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Abstract

HIV integrated into specific loci of the host’s genome plays a significant role in clonal expansion and the persistence of the
HIV reservoir. Certain factors, such as the HIV subtype, co-infections, inflammatory, and immune activation signaling, have
been found to influence the integration sites (ISs). This systematic review examines IS patterns, clonal expansion, and the
effects of co-infection on HIV reservoirs. A comprehensive search was conducted across four databases. We identified 18
articles published between 2016 and 2025 that met our criteria. We described the methods used for the IS analysis studies,
features of the ISs, and their impact on clonal expansion. We also described the effects of cytomegalovirus (CMV), Myco-
bacterium tuberculosis (MTB), and influenza virus on the ISs and clonal dynamics. Eleven (61.1%) of the studies were con-
ducted in the USA. Subtypes were mainly HIV-1 B. Ligand-mediated polymerase chain reaction or its variants were the most
reported methods. Most HIV integration events occurred within genic regions, with reported proportions ranging from 77.0%
to 100.0% of all sites. Most of the ISs were within introns, were in opposite orientation, occurred in cancer-associated genes,
and influenced clonal expansion. CMV, MTB, and influenza did not significantly affect IS features but were associated with
increased clonality. Expanded HIV-infected cell clones are integrated into genes regulating proliferation and immune signaling.
Viral and immune co-factors may influence clonal persistence through other mechanisms. Understanding these will be criti-
cal for reservoir-targeted cure strategies.
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Introduction

Despite the success of antiretroviral therapy (ART) in
inhibiting HIV replication, the virus persists in reservoir
cells when ART is interrupted.' Understanding the sou-
rce and characteristics of this persistent viral reservoir
is critical for designing interventions for achieving cure.
The sources of viral rebound upon ART interruption are
thought to be due to the release of the virus from latent
reservoirs in blood and sanctuary sites, and clonal
expansion.? HIV-1 has tropism for activated CD4+ T
cells,® but most of these cells die within a few days of
infection, with a small fraction transitioning into latency.*
There is evidence that a substantial portion of the
reservoir results from the initial infection of memory
cells.> It is now widely accepted that the proviruses in
memory CD4+ T cells are maintained by clonal expan-
sion."*’ Three main mechanisms for this clonal expan-
sion have been identified: h omeostatic e xpansion,
antigenic stimulation, and HIV integration site (IS) pro-
liferation.® HIV-1-infected memory CD4+ T cells undergo
homeostatic proliferation without inducing HIV-1 reacti-
vation through homeostatic cytokines such as interleu-
kin-7.% Antigenic stimulation of HIV-1-infected memory
CD4+ T cells is driven by common antigens such as
cytomegalovirus (CMV), Epstein—Barr virus, human
papillomavirus, or bacterial products."® Chronic or
repeated exposure to these antigens may contribute to
the persistence of the HIV-1 reservoir via clonal expan-
sion.'? The antigen stimulation leads to activation and
proliferation of the CD4+ T-cells into clones through
Nuclear factor kappa B (NF-kb) and nuclear factor of
activated T-cells (NFAT) signaling. Antigenic stimula-
tion may induce HIV-1 reactivation because the HIV-1
long terminal repeat (LTR) has binding sites for NF-kb
and NFAT transcription factors.® Simonetti et al.' found
that proliferation of infected cells under antigenic stimu-
lation occurred regardless of the IS. They concluded
that the response to antigens is the major driver of
clonal expansion.

However, HIV integration plays a significantrole in
clonal expansion and the persistence of the latent
reservoir. Integration is not a stochastic process, and
HIV prefers to insert its DNA into transcriptionally
active, gene-dense regions of the human genome."'?
Certain host factors guide this targeting. CPSF6 binds
to the HIV capsid and facilitates the transport of the
HIV pre-integrating complex through the nuclear pore
into the nucleus.'>'® LEDGF/p75 binds to HIV integrase,
guiding it to active transcriptional regions for integra-
tion.">™* HIV-infected cells with proviruses integrating at

