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SUMMARY A major impediment for HIV cure is the ability of the virus to integrate its
genome in the form of replication-competent proviral DNA into the cellular genome
of the host and remain transcriptionally silent and hidden from the host’s immune
defense mechanisms in latent reservoir cells. These latent reservoirs are highly het-
erogeneous, long-lived cells that are capable of reactivating to restore the viremic
stage in virally suppressed individuals upon treatment interruption, thus necessitating
life-long antiretroviral treatment. Latency reversal has become one of the most explored
therapeutic approaches for eliminating HIV reservoirs and effecting HIV cure. Various
aspects governing the establishment, maintenance, and reversal of HIV latency continue
to be an enigma and warrant further research. Quantifying the size of the latent reservoir
pool is also a challenge as these cells are very few in number and cannot be easily
differentiated from uninfected cells. This article provides a comprehensive review of
the in vitro and in vivo models currently available for studying HIV latency as well as
the recently developed molecular tools for detection and quantification of latent viral
reservoirs.
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INTRODUCTION

A ntiretroviral therapy (ART) in HIV-positive individuals has constrained the replication
of HIV and increased the life expectancy of people living with HIV. Regardless of
the effect of ART in quashing HIV and its replication, eradication of HIV continues to
be a daunting challenge due to the persistence of transcriptionally silent, yet replica-
tion-competent, provirus, especially in resting CD4* memory cells (1). By integrating its
genome into the host’s cellular DNA and remaining silent within resting cells, the virus
remains hidden from the host’s immune surveillance mechanisms and inaccessible to
conventional ART which chiefly targets the enzymes of HIV. The latently infected cells act
as viral sanctuaries and can reconstitute the viraemic stage in ART-suppressed individuals
at any given time (2, 3). Latently infected CD4" cells are long-lived cells with a life span of
a few years (4) and can easily access any part of the body through the blood stream and
lymphatic system (5).

Owing to the stability of viral reservoirs and their potential to reactivate, HIV-infected
individuals need to be on uninterrupted lifelong antiretroviral therapy. Currently, there is
no way of differentiating latently infected cells from uninfected cells as there is very
minimal viral gene expression and no specific cellular marker that can be used to
identify them. The current strategy to eradicate the dormant CD4" cells is to activate
them to produce virus/viral protein and kill them either via viral cytopathic effect or
immune-mediated viral clearance. In this context, HIV-1 latent cell models serve as
invaluable tools for understanding the mechanisms underlying latency establishment
and maintenance, which could unveil useful clues for designing effective strategies to
overcome latency. HIV latency poses several daring challenges. The event of proviral
integration is a rare phenomenon occurring in one out of a million resting CD4* cells
(3) and is a major hindrance to dissecting the molecular mechanisms governing HIV-1
latency. The first in vitro model for studying HIV-1 latency was established using primary
CD4* lymphocytes by Sahu et al. (6, 7). Since then, many in vitro HIV-1 primary latency
models have been developed and reported.

Several methods have also been developed for the quantification of viral reser-
voirs, including the Quantitative Viral Outgrowth Assay (QVOA) and Tat/Rev-Induced
Limiting Dilution Assay (TILDA). Notwithstanding the method, viral reservoir size
estimation remains laborious, and its practical utility is limited to identification of
functional replication-competent intact proviruses from the circulating reservoir pool,
thus misleading accurate measurements. Quantification of tissue-resident viral reservoirs
is another major impediment due to the difficulty in accessing samples. Novel detection
tools are still needed for effective detection and quantification of the difficult-to-access
reservoir pools in HIV-infected persons.

We provide here an updated comprehensive review on the available cell models for
studying HIV-1 latency, the methodologies for establishment of in vitro and in vivo HIV-1
latency models, reporter vectors and latent cell lines, and the methods for quantification
of latent viral reservoirs.

IN VITRO MODELS OF HIV LATENCY
Tcm cell model of HIV latency

HIV is known to majorly infect CD4* T cells, the critical immune cells responsible for
eliciting an effective immune response. These cells functionally differentiate into various
subsets, some of which can also serve as HIV reservoirs. Despite the fact that HIV
establishes latency in various CD4* T cell subsets, resting memory cells predominate the
latent pool. Sarabia et al. (8) developed a primary Tcy model of HIV latency using NL4-3,
a subtype B/X4 tropic virus (Fig. 1). Subsequently, this primary cell model was extrapo-
lated to include a R5 tropic subtype C virus. In this model, the latently infected cells
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FIG1 Tcpm cell model of HIV latency. AD8, an R5 subtype B virus with envelope derived from HIV-1 ADA derivative AD8.1 with NL4-3 backbone; MJ4, an R5
chimeric infectious molecular clone of HIV-1 subtype C from Botswana; NL4-3, a subtype B CXCR4 (X4) —tropic virus; ART, antiretroviral therapy; LRA, latency

reversal agents.

were enriched via negative selection by eliminating productively infected cells through
magnetic sorting of p24 positive CD4 negative cells from infected cell cultures. Using
the R5/non-B subtype virus-based latency model, the investigators demonstrated that
percent reactivation was lower for AD8, an R5/subtype B virus, carrying fewer number
of total gag copies than MJ-4, an R5/subtype C virus as well as NL4-3, an X4/Subtype
B Virus. This latency model, however, is heterogeneous as it contains intact as well as
defective proviruses, with the least number of intact proviral DNA copies in AD8 followed
by MJ4 and NL4-3. Induction of productive infection through IL-2/CD3/CD28 stimulation
was found to be very difficult in this latency model, regardless of the viral subtype
it contained, and conventional latency reversal agents were found to be ineffective
in stimulating the intact provirus. This model, however, serves as a suitable proxy for
dissecting the latency-inducing behavior of HIV-1 as the in vitro results are consistent
with that seen in vivo.

