]

Katusiime, M.G.; Halvas, E.K.; Wright, L; Joseph, K.; Bale, M.].; Kirby-McCullough, B.; Engelbrecht, S.; Shao, W.; Hu, W.S.; Cotton,
M.F;; et al. Intact HIV Proviruses Persist in Children Seven to Nine Years after Initiation of Antiretroviral Therapy in the First
Year of Life. J. Virol. 2020, 94, e01519-19. [CrossRef]

Gaebler, C.; Lorenzi, ].C.C.; Oliveira, T.Y.; Nogueira, L.; Ramos, V,; Lu, C.L.; Pai, ].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, 216, 2253-2264. [CrossRef]

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

Anderson, E.M.; Simonetti, ER.; Gorelick, R.J.; Hill, S.; Gouzoulis, M.A.; Bell, J.; Rehm, C.; Perez, L.; Boritz, E.; Wu, X.;
et al. Dynamic Shifts in the HIV Proviral Landscape During Long Term Combination Antiretroviral Therapy: Implications for
Persistence and Control of HIV Infections. Viruses 2020, 12, 136. [CrossRef]

Wu, V.H.; Nobles, C.L.; Kuri-Cervantes, L.; McCormick, K.; Everett, ] K.; Nguyen, S.; Del Rio Estrada, P.M.; Gonzalez-Navarro,
M.; Torres-Ruiz, F; Avila-Rios, S.; et al. Assessment of HIV-1 integration in tissues and subsets across infection stages. JCI Insight
2020, 5, €139783. [CrossRef]

Macaulay, I.C.; Haerty, W.; Kumar, P; Li, Y.I.; Hu, T.X,; Teng, M.].; Goolam, M.; Saurat, N.; Coupland, P,; Shirley, L.M.; et al.
G&T-seq: Parallel sequencing of single-cell genomes and transcriptomes. Nat. Methods 2015, 12, 519-522. [CrossRef]

Liu, R; Yeh, Y.J.; Varabyou, A.; Collora, J.A.; Sherrill-Mix, S.; Talbot, C.C., Jr.; Mehta, S.; Albrecht, K.; Hao, H.; Zhang, H.; et al.
Single-cell transcriptional landscapes reveal HIV-1-driven aberrant host gene transcription as a potential therapeutic target. Sci.
Transl. Med. 2020, 12. [CrossRef]

Iwase, S.C.; Miyazato, P; Katsuya, H.; Islam, S.; Yang, B.T.].; Ito, J.; Matsuo, M.; Takeuchi, H.; Ishida, T.; Matsuda, K.; et al. HIV-1
DNA-capture-seq is a useful tool for the comprehensive characterization of HIV-1 provirus. Sci. Rep. 2019, 9, 12326. [CrossRef]
Artesi, M.; Hahaut, V.; Cole, B.; Lambrechts, L.; Ashrafi, F.; Marcais, A.; Hermine, O.; Griebel, P.; Arsic, N.; van der Meer, E,; et al.
PCIP-seq: Simultaneous sequencing of integrated viral genomes and their insertion sites with long reads. Genome Biol. 2021,
22,97. [CrossRef] [PubMed]

de Bourcy, C.F,; De Vlaminck, I.; Kanbar, ].N.; Wang, J.; Gawad, C.; Quake, S.R. A quantitative comparison of single-cell whole
genome amplification methods. PLoS ONE 2014, 9, e105585. [CrossRef] [PubMed]

Deleye, L.; Tilleman, L.; Vander Plaetsen, A.S.; Cornelis, S.; Deforce, D.; Van Nieuwerburgh, F. Performance of four modern whole
genome amplification methods for copy number variant detection in single cells. Sci. Rep. 2017, 7, 3422. [CrossRef] [PubMed]
Dean, F.B.; Nelson, ].R.; Giesler, T.L.; Lasken, R.S. Rapid amplification of plasmid and phage DNA using Phi 29 DNA polymerase
and multiply-primed rolling circle amplification. Genome Res. 2001, 11, 1095-1099. [CrossRef]

Dean, F.B.; Hosono, S.; Fang, L.; Wu, X.; Faruqi, A.F,; Bray-Ward, P; Sun, Z.; Zong, Q.; Du, Y.; Du, J.; et al. Comprehensive human
genome amplification using multiple displacement amplification. Proc. Natl. Acad. Sci. USA 2002, 99, 5261-5266. [CrossRef]
[PubMed]