specific genomic loci appear to proliferate and expand
clonally. Factors such as HIV subtype, co-infections,
inflammatory and immune activation signaling, and epi-
genetic modification have been found to influence
ISs.8™* Although several studies have examined HIV
ISs, there has been no comprehensive synthesis of
evidence on the patterns of ISs and their influence on
clonality. This systematic review aims to bridge these
gaps and identify critical directions for research rele-
vant to an HIV cure. We explored methodological
approaches used for IS mapping; characterized repor-
ted genomic features of HIV ISs in individuals on long-
term ART; and determined how infections such as CMV
and Mycobacterium tuberculosis (MTB) influenced ISs
and clonality.

Methods

This study used a systematic approach in reviewing
and synthesizing evidence on IS patterns, clonal expan-
sion, and co-infection effects in HIV reservoirs
in individuals on long-term ART. It used the
PICOS (P-population, I-intervention, C-comparator,
O-outcomes, and S-study) to define the population,
intervention, control group, outcome of the exposure,
and the study design to be included. The entire study
was reported in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines.

We included studies involving adults (= 18 years)
living with HIV and receiving ART. The studies should
have performed HIV IS analysis and assessed clonal
expansion or the effects of co-infections on these para-
meters. We included only case series (n = 2) done
within a 10-year period (2016-2025). We excluded non-
human and cell-line experimental studies.

Search strategy and data synthesis

All relevant studies that report on the subject matter
were searched from the following databases: PubMed,
SCOPUS, Web of Science, and ScienceDirect. The
keywords that were combined in search strings in the
databases during the literature search are presented in
the supplementary material. Boolean operators such as
“AND” and “OR” were employed to refine the search.
Mendeley Reference Manager was used to manage,
remove duplicates, and collate the search output.
References were imported into the Rayyan software for
detailed review. The first screening was done by
reviewing the study titles and abstracts. The full reports



for studies that passed the first screening were obtai-
ned and examined to see if they met the predetermined
inclusion criteria. Inconsistencies among reviewers
were resolved through discussions.

We employed the PRISMA Chart to illustrate the
selection method for the articles that were included and
the reasons for excluding others. We used a pre-tested
extraction tool to ensure comprehensive information
was obtained from each study. Information on the
study’s author(s), setting, aim, study design, methodo-
logy, population characteristics, and all relevant varia-
bles was extracted. A domain-based methodological
quality assessment was performed to evaluate the
technical and reporting robustness of included IS stu-
dies (Supplementary Table 2). Domains were defined
a priori to reflect key steps in HIV IS recovery, sequen-
cing, and analysis. Each domain was assessed as low
concern, some concern, high concern, or unclear. We
used the narrative synthesis method to summarize the
findings on IS features. We described the methods
used for the IS features and the pattern of clonal expan-
sion (number of clones and clone size). We also repor-
ted on whether studies involved co-infections and their
effects on the IS and clonal dynamics. We did not
perform any meta-analysis. Since no field data will be
collected, ethical approval was not required. The study
has been registered with PROSPERO with registration
number PROSPERO 2026 CRD420261290007.

Results

Study selection

A total of 437 studies published from 2016 to 2025
were retrieved from four electronic databases. After
removing duplicates, 305 studies remained for scree-
ning. We excluded 241 studies based on irrelevant titles
and abstracts, leaving 64 articles for full-text review. Of
the 64 studies, we were unable to retrieve the full text
for 2. Among the remaining 62 studies whose full text
was retrieved, 44 were excluded, and 18 were included
in this systematic review (Fig. 1).

Characteristics of included studies

The sample sizes range from 2 to 12. One study'®
included a cell line in their work, while another study,'®
included secondary IS analysis data in addition to data
from their study participants. Eleven (61.1%) of the stu-
dies were conducted in the USA,; two studies originated
from Belgium and Switzerland, and one study each
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from China, Italy, and South Africa (Table 1). All the
studies involved participants with HIV-1. Subtypes
mainly consisted of HIV-1 B. Only one study indicated
that it also included HIV-1 subtypes CRF02_AG and
CRF63_02A1.°6 The median ART duration of
participants in the included studies ranged from 4.7 to
13 years. Only five of the studies involved participants
who were not virologically suppressed, either because
they had not yet initiated ART or were under Analytical
Treatment Interruption for comparison with those who
were fully suppressed.'®'°2527 The remaining studies
included only participants who were fully suppressed.
We included one study that infected CD4+ cells and
monocyte-derived macrophages (MDMs) ex vivo with
autologous primary HIV-1 isolates that mimicked
the in vivo situation.