Monocyte-derived macrophage (MDM) model of HIV latency

Myeloid cells represent an important pool of viral reservoirs, particularly the tissue
macrophages in the brain, lungs, gut, liver, and anogenital tract. Though these cells
are said to be analogous to T cells in terms of longevity, their unique ability to resist
the cytopathic effect of the virus due to their innate immune function, and ability to
survive the cell-mediated response generated by NK cells and cytolytic CD8+T cells,
makes them ideal targets for HIV-1 latency (9, 10). However, despite these features, the
contribution of tissue macrophages in rebuilding active viraemia remains inadequate,
chiefly due to their poor accessibility. Monocyte-derived macrophages (MDM) differ from
tissue macrophages in their life span as they are quite short-lived, yet MDM reservoirs
have been identified even in individuals on long-term ART, which might possibly have
arisen as a result of residual de novo infection (11).

Wong et al. (12) developed an in vitro model of latently infected MDMs (Fig. 2) by
infecting MDMs from healthy volunteers with a GFP-tagged HIV reporter virus derived
from NL4-3, with the GFP sequence inserted in the nef gene under the control of
the HIV-1 LTR promoter to represent an early transcription event, and the nef gene
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FIG 2 MDM latency model. MDM, monocyte-derived macrophages; pNL.Eng1i.Bal.ecto, a macrophage tropic GFP reporter HIV with NL4-3 backbone and

envelope sequence derived from BalL HIV; GFP, green florescent protein.

re-inserted downstream of the IRES promoter to represent tat-mediated transcription.
Using this in vitro latency model, the researchers demonstrated that latency could be
achieved in MDMs under in vitro conditions, by showing that both HIV LTR DNA and
HIV p24 levels were significantly higher in GFP +ve (productively infected) cells than in
GFP -ve (latently infected) cells. They further demonstrated spontaneous reactivation
of viral transcription from latently infected MDMs, indicating that MDMs harboring the
latent provirus can instinctively switch to the productive phase of infection in persons
on long-term ART. They further showed that the spontaneously reactivated viruses were
replication-competent and capable of infecting T cells. The investigators also demonstra-
ted that the polarization state of the MDMs impacted the level of HIV replication within
them. Since MDMs are short-lived cells, considering them as true and stable reservoirs
of HIV continues to be a point of contention. However, the authors who developed the
MDM latency model declare that the lack of appropriate in vitro models to investigate the
effect of agents that modulate latency in macrophages, prompted them to develop this
model as a surrogate for studying latent HIV-1 infection in primary human macrophages.

Stable J-mC cell model

The identification of green fluorescent proteins (GFP) has allowed its use as a tool for
easy identification and localization of various viral proteins within infected cells, thus
enabling us to study virus-host cell interactions. The first infectious molecular clone
of HIV successfully tagged with GFP was HIV Gag-iGFP, a replication-competent clone
derived from pNL4-3, where the GFP sequence was inserted between the matrix (MA)
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and capsid (CA) domains of Gag (13). Dual-color fluorescence-tagged HIV reporter virus
systems were developed later to help distinguish between latently and productively
infected cells. The dual-fluorescent HIV reporter system has two different fluorescent
proteins, one under the control of the HIV promoter to detect productively infected cells
and the other under the control of an HIV-independent constitutive promoter to identify
latently infected cells. Stable latently infected Jurkat cells (J-mC cells) were generated
through natural infection of Jurkat cells with the dual reporter virus. The J-mC model
is based on the principle that when productively infected (GFP and mCherry double
positive) cells revert to a resting/latent state viral gene expression shuts down result-
ing in lack of GFP expression. Thus, the single positive (mCherry+) cells comprise the
population of latently infected cells, while the double positive (GFP+ mCherry+) subset
represents productively infected cells. Though a number of dual fluorescent HIV reporter
systems are now available (14-17), many of these systems are associated with seeming
flaws in terms of efficacy pertaining to their identification, latency establishment, and
reactivation potential.