Pinard, R.; de Winter, A.; Sarkis, G.J.; Gerstein, M.B.; Tartaro, K.R.; Plant, R.N.; Egholm, M.; Rothberg, ].M.; Leamon, J.H.
Assessment of whole genome amplification-induced bias through high-throughput, massively parallel whole genome sequencing.
BMC Genom 2006, 7, 216. [CrossRef] [PubMed]


http://doi.org/10.1385/1-59259-907-9:003
http://doi.org/10.1093/ofid/ofv123
http://doi.org/10.1084/jem.20170193
http://www.ncbi.nlm.nih.gov/pubmed/28341641
http://doi.org/10.1097/QAI.0000000000001187
http://www.ncbi.nlm.nih.gov/pubmed/27683060
http://doi.org/10.1016/j.ebiom.2018.09.036
http://www.ncbi.nlm.nih.gov/pubmed/30316868
http://doi.org/10.1093/infdis/jiv230
http://doi.org/10.1172/JCI93289
http://www.ncbi.nlm.nih.gov/pubmed/28628034
http://doi.org/10.1016/j.celrep.2017.09.081
http://www.ncbi.nlm.nih.gov/pubmed/29045846
http://doi.org/10.1128/JVI.01519-19
http://doi.org/10.1084/jem.20190896
http://doi.org/10.1016/j.ebiom.2015.06.019
http://www.ncbi.nlm.nih.gov/pubmed/26425694
http://doi.org/10.3390/v12020136
http://doi.org/10.1172/jci.insight.139783
http://doi.org/10.1038/nmeth.3370
http://doi.org/10.1126/scitranslmed.aaz0802
http://doi.org/10.1038/s41598-019-48681-5
http://doi.org/10.1186/s13059-021-02307-0
http://www.ncbi.nlm.nih.gov/pubmed/33823910
http://doi.org/10.1371/journal.pone.0105585
http://www.ncbi.nlm.nih.gov/pubmed/25136831
http://doi.org/10.1038/s41598-017-03711-y
http://www.ncbi.nlm.nih.gov/pubmed/28611458
http://doi.org/10.1101/gr.180501
http://doi.org/10.1073/pnas.082089499
http://www.ncbi.nlm.nih.gov/pubmed/11959976
http://doi.org/10.1186/1471-2164-7-216
http://www.ncbi.nlm.nih.gov/pubmed/16928277

Viruses 2021, 13, 2475 12 of 14

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Pan, X.; Urban, A.E; Palejev, D.; Schulz, V.; Grubert, F; Hu, Y.; Snyder, M.; Weissman, S.M. A procedure for highly specific,
sensitive, and unbiased whole-genome amplification. Proc. Natl. Acad. Sci. USA 2008, 105, 15499-15504. [CrossRef] [PubMed]
McManus, W.R.; Bale, M.].; Spindler, J.; Wiegand, A.; Musick, A.; Patro, S.C.; Sobolewski, M.D.; Musick, V.K.; Anderson, EM.;
Cyktor, ].C.; et al. HIV-1 in lymph nodes is maintained by cellular proliferation during antiretroviral therapy. J. Clin. Investig.
2019, 130. [CrossRef]

Shao, W.; Shan, J.; Kearney, M.F.,; Wu, X.; Maldarelli, F.; Mellors, ].W.; Luke, B.; Coffin, ].M.; Hughes, S.H. Retrovirus Integration
Database (RID): A public database for retroviral insertion sites into host genomes. Retrovirology 2016, 13, 47. [CrossRef]

Shao, W.; Shan, J.; Hu, W.S.; Halvas, E.K.; Mellors, ].W.; Coffin, ] M.; Kearney, M.F. HIV Proviral Sequence Database: A New
Public Database for Near Full-Length HIV Proviral Sequences and Their Meta-Analyses. AIDS Res. Hum. Retrovir. 2020, 36, 1-3.
[CrossRef]

Shiramizu, B.; Herndier, B.G.; McGrath, M.S. Identification of a common clonal human immunodeficiency virus integration site
in human immunodeficiency virus-associated lymphomas. Cancer Res. 1994, 54, 2069-2072. [PubMed]