Methodological approaches for IS
mapping

CD4+ T-CELLS ISOLATION METHOD

All the studies used peripheral blood mononuclear
cells from the participants. One study collected both
blood and tissue samples (from the tonsils) simulta-
neously from three of the nine participants.®® Most stu-
dies (55.7%) employed magnetic-based negative
selection or CD8" depletion kits to enrich CD4* T
cells, including EasySep, RosetteSep, Miltenyi, and
Dynabeads platforms. Four studies (22.2%) used fluo-
rescence-activated cell sorting (FACS)-based sorting
(BD FACSAria II/ll) to obtain highly purified CD4* T
cells. In four of the studies (22.2%), the cell isolation
method was not reported (Table 2).

IS AMPLIFICATION METHODS

Ligation-mediated polymerase chain reaction
(LM-PCR) or its variants were the most commonly
reported methods, appearing in 10 (55.5%) of the stu-
dies included (Table 1). The non-restrictive LM-PCR
(nrLAM-PCR) was reported in three studies,??%2% whe-
reas the linker-tagged amplification PCR, a linear target
amplification variant, was also reported in one study.?!
IS loop amplification (ISLA), a loop-mediated, restric-
tion-free approach, was employed in 4 (22.2%) of the
studies. One study employed a multi-method pipeline
(LM-PCR + nrLAM-PCR + ISLA) to maximize the IS
recovery.>

The LM-PCR uses the whole-genome-amplified DNA
from cells positive for proviruses, which is fragmented
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Figure 1. Preferred reporting items for systematic reviews and meta-analyses diagram of included studies.

either enzymatically or by sonication. DNA adapters are
then ligated to the ends of the fragmented DNA. Nested
PCR is then carried out between the adaptor and the
LTR ends, and the PCR products are sequenced from
both ends. The enzymatic method is subject to restric-
tion enzyme bias, which may limit the detection of ISs
located in regions lacking suitable restriction sites. The
nrLAM-PCR methods begin with linear amplification
using primers that bind to the viral LTR, followed by
linker ligation and nested PCR. The nrLAM-PCR elimi-
nates the need for restriction enzymes, thereby redu-
cing site-selection bias and improving the recovery of
proviruses in challenging genomic regions. The ISLA
method uses linear priming and loop formation to effi-
ciently amplify ISs.

Sequencing platform

Across the included studies, lllumina platforms were the
most commonly used sequencing methods (Table 1). Fifteen
of the included studies employed lllumina MiSeq, whereas one
study used lllumina Nextera. Four studies used Sanger sequen-
cing methods to verify the lllumina sequencing.
One study used the lon Torrent S5 platform for sequencing.?®