Cai et al. (18) designed a dual fluorescent virus, called DFV-B (18), having GFP and
mCherry under the control of two distinctive promoters, namely, the HIV LTR and
EF-1a, to aid in the clear distinction between productively (double positive-DP) and
latently infected (mCherry positive-mC) cells (Fig. 3). The investigators demonstrated
that whereas the mC+/single positive as well as mC+ GFP+/double positive cells had
comparable amounts of proviral DNA indicating no difference in virus integration, the
single (mC) positive cells did not express viral mMRNA or proteins, providing evidence to
suggest that this subset of cells constitute the quiescent/latently infected population.
The investigators went on to show that DFV-B could induce a latent reservoir state in
effector-to-memory transitioning (EMT) CD4* T cells, though with poor infectivity. Stable
J-mC cells are considered to be a suitable model for studying HIV-1 latency-associated
mechanisms as it has a number of integration sites (n = 5,154) that are concentrated in
the intronic sites, reflecting the heterogeneity in vivo (19, 20). The integration sites are
frequently found to be enriched in genes involved in cancer-related pathways (21).

Jurkat/NL model/WIPE model

Matsuda et al. (22) also generated a chronic HIV-1 infected T cell line model called the
Jurkat/NL model, by infecting Jurkat cells with NL4-3. This model is far more heterogene-
ous than the other conservative latent cell models as there are 2,933 different integration

DFV-B
Dual reporter virus Sorting of cells
(mcherry+/GFP+) Day 7 J-mc cell
Day 1 @ —_

mCherry+ mCherry+ cells
TNF-a stimulation

. DP
Infection of Jurkat cells @
DN

FIG 3 Stable J-mC model of latency. DFV-B, a dual fluorescent reporter virus; DP, double positive; DN, double negative; J-mC, a
stable latently infected cells obtained by infection of Jurkat cells with DFV-B; TNF-a, tumor necrosis factor-alpha.
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sites (IS) in these cells, as is seen in HIV-1-infected individuals. Interestingly, the IS exhibits
common features as observed in vivo and lies in the same orientation as the host
transcription unit. This long-term latent cell model is called the “widely distributed intact
provirus elimination” (WIPE) model and is recommended as a suitable experimental
prototype for evaluating the combined effect of antiretroviral drugs and latency reversal
agents. Using this model, the investigators demonstrated that the antiretroviral agent
EFdA-Islatravir used along with a latency reversal agent, PEP005, was highly effective in
reversing the latent phase of infection. Mathematical modeling and experimental data
generated with the WIPE assay support the reliability of this in vitro model and underline
the possibility of HIV latency reversal by the addition of an LRA to anti-retroviral therapy.

R2N3-LTR model

The major governing factor for HIV transcription is the long-terminal repeat (LTR) region
that directs viral gene expression. The transcription factor-binding sites (TFBS) within
the LTR play an important role in regulating HIV transcription by recruiting transcription
activators or repressors, which ultimately decide whether the fate of the infection would
be productive or latent. Subtype-specific variations in the configuration of the TFBS
and other controlling elements within the viral promoter can also impact viral latency
(23-26).

R2N3-LTR is an HIV-1C promoter variant possessing two RBEIll motifs (RBEIlI motif
duplication) and three NF-kB sites and having the ability to promptly establish latency
(27). Ali et al. (28) evaluated the potential of R2N3-LTR as a reporter vector and found that
it exhibited less transcriptional noise as compared to the canonical RN3 and R2N4-LTR
variants and that the latency establishment potential of R2N3-LTR was superior to that
of the other two LTR-variants. It was observed that the R2N3-LTR variant was highly
resistant to latency reversal when testing with a cocktail of potent cell activators like
TNF-a and PMA, suggesting that multiple molecular mechanisms contribute to the
establishment of HIV latency and that a combination of compounds targeting different
mechanisms of action may have synergistic effects in activating latent HIV expression.
Though Protein Kinase C (PKC) agonists are believed to be highly promising candi-
dates for HIV eradication in view of their potency to reactivate latent HIV, the specific
configuration of transcription factor-binding sites (TFBS) in the R2N3-LTR variant, like the
presence of an additional copy of RBEIIl motif in the absence of co-duplication of NF-kB,
possibly contributes to the resistance to reactivation due to the involvement of multiple
factors and mechanisms. Besides, different PKC activating compounds have been shown
to vary in their potency to reactivate HIV provirus in cell culture models and HIV-infected
humanized mice model. Given these features, the R2N3-LTR variant is thought to be an
excellent model for studying HIV-1 latency and for identifying highly potent LRAs as it is
capable of maintaining stringent latency.

pMorpheus-V5, quadrapule HIV reporter vector model

Kim et al. (29) hypothesized that the existing dual reporter HIV vectors developed for
studying HIV latency might suffer from promoter interference as the reporter genes are
placed in close proximity to the HIV LTR and LTR-dependent regions making it difficult to
distinguish between productive and latent infection. They developed a novel quadrapule
HIV reporter vector which they called pMorpheus-V5, to enable easy identification of
latently infected cells with minimal promoter interference, by positioning the reporter
expression cassette at distal sites. Unlike the previously established dual reporter HIV
vectors, the quadrapule reporter HIV vector contains all HIV accessory genes including
nef, which is the conventional site for tagging fluorescent proteins. pMorpheus-V5 is
enabled with four reporters, of which V5-NGFR is LTR-independent and is expressed by
the PGK promoter. The V5-NGFR is inserted into the env, and its function is compensated
by pseudotyping with a different HIV envelope. In addition, it contains two LTR-depend-
ent reporters—HSA and mCherry, inserted upstream of IRES-Nef. HSA and V5-NGFR
are membrane-bound fluorescent tags. The V5-NGFR localizes on the cell surface upon
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proviral integration enabling easy identification of latently infected cell populations
through flow cytometry. This reporter virus will generate productively infected cells
expressing all four reporters (V5-NGFR driven by PGK, HSA, and mCherry driven by HIV-1
LTR) and latent cells expressing V5-NGFR alone.