Ikeda, T.; Shibata, J.; Yoshimura, K.; Koito, A.; Matsushita, S. Recurrent HIV-1 integration at the BACH2 locus in resting CD4+ T
cell populations during effective highly active antiretroviral therapy. J. Infect. Dis. 2007, 195, 716-725. [CrossRef]

Kearney, M.F,; Spindler, J.; Shao, W.; Yu, S.; Anderson, E.M.; O’Shea, A.; Rehm, C.; Poethke, C.; Kovacs, N.; Mellors, J.W.,;
et al. Lack of detectable HIV-1 molecular evolution during suppressive antiretroviral therapy. PLoS Pathog. 2014, 10, e1004010.
[CrossRef]

Cohn, L.B,; Silva, L.T,; Oliveira, T.Y.; Rosales, R.A.; Parrish, E.H.; Learn, G.H.; Hahn, B.H.; Czartoski, J.L.; McElrath, M.].; Lehmann,
C.; et al. HIV-1 integration landscape during latent and active infection. Cell 2015, 160, 420-432. [CrossRef]

Bui, ] K.; Sobolewski, M.D.; Keele, B.F; Spindler, J.; Musick, A.; Wiegand, A.; Luke, B.T.; Shao, W.; Hughes, S.H.; Coffin, ]. M.; et al.
Proviruses with identical sequences comprise a large fraction of the replication-competent HIV reservoir. PLoS Pathog. 2017, 13,
€1006283. [CrossRef]

van Zyl, G.; Bale, M.].; Kearney, M.F. HIV evolution and diversity in ART-treated patients. Retrovirology 2018, 15, 14. [CrossRef]
Kearney, M.E,; Wiegand, A.; Shao, W.; Coffin, ].M.; Mellors, ] W.; Lederman, M.; Gandhi, R.T.; Keele, B.F; Li, ].Z. Origin of
Rebound Plasma HIV Includes Cells with Identical Proviruses That Are Transcriptionally Active before Stopping of Antiretroviral
Therapy. J. Virol. 2015, 90, 1369-1376. [CrossRef]

Bui, ] K.; Halvas, E.K,; Fyne, E.; Sobolewski, M.D.; Koontz, D.; Shao, W.; Luke, B.; Hong, EF.; Kearney, M.E; Mellors, ] W. Ex vivo
activation of CD4+ T-cells from donors on suppressive ART can lead to sustained production of infectious HIV-1 from a subset of
infected cells. PLoS Pathog. 2017, 13, €1006230. [CrossRef]

Cohn, L.B.; da Silva, L.T,; Valieris, R.; Huang, A.S.; Lorenzi, ].C.C.; Cohen, Y.Z,; Pai, ].A.; Butler, A.L.; Caskey, M.; Jankovic, M.;
et al. Clonal CD4(+) T cells in the HIV-1 latent reservoir display a distinct gene profile upon reactivation. Nat. Med. 2018, 24,
604-609. [CrossRef] [PubMed]

Keele, B.E; Giorgi, E.E.; Salazar-Gonzalez, ].E.; Decker, ].M.; Pham, K.T.; Salazar, M.G.; Sun, C.; Grayson, T.; Wang, S.; Li, H.; et al.
Identification and characterization of transmitted and early founder virus envelopes in primary HIV-1 infection. Proc. Natl. Acad.
Sci. USA 2008, 105, 7552-7557. [CrossRef]

Garcia-Broncano, P.; Maddali, S.; Einkauf, K.B.; Jiang, C.; Gao, C.; Chevalier, J.; Chowdhury, EZ.; Maswabi, K.; Ajibola, G.; Moyo,
S.; et al. Early antiretroviral therapy in neonates with HIV-1 infection restricts viral reservoir size and induces a distinct innate
immune profile. Sci. Transl. Med. 2019, 11. [CrossRef] [PubMed]

Dinoso, ].B.; Kim, S.Y.; Wiegand, A.M.; Palmer, S.E.; Gange, S.J.; Cranmer, L.; O’Shea, A.; Callender, M.; Spivak, A.; Brennan, T.;
et al. Treatment intensification does not reduce residual HIV-1 viremia in patients on highly active antiretroviral therapy. Proc.
Natl. Acad. Sci. USA 2009, 106, 9403-9408. [CrossRef] [PubMed]