UniquE ISs

The number of unique IS ranged from 22 to 10523.
Nine studies identified fewer than 500 unique IS (low
yield), 2 identified between 500 and 1000 (moderate
yield), 4 identified more than 1000 (high yield), and 3
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Table 1. Characteristics of included studies
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Country Median Sample | IS Sequencing Metric for clonality
ART size amplification | platform
(years) method
Cole et al., 2021" Belgium N/A HIV-1 B 8 ISLA lllumina MiSeq 1. Proviral sequencing.
2. TCR-Sequencing
Huang et al., USA 13 HIV-1B 6 LM-PCR lllumina MiSeq 1. Proviral sequencing
20218 2. 1S recurrence
Simonetti et al., USA 8 HIV-1B 10 LM-PCR 1. lllumina MiSeq 1. Proviral sequencing
2021 2. Sanger 2. IS recurrence
Halvas et al., USA 1 HIV-1 B 4 LM-PCR 1. lllumina MiSeq 1. Proviral sequencing
2020"° 2. Sanger 2. IS recurrence
Kok et al., 202172 Switzerland  N/A HIV-1B 12 nr-LAM PCR Illumina MiSeq IS recurrence
Brandt et al., USA 10 HIV-1B 3 LM-PCR lllumina MiSeq N/A
2021
Bale et al.,, 2021  South 8.1 HIV-1B 1 LTA-PCR lllumina MiSeq IS recurrence
Africa
Wang et al., China 14.5 HIV-1B N/A nr-LAM PCR lllumina MiSeq N/A
2025%
Kok et al., 2016% Switzerland 4.7 HIV-1B 7 1. LM-PCR lllumina MiSeq IS recurrence
2. nr-LAM
PCR
3. ISLA
Einkauf et al., USA N/A HIV-1B 3 LM-PCR lllumina MiSeq N/A
2019%
Sun et al., 2022% USA N/A HIV-1B 4 LM-PCR 1. lllumina IS recurrence
Nextera XT
2. Sanger
Rozera et al., Italy N/A 1. HIV-1 B 8 LM-PCR lon Torrent S5 N/A
2022% 2. HIV-1 C
3. CRF02_AG
4. CRF63_02A1
Joy et al., 20247’ USA 10.1 HIV-1B " ISLA lllumina MiSeq N/A
Coffin et al., USA N/A HIV-1B 2 LM-PCR 1. lllumina MiSeq ~ N/A
2021'6 2. Sanger
Joseph et al., USA 10 HIV-1B 5 LM-PCR lllumina MiSeq 1. Proviral sequencing
20227 2. 1S recurrence
Einkauf et al., USA N/A HIV-1B 7 ISLA lllumina MiSeq N/A
2022%
Wu et al., 2020%° USA N/A HIV-1B 9 LM-PCR lllumina MiSeq IS recurrence
Cole et al., 2022°' Belgium N/A HIV-1B 4 ISLA Illumina MiSeq 1. Proviral sequencing

2. 1S recurrence

N/A: not available; IS: integration site; USA: United States of America; ISLA: integration site loop amplification; nr-LAM-PCR: non-restrictive linear amplification mediated
polymerase chain reaction; LM-PCR: ligand mediated polymerase chain reaction; LTA-PCR: linker-tagged amplification polymerase chain reaction; ART: antiretroviral
therapy; TCR: T-cell receptor.

did not specify the number of unique IS identified.
Overall, studies with smaller sample sizes and restric-
tion enzyme-based PCR resulted in low unique IS yield,

whereas those with relatively large sample sizes and
untreated participants for comparison had high unique
IS (Table 3).



Table 2. Distribution of CD4+ T-cells by isolation method

Isolation method Frequency
category (%)

Negative magnetic 9 (50.0) EasySep, RosetteSep
selection

CD8* depletion—based 1(5.6) Dynabeads,
enrichment RosetteSep CD8
FACS sorting 4(22.2) FACSAria 1I/111 (BD)
Not reported 4(22.2)

INTEGRATION PATTERNS

Most HIV integration events occurred within genic regions,
with reported proportions ranging from 77.0% to 100.0% of
all sites. Intergenic integration was less frequent (9-20.0%)
and generally appeared as random insertions relative to
genome size. Within genes, proviruses were mainly enri-
ched within introns, which accounted for 71.0-100.0% of
genic insertions across studies. Exonic integration was
uncommon, ranging from 0.0% to 8.0%. Ten out of the
twelve studies that commented on integration orientation
indicated that the main preference was for the opposite
orientation. However, two studies found equal orientation
preference.?>? In one of these studies,? it was observed
that integration into certain genes (NRG2, B4GALTS5,
CNGBH1, and FLT1) was always in the same orientation,
whereas in other genes, such as TXNDC16, STUM, and
GATAD2A, integration was always convergent.