The pMorpheus-V5 vector displays minimal interference between the LTR-depend-
ent and LTR-independent promoters as evidenced by the absence of HSA+mCherry+
double-positive cells. This could possibly be due to the ability of the PGK promoter
to master the epigenetic factors involved in LTR silencing. This reporter system allows
accurate identification of latently infected and productively infected cells using flow
cytometry or cytometry by time of flight analysis (cyTOF) based on the expression of
viral reporters and/or viral proteins while levels of viral integration are similar between
latently and productively infected cells. The absence of multiply spliced tat and rev RNA
confirm establishment of appropriate latency. The expression of cell activation markers
such as CD69/HLA-DR further assures the successful generation of latently infected cells.
Using this lentivirus reporter, the investigators went on to demonstrate that latency
establishment occurred at a higher frequency in CD4* Tgy cells and Tgreg cells.

Though the pMorpheus-V5 reporter system is proposed as an effective tool for
interrogating HIV-1 latency at the level of single-cell resolution, there are certain
limitations that need to be addressed in future. The region deleted from the env ORF
happens to be a cryptic exon coding for a fusion protein called Tnv of unknown property,
and the role of this protein in the absence of PGK-driven nef expression remains to
be elucidated since an IRES preceeds nef. Besides, results generated from this experi-
ment are based out of two healthy donors and need further confirmation in additional
samples.

IN VIVO MODELS OF HIV LATENCY
Hl.fate. SFFV model- an effective tool to monitor HIV-1 fate in vitro and in vivo

Ratnapriya et al. (30) developed an improved reporter vector designated as Hl.fate for
studying HIV replication and latency in vitro and in vivo. HI-fate is derived from NL4-3
backbone and contains two different fluorescent tags, E2-crimson and ZS-green, under
the control of the HIV-1 LTR and an internal promoter EF1a-HTLV for studying HIV
transcription and integration. This reporter is highly genetically stable with reduced loss
of internal promoter-mediated transcription but shows considerable variation between
diverse latent and productively infected cell types. These variations are thought to be
associated with certain exclusive cell environments. Further optimization with stronger
internal promoters (PGK and UB) and an alternate viral promoter (SFFV) increased the
sensitivity of identifying latent cells with minimal interference from the LTR promoter.
The Hl.fate. SFFV reporter system is thought to be suitable for performing trancriptomics
analysis in productively and latently infected cells. This system can also be used for
screening of compounds that can inhibit HIV-replication and for monitoring the fate of
HIV-1 infection in humanized BLT mouse model.

SHIV.C.CH848 model

Chimeric Simian/Human Immunodeficiency Virus (SHIV) has been extensively used for
studying HIV pathogenesis. SHIV was originally derived from subtype B HIV and includes
SHIVsf262P and SHIVADS. Despite their various applications, they differ from subtype C
SHIV in terms of co-receptor usage and have their own limitations like low persistence
and immune-associated viral clearance which restricts their applicability in studying viral
persistence (31, 32). To overcome these issues, a subtype C-specific CCR5-tropic SHIV
(SHIV.C.CH848) was developed in 2008 with a single amino acid substitution at position
375 in a subtype C founder virus Env to increase the susceptibility of macaques to
infection with this virus. This clone precisely mimics HIV replication in humans and is,
thus, highly useful for HIV research.

Ziani et al. (33) used SHIV.C.CH848 to investigate the immunological and virologi-
cal events associated with SHIV.C.CH848 infection in rhesus macaques (Fig. 4). They
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FIG 4 In vivo latency model in Rhesus Macaques. SHIVC.CH848, a CCR5 utilizing clade C Simian/Human
immunodeficiency virus clone carrying a clade C Env with an amino acid substitution at residue 375 to
infect Rhesus Macaque CD4.

observed a rapid increase in plasma viral load and decrease in CD4 count following
14 days of intravenous inoculation with the virus. The viral load dropped below the
limit of detection within 2 weeks of initiating antiretroviral therapy, but upon cessation
of therapy, the plasma viral load was restored. In addition to recapitulating the key
virological and immunological characteristics of infection, viral reservoirs were also
established in CD4+ cells, as evidenced by the detection of SHIV RNA and DNA in CD4+
cells in PBMCs and lymph node-derived mononuclear cells. ART for 6 months reduced
the levels of unspliced SHIVC RNA in CD4+ cells among PBMCs but not among lymph
node-derived mononuclear cells. These results reveal that SHIV.C.CH848 established
stable, latent viral reservoirs in CD4+ cells that can rebuild the viraemic condition after
discontinuation of ART. Increased levels of autologous neutralizing antibodies were
observed against SHIV.C.CH848 in infected animals after 5 months of infection. These
observations demonstrate the promising role of SHIV.C.CH848 as a valuable tool for
exploring the boundaries of viral sanctuaries and persistence in vivo.