McMahon, D.; Jones, J.; Wiegand, A.; Gange, S.]J.; Kearney, M.; Palmer, S.; McNulty, S.; Metcalf, ].A.; Acosta, E.; Rehm, C.; et al.
Short-course raltegravir intensification does not reduce persistent low-level viremia in patients with HIV-1 suppression during
receipt of combination antiretroviral therapy. Clin. Infect.Dis. Off. Publ. Infect. Dis. Soc. Am. 2010, 50, 912-919. [CrossRef]
Gandhi, R.T.; Zheng, L.; Bosch, R].; Chan, E.S.; Margolis, D.M.; Read, S.; Kallungal, B.; Palmer, S.; Medvik, K.; Lederman, M.M.;
et al. The effect of raltegravir intensification on low-level residual viremia in HIV-infected patients on antiretroviral therapy: A
randomized controlled trial. PLoS Med. 2010, 7, e1000321. [CrossRef]

Migueles, S.A.; Sabbaghian, M.S.; Shupert, W.L.; Bettinotti, M.P.; Marincola, EM.; Martino, L.; Hallahan, C.W.; Selig, S.M.;
Schwartz, D.; Sullivan, J.; et al. HLA B*5701 is highly associated with restriction of virus replication in a subgroup of HIV-infected
long term nonprogressors. Proc. Natl. Acad. Sci. USA 2000, 97, 2709-2714. [CrossRef]

Deeks, S.G.; Walker, B.D. Human immunodeficiency virus controllers: Mechanisms of durable virus control in the absence of
antiretroviral therapy. Immunity 2007, 27, 406-416. [CrossRef]

Honeyborne, 1; Prendergast, A.; Pereyra, E; Leslie, A.; Crawford, H.; Payne, R.; Reddy, S.; Bishop, K.; Moodley, E.; Nair, K.; et al.
Control of human immunodeficiency virus type 1 is associated with HLA-B*13 and targeting of multiple gag-specific CD8+ T-cell
epitopes. J. Virol. 2007, 81, 3667-3672. [CrossRef] [PubMed]

Hersperger, A.R.; Pereyra, F.; Nason, M.; Demers, K.; Sheth, P; Shin, L.Y.; Kovacs, C.M.; Rodriguez, B.; Sieg, S.E,; Teixeira-Johnson,
L.; et al. Perforin expression directly ex vivo by HIV-specific CD8 T-cells is a correlate of HIV elite control. PLoS Pathog. 2010,
6, €1000917. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.0808028105
http://www.ncbi.nlm.nih.gov/pubmed/18832167
http://doi.org/10.1172/JCI126714
http://doi.org/10.1186/s12977-016-0277-6
http://doi.org/10.1089/aid.2019.0214
http://www.ncbi.nlm.nih.gov/pubmed/8174106
http://doi.org/10.1086/510915
http://doi.org/10.1371/journal.ppat.1004010
http://doi.org/10.1016/j.cell.2015.01.020
http://doi.org/10.1371/journal.ppat.1006283
http://doi.org/10.1186/s12977-018-0395-4
http://doi.org/10.1128/JVI.02139-15
http://doi.org/10.1371/journal.ppat.1006230
http://doi.org/10.1038/s41591-018-0017-7
http://www.ncbi.nlm.nih.gov/pubmed/29686423
http://doi.org/10.1073/pnas.0802203105
http://doi.org/10.1126/scitranslmed.aax7350
http://www.ncbi.nlm.nih.gov/pubmed/31776292
http://doi.org/10.1073/pnas.0903107106
http://www.ncbi.nlm.nih.gov/pubmed/19470482
http://doi.org/10.1086/650749
http://doi.org/10.1371/journal.pmed.1000321
http://doi.org/10.1073/pnas.050567397
http://doi.org/10.1016/j.immuni.2007.08.010
http://doi.org/10.1128/JVI.02689-06
http://www.ncbi.nlm.nih.gov/pubmed/17251285
http://doi.org/10.1371/journal.ppat.1000917
http://www.ncbi.nlm.nih.gov/pubmed/20523897

Viruses 2021, 13, 2475 13 of 14

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

Nguyen, S.; Deleage, C.; Darko, S.; Ransier, A.; Truong, D.P; Agarwal, D.; Japp, A.S.; Wu, V.H.; Kuri-Cervantes, L.; Abdel-Mohsen,
M.; et al. Elite control of HIV is associated with distinct functional and transcriptional signatures in lymphoid tissue CD8(+) T
cells. Sci. Transl. Med. 2019, 11. [CrossRef]

Tomescu, C.; Duh, EM.; Hoh, R.; Viviani, A.; Harvill, K.; Martin, M.P,; Carrington, M.; Deeks, S.G.; Montaner, L.J. Impact of
protective killer inhibitory receptor /human leukocyte antigen genotypes on natural killer cell and T-cell function in HIV-1-infected
controllers. AIDS 2012, 26, 1869-1878. [CrossRef] [PubMed]

Martin, M.P; Qi, Y,; Gao, X.; Yamada, E.; Martin, ].N.; Pereyra, F.; Colombo, S.; Brown, E.E.; Shupert, W.L.; Phair, J.; et al. Innate
partnership of HLA-B and KIR3DL1 subtypes against HIV-1. Nat. Genet. 2007, 39, 733-740. [CrossRef]

Migueles, S.A.; Connors, M. Success and failure of the cellular immune response against HIV-1. Nat. Immunol. 2015, 16, 563-570.
[CrossRef]

Blankson, ].N.; Bailey, ].R.; Thayil, S.; Yang, H.C.; Lassen, K ; Lai, J.; Gandhi, S.K.; Siliciano, J.D.; Williams, T.M.; Siliciano, R.F.
Isolation and characterization of replication-competent human immunodeficiency virus type 1 from a subset of elite suppressors.
J. Virol. 2007, 81, 2508-2518. [CrossRef]

O’Connell, K.A.; Brennan, T.P; Bailey, J.R.; Ray, S.C; Siliciano, R.E; Blankson, J.N. Control of HIV-1 in elite suppressors despite
ongoing replication and evolution in plasma virus. J. Virol. 2010, 84, 7018-7028. [CrossRef] [PubMed]

Mens, H.; Kearney, M.; Wiegand, A.; Shao, W.; Schonning, K.; Gerstoft, J.; Obel, N.; Maldarelli, F.; Mellors, ].W.; Benfield, T.;
et al. HIV-1 continues to replicate and evolve in patients with natural control of HIV infection. J. Virol. 2010, 84, 12971-12981.
[CrossRef]

Veenhuis, R.T.; Kwaa, A.K,; Garliss, C.C.; Latanich, R.; Salgado, M.; Pohlmeyer, C.W.; Nobles, C.L.; Gregg, J.; Scully, E.P; Bailey,
J.R.; et al. Long-term remission despite clonal expansion of replication-competent HIV-1 isolates. JCI Insight 2018, 3, €122795.
[CrossRef] [PubMed]

Boritz, E.A.; Darko, S.; Swaszek, L.; Wolf, G.; Wells, D.; Wu, X.; Henry, A.R.; Laboune, E; Hu, J.; Ambrozak, D.; et al. Multiple
Origins of Virus Persistence during Natural Control of HIV Infection. Cell 2016, 166, 1004-1015. [CrossRef]

Melamed, A.; Laydon, D.J.; Gillet, N.A.; Tanaka, Y.; Taylor, G.P,; Bangham, C.R. Genome-wide determinants of proviral targeting,
clonal abundance and expression in natural HTLV-1 infection. PLoS Pathog. 2013, 9, €1003271. [CrossRef] [PubMed]

Migueles, S.A.; Osborne, C.M.; Royce, C.; Compton, A.A.; Joshi, R.P.; Weeks, K.A.; Rood, J.E.; Berkley, A.M.; Sacha, ].B.; Cogliano-
Shutta, N.A ; et al. Lytic granule loading of CD8+ T cells is required for HIV-infected cell elimination associated with immune
control. Immunity 2008, 29, 1009-1021. [CrossRef]

Pombo, C.; Wherry, E.J.; Gostick, E.; Price, D.A.; Betts, M.R. Elevated Expression of CD160 and 2B4 Defines a Cytolytic HIV-Specific
CD8+ T-Cell Population in Elite Controllers. J. Infect. Dis. 2015, 212, 1376-1386. [CrossRef]

Huang, A.S.; Ramos, V.; Oliveira, T.Y.; Gaebler, C.; Jankovic, M.; Nussenzweig, M.C.; Cohn, L.B. Integration features of intact
latent HIV-1 in CD4+ T cell clones contribute to viral persistence. J. Exp. Med. 2021, 218, €20211427. [CrossRef]