TKO-hu-PBMC mouse model

Animal models represent an important tool in medical research for studying in vivo
pathogenesis and for evaluating the safety and potency of therapeutic drugs and
vaccines. The first humanized mouse model was developed in 1988 by McCun (34),
and it has since been a recognized animal model for HIV research as it supports HIV

Month XXXX Volume 0 Issue 0

Clinical Microbiology Reviews

10.1128/cmr.00013-23 8

Downloaded from https://journals.asm.org/journal/cmr on 16 November 2023 by 2409:40f4:5:4668:6007:f5ff:fe21:af 6.


https://doi.org/10.1128/cmr.00013-23

Review

replication and pathogenesis (35-37). Though this model has the fastest engraftment
rate with PBMCs, the associated graft-versus-host-disease (GVHD) remains one of the
major restriction factors complicating experimental results.

The Triple Knock Out (TKO) mouse developed from the mouse strain B6.129S-
Rag2'™'™2 CD47™™' 12rg™"/) by Lavender et al. (38) has the ability to overcome
GVHD for up to 45 weeks. Holguin et al. (39) established TKO mice for HIV research by
transplanting human PBMCs into 4- to 6-week-old TKO mice by intraperitoneal injection
(Fig. 5). The TKO-hu-PBMC animal model has several advantages over the NSG (NOD
SCID gamma mouse model) as it can easily engraft hu-PBMCs and strongly support
replication of CD4+ T cells within 6 weeks of intraperitoneal engraftment, as compared
to 8 weeks in the case of NSG mice. In addition, lymphoid tissues obtained from various
anatomical sites of the TKO mice were enriched with CD4+ and CD8+ T cells, and there
was delayed onset of GVHD as compared to NSG mice. TKO-hu-PBMC rapidly support
HIV-1 replication within NSG-hu-PBMC mice, as seen by augmentation of plasma viral
load following CD4 depletion irrespective of their route of infection. ART with nucleoside
RT inhibitors and integrase inhibitors resulted in a rapid decline of plasma viral load and
an associated increase in CD4 cell count. However, rapid viral rebound and CD4 depletion
occurred following cessation of therapy.

NOVEL METHODS FOR QUANTIFYING HIV LATENT RESERVOIRS

HIV research focusing on latency reversal demands the availability of robust reservoir
quantification methods to elucidate the potency of LRAs. Clinically, the quantification
of latent reservoirs helps determine the long-term effect of ART and support treatment
interruption and cessation trials. Older methods of latent reservoir estimation relied
on quantification of HIV DNA. However, these techniques are not very successful in
estimating the size of latent reservoirs as they tend to overestimate the latent popula-
tion. One of the major reasons for this is the production of a large number of defective
viral genomes that are unable to replicate due to the activity of HIV's error-prone reverse
transcriptase (40). Further, it may be assumed that not all integrated proviral genomes
without mutations would necessarily rebound to the productive phase of infection. The
occurrence of tissue-resident anatomical latent reservoirs and their poor accessibility
also contributes to miscalculation of the size of the viral reservoir. All of these stratified
challenges in estimating the actual size of the latent reservoir obscure the suitability of
the earlier developed molecular techniques and necessitate the development of highly
reliable robust methods for reservoir estimation in HIV-positive persons on ART.

The Quantitative Viral Outgrowth Assay (QVOA) quantifies viral reservoirs based on
cells that are reactivated upon stimulation. Ever since its introduction, the QVOA has
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FIG 5 In vivo latency model. TKO, triple knockout mice, mice resistant to graft-versus-host disease (GVHD) due to the knockout of Rag1, IL2rg, and CD47; NSG,

NOD, SCID gamma mice, immunodeficient laboratory mice; HIV-1g,, Human immunodeficiency virus type 1 Bal strain; ART, antiretroviral therapy.
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remained the method of choice for reservoir quantification due to its high specificity in
identifying cells carrying inducible proviral DNA. Regardless of this, QVOA still has limited
applications in conventional clinical practice due to the need for an ample amount of
sample, highly intensified labor and cost, and contradictory results obtained with HIV
DNA PCR (41). This assay as well as its modified version, Q2VOA (42), cannot easily
distinguish between intact and defective viral genomes as in the case of the former
molecular methods; however, the advantage and distinctiveness of Q2VOA lies in its
ability to retrieve the sequence information along with the size of the reservoir. This
reservoir estimation method assesses the number of cells that are reactivated upon
stimulation (43, 44).

The limitations of QVOA drove the emergence of the Intact Proviral DNA Assay
(IPDA) in the year 2019. This is a novel digital droplet PCR-based assay that targets the
conserved unique regions of the packaging signal (V) that lies in proximity to the 5 end
and the Rev Responsive Element (RRE) that lies in the env gene, allowing to a certain
extent the distinction between intact inducible proviral HIV genomes and integrated
defective ones (45). Though IPDA is reported to have 97% specificity and requires lesser
sample volume, resources, and time than QVOA, polymorphisms due to the extensive
genetic diversity of HIV within the same host can lead to substantially higher rates of
assay failure resulting in erroneous interpretation of results (46). IPDA can also exagger-
ate the actual size of the latent population since the probes can bind to both intact and
defective provirus as it does not involve any sequence verification technique (47).