Reeves, D.B.; Duke, E.R.; Wagner, T.A.; Palmer, S.E.; Spivak, A.M.; Schiffer, ].T. A majority of HIV persistence during antiretroviral
therapy is due to infected cell proliferation. Nat. Commun. 2018, 9, 4811. [CrossRef] [PubMed]

Coffin, ].M.; Wells, D.W.; Zerbato, ] M.; Kuruc, ].D.; Guo, S.; Luke, B.T.; Eron, ].].; Bale, M.; Spindler, J.; Simonetti, ER.; et al. Clones
of infected cells arise early in HIV-infected individuals. JCI Insight 2019, 4, €128432. [CrossRef] [PubMed]

Brenchley, ].M.; Hill, B.J.; Ambrozak, D.R.; Price, D.A.; Guenaga, FJ.; Casazza, ].P.; Kuruppu, J.; Yazdani, J.; Migueles, S.A.;
Connors, M.; et al. T-cell subsets that harbor human immunodeficiency virus (HIV) in vivo: Implications for HIV pathogenesis. J.
Virol. 2004, 78, 1160-1168. [CrossRef]

Chahroudi, A,; Silvestri, G.; Lichterfeld, M. T memory stem cells and HIV: A long-term relationship. Curr. HIV/AIDS Rep. 2015,
12, 33-40. [CrossRef]

Pardons, M.; Baxter, A.E.; Massanella, M.; Pagliuzza, A.; Fromentin, R.; Dufour, C.; Leyre, L.; Routy, ].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, €1007619. [CrossRef] [PubMed]

Cole, B.; Lambrechts, L.; Gantner, P.; Noppe, Y.; Bonine, N.; Witkowski, W.; Chen, L.; Palmer, S.; Mullins, J.I.; Chomont, N.; et al.
In-depth single-cell analysis of translation-competent HIV-1 reservoirs identifies cellular sources of plasma viremia. Nat. Commun.
2021, 12, 3727. [CrossRef] [PubMed]

Archin, N.M,; Liberty, A L.; Kashuba, A.D.; Choudhary, S.K.; Kuruc, J.D.; Crooks, A.M.; Parker, D.C.; Anderson, E.M.; Kearney,
M.E; Strain, M.C.; et al. Administration of vorinostat disrupts HIV-1 latency in patients on antiretroviral therapy. Nature 2012,
487, 482-485. [CrossRef]

Bullen, C.K,; Laird, G.M.; Durand, C.M.; Siliciano, J.D.; Siliciano, R.F. New ex vivo approaches distinguish effective and ineffective
single agents for reversing HIV-1 latency in vivo. Nat. Med. 2014, 20, 425-429. [CrossRef]

Moranguinho, I.; Valente, S.T. Block-And-Lock: New Horizons for a Cure for HIV-1. Viruses 2020, 12, 1443. [CrossRef]
Mousseau, G.; Kessing, C.F.; Fromentin, R.; Trautmann, L.; Chomont, N.; Valente, S.T. The Tat Inhibitor Didehydro-Cortistatin A
Prevents HIV-1 Reactivation from Latency. Mbio 2015, 6, e00465. [CrossRef]

Maldini, C.R.; Ellis, G.I; Riley, J].L. CAR T cells for infection, autoimmunity and allotransplantation. Nat. Rev. Immunol. 2018, 18,
605-616. [CrossRef] [PubMed]


http://doi.org/10.1126/scitranslmed.aax4077
http://doi.org/10.1097/QAD.0b013e32835861b0
http://www.ncbi.nlm.nih.gov/pubmed/22874514
http://doi.org/10.1038/ng2035
http://doi.org/10.1038/ni.3161
http://doi.org/10.1128/JVI.02165-06
http://doi.org/10.1128/JVI.00548-10
http://www.ncbi.nlm.nih.gov/pubmed/20444904
http://doi.org/10.1128/JVI.00387-10
http://doi.org/10.1172/jci.insight.122795
http://www.ncbi.nlm.nih.gov/pubmed/30232278
http://doi.org/10.1016/j.cell.2016.06.039
http://doi.org/10.1371/journal.ppat.1003271
http://www.ncbi.nlm.nih.gov/pubmed/23555266
http://doi.org/10.1016/j.immuni.2008.10.010
http://doi.org/10.1093/infdis/jiv226
http://doi.org/10.1084/jem.20211427
http://doi.org/10.1038/s41467-018-06843-5
http://www.ncbi.nlm.nih.gov/pubmed/30446650
http://doi.org/10.1172/jci.insight.128432
http://www.ncbi.nlm.nih.gov/pubmed/31217357
http://doi.org/10.1128/JVI.78.3.1160-1168.2004
http://doi.org/10.1007/s11904-014-0246-4
http://doi.org/10.1371/journal.ppat.1007619
http://www.ncbi.nlm.nih.gov/pubmed/30811499
http://doi.org/10.1038/s41467-021-24080-1
http://www.ncbi.nlm.nih.gov/pubmed/34140517
http://doi.org/10.1038/nature11286
http://doi.org/10.1038/nm.3489
http://doi.org/10.3390/v12121443
http://doi.org/10.1128/mBio.00465-15
http://doi.org/10.1038/s41577-018-0042-2
http://www.ncbi.nlm.nih.gov/pubmed/30046149

Viruses 2021, 13, 2475 14 of 14

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Maldini, C.R.; Gayout, K.; Leibman, R.S.; Dopkin, D.L.; Mills, J.P,; Shan, X.; Glover, J.A.; Riley, J.L. HIV-Resistant and HIV-Specific
CAR-Modified CD4(+) T Cells Mitigate HIV Disease Progression and Confer CD4(+) T Cell Help In Vivo. Mol.Ther. ]. Am. Soc.
Gene Ther. 2020, 28, 1585-1599. [CrossRef]

Riley, ].L.; Montaner, L.J. Cell-Mediated Immunity to Target the Persistent Human Immunodeficiency Virus Reservoir. J. Infect.
Dis. 2017, 215, S160-S171. [CrossRef]

Papasavvas, E.; Azzoni, L.; Pagliuzza, A.; Abdel-Mohsen, M.; Ross, B.N.; Fair, M.; Howell, B.J.; Hazuda, D.J.; Chomont, N.; Li, Q.;
et al. Safety, Inmune, and Antiviral Effects of Pegylated Interferon Alpha 2b Administration in Antiretroviral Therapy-Suppressed
Individuals: Results of Pilot Clinical Trial. AIDS Res. Hum. Retrovir. 2021, 37, 433—443. [CrossRef] [PubMed]

Kwaa, A.K.R.; Talana, C.A.G.; Blankson, ]J.N. Interferon Alpha Enhances NK Cell Function and the Suppressive Capacity of
HIV-Specific CD8(+) T Cells. J. Virol. 2019, 93, e01541-18. [CrossRef]

Mancuso, P.; Chen, C.; Kaminski, R.; Gordon, J.; Liao, S.; Robinson, J.A.; Smith, M.D.; Liu, H.; Sariyer, L.K.; Sariyer, R.; et al.
CRISPR based editing of SIV proviral DNA in ART treated non-human primates. Nat. Commun. 2020, 11, 6065. [CrossRef]
[PubMed]

Tebas, P; Stein, D.; Tang, WW.; Frank, I.; Wang, S.Q.; Lee, G.; Spratt, S.K.; Surosky, R.T.; Giedlin, M.A.; Nichol, G.; et al. Gene
editing of CCRS5 in autologous CD4 T cells of persons infected with HIV. N. Engl. ]. Med. 2014, 370, 901-910. [CrossRef] [PubMed]
Tebas, P.; Jadlowsky, ].K.; Shaw, P.A,; Tian, L.; Esparza, E.; Brennan, A.L.; Kim, S.; Naing, S.Y.; Richardson, M.W.; Vogel, A.N.; et al.
CCR5-edited CD4+ T cells augment HIV-specific immunity to enable post-rebound control of HIV replication. J. Clin. Investig.
2021, 131. [CrossRef] [PubMed]

Dash, PK.; Kaminski, R.; Bella, R.; Su, H.; Mathews, S.; Ahooyi, T.M.; Chen, C.; Mancuso, P,; Sariyer, R.; Ferrante, P; et al.
Sequential LASER ART and CRISPR Treatments Eliminate HIV-1 in a Subset of Infected Humanized Mice. Nat. Commun. 2019,
10, 2753. [CrossRef] [PubMed]

Xu, L.; Wang, J.; Liu, Y.; Xie, L.; Su, B.; Mou, D.; Wang, L.; Liu, T.; Wang, X.; Zhang, B.; et al. CRISPR-Edited Stem Cells in a Patient
with HIV and Acute Lymphocytic Leukemia. N. Engl. J. Med. 2019, 381, 1240-1247. [CrossRef]