Quadruplex PCR is another molecular technique that employs a combination of
quantitative PCR and next-generation sequencing, with four different qPCR probes
covering the packaging signal (PS), group-specific antigen (gag), polymerase (pol),
and envelope (env) genes of HIV to detect proviral genomes. This technique has
the additional advantage of sequence verification to distinguish between intact and
defective viral genomes based on full-length genome sequencing. This method is also
suitable for analyzing the dynamics of latent reservoirs over time in HIV patients on ART
(48). Though Q4PCR is highly specific in detecting intact proviruses, this assay suffers
from low throughput due to the limitations of NGS. Comparison of Q4PCR and IPDA
showed a fair correlation between the methods.

Triplex digital PCR

Van Snippenberg et al. (49) developed a triplex digital PCR for reservoir estimation by
merging IPDA with Q4PCR on a three-color digital PCR system. The HIV-1 triplex assay
was designed by incorporating primers and probes targeting gag and/or pol regions
along with IPDA probes targeting the PSI and env regions with a slight modification of
omitting the probe for hypermutating APOBEC3G in the env region. It was found that
most of the sequences identified by the triplex assay were intact with very minimal
variation between the gag and pol triplex assay though the triplex pol assay had a
slightly more robust performance than the triplex gag assay in terms of precision and
repeatability. The results obtained with the triplex pol assay were found to commensu-
rate with that of IPDA. Studies have shown that taking care of DNA shearing during
quantification using the IPDA/triplex digital PCR assay increases the scalability of HIV
DNA estimation in reservoir cells. Validation of the triplex assay in patient samples
detected HIV DNA in all the samples. No dropout was observed in the triplex gag or pol
assays, as compared to the env and PS/ assays. The latter scenario underlines the possible
presence of corresponding deletions/mutations in the samples that were categorized as
falsely negative. Hence, it would be advantageous to include an additional assay, like for
instance, the IPDA or any other molecular technique, along with the triplet digital PCR
assay while estimating the size of the reservoir cell population in HIV patients on ART.

Multiplex droplet digital PCR—a combination of two triplex digital PCRs

Levy et al. (50) described a multiplex droplet digital PCR consisting of two triplex digital
PCRs that together can detect five targets across the HIV-1 genome in reservoir cells.
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This technique employs primers and probes targeting the HIV-1 env in each of the triplex
PCR assays along with the 3’ end of pol and tat in assay 1, and the long-terminal repeat
(LTR)/gag and 5" end of pol in assay 2. These two triplex droplet digital PCR assays use the
same dye for detecting two of the three targets in each assay but at varying concentra-
tions, enabling specific target separation and quantification of targets even if they are
in random combinations. This method has a high sensitivity of detecting even scanty
proviral DNA copy numbers (<10 per reaction) and can, therefore, be an appropriate
method for detecting proviral DNA in those on ART where the copy number is below
the limit of detection. Thus, the enormous volume of sample required in the previously
discussed methods is not required here. The high degree of specificity and sensitivity
of the assay ensures the reliability of reservoir quantification. Furthermore, the method
employs selective DNA digestion resulting in minimal DNA shearing leading to precise
quantification of intact proviral DNA. The reliability of the assay was demonstrated by
comparing the replication-competent reservoirs quantified by multiplex droplet digital
PCR with the results obtained from QVOA.

ALU-5’LTR PCR, a standard curve-free PCR assay

The binding efficiency of the primers and probes to the target region, successful
amplification, and appropriate usage of the PCR reagents is ensured by means of a
standard curve during quantification in a PCR reaction. Malatinkova et al. (51) suggested
a few refinements to increase the sensitivity of reservoir pool quantification directly from
PBMCs, by executing a standard curve-free PCR called Alu-5" LTR PCR. The Alu-5" LTR
PCR is a modified version of the previously described standard curve-free, Alu-gag PCR
assay that relies on amplifying the junction between the human Alu sequence and HIV-1
genome at the integration site. The sensitivity of the Alu-gag PCR was further improved
by replacing the gag primer with an already validated primer from other reported studies
that could recognize a 647-bp region in close proximity to the 5 LTR end and the
splice 1 donor site in the HIV-1 genome. This approach enhanced the sensitivity of the
assay by two- to fivefold with an LOD of 0.25 proviruses in 10,000 genomes, which is
much higher than the previously reported Alu-gag PCR assay, further minimizing sample
requirement. Since this method can be applied directly on PBMCs without the need for a
CD4 purification step and can perform quantification based on Poisson principle, there is
no need to include standards in each and every run. Though the results of this assay were
validated using integrated standards from different J-Lat clones, the results obtained
with this technique were not compared with the QVOAs which remains as one of the
limitations of the method.

Duplex digital PCR assay

Chung et al. (52) published a duplex droplet digital PCR method for the sensitive
detection of total HIV-1 DNA and integrated proviral DNA from the brain tissues of
HIV-1-infected individuals. They developed this assay by combining ddPCR with nested
PCR using Alu and HIV-1 gag primers which increased the sensitivity of detection to a
very low copy number in the brain tissue of ART-suppressed individuals (~4 copies) and
HIV-1-infected individuals with encephalitis despite the plasma viral load being below
the limit of detection. The assay was able to quantify HIV-1 DNA in brain tissues where
qPCR failed to detect the virus.

VIP spot assay

Puertas et al. (53) developed and validated another novel and sensitive assay called
the viral protein spot (VIP-SPOT) assay for measuring the size of the functional reser-
voir at the single cell level. This assay is analogous to the classic ELIspot assay and
uses a combination of anti-CD3 and anti-CD28 antibodies for activating the cells, and
anti-p24 antibodies for capturing the cells producing HIV-1 p24 antigen. This concept of
using specific monoclonal antibodies increased the sensitivity of identifying reactivated
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cells carrying replication-competent provirus and precluded the requirement of pooled
human serum from HIV-1-infected individuals with an absolute serological pattern for
immunoblotting as observed in the previously reported assays (54, 55). The VIP-SPOT
assay requires a very low volume of sample, and hence, the assay can be scaled up to
analyze tissue resident reservoirs.

Although defective proviruses persisting in ART-suppressed individuals can express
viral proteins and be responsible for triggering an immune response in the absence of
active viral replication (56), the results of the VIP-SPOT assay correlated with that of IPDA
implying that cells producing HIV-1 p24 antigen after activation carry an intact provirus.
This assay can be used to screen the activity of LRAs with different kinetics of response
and can also quantify the frequency of T cells producing HIV-1 antigen upon stimulation.
However, further phenotypic analysis cannot be attempted on reactivated cells, which is
one of the major limitations of this assay.

Integrated site-specific PCR

Brandt et al. (57) developed the integrated site-specific PCR (IS-qPCR) assay that can
measure the frequency of individual clones in genomic DNA extracted from PBMC or
CD4 cells of ART-suppressed individuals. This assay was designed using primers and
probes targeting the NT5C3 gene in ACH2 cells and is highly sensitive and accurate in
quantifying the number of proviral copies integrated in ACH2 cells, which is equivalent
to the number of input cells. This assay is free of off-target amplification and is able
to detect integrated proviruses in HIV-positive donors. The clone frequencies obtained
with IS-gPCR when used along with deep integration site sequencing can serve as a
complementary tool for characterizing the HIV-1 reservoir. Thus, the assay can be used
to differentiate between clones carrying defective and intact proviruses in T cells and
in tissues. The assay can also furnish details on the dynamics of replication-competent
clones in infected cells and their response to therapeutic interventions. However, the
assay can analyze only a few proviruses at a given time point provided the integration
site is known and validated in patient-derived proviruses, which is the major limitation of
this method. However, the technique can be performed with low input of samples and
does not exhibit much difference in recognizing integration sites in PBMC and CD4 cells,
which highlights the suitability of the assay in several areas of HIV research.

IMMUNE-BASED THERAPIES TARGETING LATENT HIV RESERVOIRS

Immune-based therapies appear to be the most effective means of eliminating HIV from
the body. Broadly neutralizing antibodies (bNAbs) targeting the HIV envelope are being
explored as promising prophylactic as well as therapeutic tools against HIV infection.
Several bNAbs are currently being tested in clinical trials either alone or in combination
with cART. Studies are also underway to investigate the effect of bNAbs in clearing the
latent cellular reservoirs.

Sneller et al. (58) investigated the combinatorial effect of two bNAbs, 3BNC117 and
10-1074, in delaying plasma viraemia in HIV patients. Passive administration of the
bNADbs in eight infusions over a period of 6 months helped achieve virological suppres-
sion for upto 43 weeks (58). The potential therapeutic effect of these two bNAbs in
delaying the viral rebound was found to be successful when there were no antibody-
resistant viruses at baseline, and ART is initiated soon after the last infusion of bNAbs.

Romidepsin, a latency reversal agent used in combination with 3BNC117, did not
significantly reduce the size of the HIV reservoir. This treatment strategy also did not
enhance the CD8 T cell response that plays a vital role in HIV clearance (59). This seems
to suggest that bNAbs cannot be a potential surrogate for ART for eradication of HIV (60).
Effective killing of latently infected cells through latency reversal requires CD8+ cytolytic
lymphocyte-mediated or NK cell-mediated killing. However, latently infected cells can
evade antibody-dependent cell cytotoxicity through the expression of the Fcy receptor,
CD32, on its surface that could potentially confer an added advantage for cell survival,
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allowing these cells to proliferate in the presence of immune complexes and decrease
their potency to bind to HIV-specific antibodies (61).