Rasmussen, T.A.; Rajdev, L.; Rhodes, A.; Dantanarayana, A.; Tennakoon, S.; Chea, S.; Spelman, T.; Lensing, S.; Rutishauser,
R.; Bakkour, S.; et al. Impact of anti-PD-1 and anti-CTLA-4 on the HIV reservoir in people living with HIV with cancer on
antiretroviral therapy: The AIDS Malignancy Consortium-095 study. Clin. Infect.Dis. Off. Publ. Infect. Dis. Soc. Am. 2021, 73,
€1973-e1981. [CrossRef]

Gay, C.L,; Bosch, RJ; Ritz, ].; Hataye, ]. M.; Aga, E.; Tressler, R.L.; Mason, S.W.; Hwang, C.K.; Grasela, D.M.; Ray, N.; et al. Clinical
Trial of the Anti-PD-L1 Antibody BMS-936559 in HIV-1 Infected Participants on Suppressive Antiretroviral Therapy. J. Infect. Dis.
2017, 215, 1725-1733. [CrossRef]

Clarridge, K.E.; Blazkova, J.; Einkauf, K.; Petrone, M.; Refsland, E.W.; Justement, J.S.; Shi, V.; Huiting, E.D.; Seamon, C.A.; Lee,
G.Q,; et al. Effect of analytical treatment interruption and reinitiation of antiretroviral therapy on HIV reservoirs and immunologic
parameters in infected individuals. PLoS Pathog. 2018, 14, e1006792. [CrossRef]

Julg, B.; Dee, L.; Ananworanich, J.; Barouch, D.H.; Bar, K.; Caskey, M.; Colby, D.J.; Dawson, L.; Dong, K.L.; Dube, K; et al.
Recommendations for analytical antiretroviral treatment interruptions in HIV research trials-report of a consensus meeting.
Lancet HIV 2019, 6, e259-€268. [CrossRef]

Musick, A.; Spindler, ].; Boritz, E.; Perez, L.; Crespo-Velez, D.; Patro, S.C.; Sobolewski, M.D.; Bale, M.].; Reid, C.; Keele, B.F,; et al.
HIV Infected T Cells Can Proliferate in vivo Without Inducing Expression of the Integrated Provirus. Front. Microbiol. 2019,
10, 2204. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ymthe.2020.05.012
http://doi.org/10.1093/infdis/jix002
http://doi.org/10.1089/aid.2020.0243
http://www.ncbi.nlm.nih.gov/pubmed/33323024
http://doi.org/10.1128/JVI.01541-18
http://doi.org/10.1038/s41467-020-19821-7
http://www.ncbi.nlm.nih.gov/pubmed/33247091
http://doi.org/10.1056/NEJMoa1300662
http://www.ncbi.nlm.nih.gov/pubmed/24597865
http://doi.org/10.1172/JCI144486
http://www.ncbi.nlm.nih.gov/pubmed/33571163
http://doi.org/10.1038/s41467-019-10366-y
http://www.ncbi.nlm.nih.gov/pubmed/31266936
http://doi.org/10.1056/NEJMoa1817426
http://doi.org/10.1093/cid/ciaa1530
http://doi.org/10.1093/infdis/jix191
http://doi.org/10.1371/journal.ppat.1006792
http://doi.org/10.1016/S2352-3018(19)30052-9
http://doi.org/10.3389/fmicb.2019.02204
http://www.ncbi.nlm.nih.gov/pubmed/31632364

	Background 
	Comprehensive Evaluation of HIV-Infected Cell Populations Using MDA Approaches 
	MDA-Augmented Workflow: Amplification, Screening, and Multi-Parametric Analysis 
	Persistence of Clonally Expanded, Infected CD4+ T-Cells with Intact and Defective Proviruses in Individuals on Suppressive ART 
	Persistent Plasma Viremia Driven by Clonal Expansion of Cells Containing Intact Proviruses (“Repliclones”) in Individuals on Continuous ART 
	Characteristics of Intact and Defective Proviruses and “Deep Latency” in Elite Control Individuals 
	Knowing the Host Cell: Identifying Antigen Specificity and CD4+ T Cell Memory Subset of Expanded HIV-Infected T-Cell Clones 

	Future Directions 
	Methods 
	Ethics Statement 
	MDA-SGS 

	References