CD8+ cell-mediated killing of infected cells via the T cell receptor (TCR) involves
the recognition of short peptide fragments of HIV proteins presented with MHC class
I molecules. HIV infection results in compromised CD8+ T cell function which ART fails
to restore completely. This leads to compromised efficacy of LRAs in eliminating viral
reservoir cells. Besides, latent reservoirs may have proviruses containing mutations in
CTL epitopes that prevent HIV clearance. Newer methods to revert hypofunctionality
of cytolytic T lymphocytes using pMHC-single chain dia-body backbone (scDb) have
recently been published. Sengupta et al. (62) illustrated that TCR mimicking (TCRm)
bispecific antibodies like HA29 and HI12, produced through phage display technique,
target HIV-1 peptide MHC complexes (pMHC) and promote targeted cell lysis by linking
CTLs following latency reversal. Of these two antibodies, one binds to epitopes in Gag
and reverse transcriptase, while the other binds to CD3g, an essential signal transduction
subunit of TCR. The high specificity and high-affinity binding of pMHC can prevent
immune escape of HIV and elicit CTL activation at very low antigen density. However,
it must be kept in mind that repeated infusion of bispecific antibodies may lead to the
development of anti-drug antibodies which can limit their efficacy as seen in cancer
immunotherapy clinical trials (62).

In addition to bNAbs and CTLs, anti-HIV polyclonal antibodies that can induce
antibody dependent cell cytotoxicity (ADCC) via NK cell-mediated immune clearance
have also been proposed as an effective strategy for eliminating latent reservoirs. Recent
studies have shown that the HIV Env can activate proviral DNA expression from latent
reservoirs and also initiate a CTL response to achieve killing of reactivated reservoirs
(63). Suryawanshi et al. (64) reported that anti-HIV-ADCC antibodies and HIV Env work
hand-in-hand to reduce latent reservoirs and proposed HIV Env as a promising latency
reversal agent (64). Purified IgG from plasma of ADCC responders has been shown to
have the ability to lyse-infected ACH2 cells as well as primary CD4 and resting memory
cells from HIV-infected individuals that were reactivated by HIV-1 subtype C Env protein,
along with a significant increase in the number of activated NK cells. Though the study
did not address the neutralization potential of ADCC antibodies, it highlights the dual
benefit of ADCC antibodies in neutralizing the virus as well as in immune boostering
by inducing humoral and cellular antiviral responses. The investigators hythothesized
that stimulation of latently infected cells with HIV-1 subtype C Env for a short period of
around 3 h resulted in the presentation of MHC ll-bound peptide to HIV-specific CD4 cells
by dentritic cells via the TCR. This activation could induce multiple signal transduction
pathways by sequestering HIV transcription factors such as NF-kP and P-TEFB, leading
to the reactivation of provirus through an ERK-dependent pathway and ADCC IgG-medi-
ated lysis of reactivated cells. Nevertheless, the suitability of HIV Env protein in latency
reversal needs to be evaluated in vitro in ART-suppressed individuals, for its potential in
latent reservoir eradication.

CONCLUSION

HIV's persistence in reservoir cells in ART-suppressed individuals poses a great challenge
to achieving complete cure, as the latent state can switch back to the viraemic condition
following interruption of antiretroviral treatment. Latently infected cells cannot be easily
distinguished from uninfected cells as the integrated virus remains transcriptionally
silent and protected from the host’s immune surveillance system. Hence, there is an
urgent need to design novel strategies for identifying and targeting the latent viral
reservoirs for immune-mediated clearance. This effort will depend on the availability of a
robust HIV latency model, as latent cells are very sparse in HIV-infected persons. Several
in vitro and in vivo latency models have been established over the decades to help in
the screening of novel latency reversal agents and for the identification of host factors
involved in the establishment of HIV latency. Inspite of these efforts, latency reversal has
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continued to remain unachievable. Thus, novel research perspectives focusing on HIV

latency and its mechanisms are needed to address this research gap.
Quantification of reservoirs is key to assessing the effectiveness of novel therapeutics

aimed at latency reversal. Over the last few decades, a number of reservoir quantification
methods have been developed and improvised. However, many of these methods still
lack the ability to differentiate between defective and intact proviruses, necessitating
further improvements in procedure and development of more robust in vitro techniques
for efficient and accurate estimation of reservoir cells harboring replication-competent
intact provirus. In the recent years, a number of newer molecular techniques such as
ASAPseq (antigen profiling by sequencing), PRIP-seq (parallel analysis of HIV-1 RNA), and
Chip-Seq have been developed for more efficient and precise quantification of reservoir
cells harboring replication-competent intact proviruses. ASAPseq leverages a single-cell
sequencing assay for Transposase Accessible Chromatin (scATACseq) and surface marker
profiling to provide an unbiased, single-cell epigenetic profile and can, therefore, assign
cellular identity to cells with and without detectable provirus (65). PRIP-seq employs
profiling of transcriptional activity and chromosomal location of individual proviruses
to capture transcriptionally active viral reservoirs (66). ChIP-seq (chromatin immunopreci-
pitation-high-throughput parallel DNA sequencing) is based on the analysis of histone
modifications and their effect on latency establishment and maintenance. These newer
methodologies can be exploited to obtain valuable insights into the intricate mecha-
nisms of latency establishment, maintenance, and reversal.
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