Gene ontology analysis from various studies indicated
that the ISs were broadly distributed. Multiple studies
identified recurring hotspots, including genes such as
BACH2, MKL1/2, STAT5B, and zinc-finger families. One
study?® identified three gene hotspots (MECP2, KANSL1,
and UBE2G1) that appeared four or more times in both
CD4+ T-cells and MDMs. ISs within chromatin modifica-
tion regions consistently showed higher significant
values in the Acute ART group compared to the acquired
immune deficiency syndrome (AIDS)-ART group, espe-
cially in areas marked by H3K4ac, H3K9me3, H3K4me3,
and CpG.?? Hi-C analysis indicated that intact proviruses
are less frequently located in active chromatin compared
with defective proviruses.'®

Prevalence and determinants of clonal
expansion

Twelve of the included studies reported on clonal
expansion (Table 1). Methods for reporting clonality

varied among studies, including the use of clonal fre-
quency, oligoclonality indices, or qualitative descrip-
tions of expanded clones. Investigators also employed
different metrics and definitions to characterize clonal
expansion. Simonetti et al."" combined provirus
sequencing and variable, diversity, and joining (VDJ)
rearrangement of the T-cell receptor beta (TCRp) to
identify CMV-specific CD4+ clones. They found that in
3 clones from 3 participants, the proportion of clones
containing the provirus (pr ovirus copiesj ranged from
VDJ copies
14% to 72%.

Two of the included studies reported the clonal fre-
quency, which refers to clones containing a particular
provirus.'>'® Using IS analysis, Halvas et al." found the
clonal frequency to range from 0.03% to 1.1%, estima-
ting the total clonal burden in each participant to be
between 50 million and 350 million cells. Brandt et al.’®
also observed a similar clonal frequency of about 0.03-
1.08% using IS analysis. However, employing another
technique called [S-quantitative polymerase chain
reaction, they detected a relatively higher clonal fre-
quency, ranging from 0.68% to 2.98%.

Coffin et al.'"® computed the amplification ratio (AR)

total integration

( uniqueintegration sites
for clonality. AR describes the average number of times
an IS appears, indicating the degree of clonal expan-
sion. They found that the overall AR across all sites in
the entire genome was 1.6 for on-ART participants and
1.2 for pre-ART participants. The pre-ART value > 1
also indicates that cells can form clones before ART
initiation.'®

Some investigators described clonality before ART
initiation (pre-ART) and during ART therapy (on-ART)
for the same participants.?’ They defined a clone as
ISs detected with > 1 breakpoint as well as those with
> 2 breakpoints. They found the pre-ART median clonal
sizes when defined as > 1 breakpoint and > 2 break-
points to be 12 (range: 5-50) and 3 (range: 0-27), res-
pectively. The on-ART median clonal size was 9 (range:
3-32), reported as > 1 breakpoint. They also reported
on the oligoclonal index (OCI), which reflects the level
of skewness of the entire clonal distribution in each
sample. The median OCI pre-ART was 0.027 (range:
0.006-0.085), and that for on-ART was 0.161 (range:
0.055-0.403). This indicates that, upon ART initiation,
the CD4+ T-cell population shows relatively greater
skew toward dominant clones.

Jas a metric measurement
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Table 3. Distribution of HIV IS yield across published studies

IS yield category Range of unique IS Number of studies Typical study characteristics m

Low yield < 500

Moderate yield 500-1000 &
High yield > 1000 4
N/A 3

N/A: not available; PCR: polymerase chain reaction; IS: integration site.

Effects of co-infections on clonality and
IS distribution

Two of the studies reported on the effects of CMV,
MTB and/or influenza on either clonality or the distribu-
tion of 1Ss.""” Simonetti et al.'" found that the proviral
populations in CMV-responding CD4+ T cells were
dominated by a few expanded clones, compared with
the control (polyclonal stimulation with CD3/CD28).
They also reported a positive correlation between TCR
clonality and HIV DNA (r = 0.52, p = 0.01), indicating
that individuals with more clonally expanded T cells tend
to have a more uneven HIV reservoir. This suggests that
clonality increases with chronic antigen exposure, and
the same biological force that drives T cell expansion
may also shape how HIV-1 persists. They retrieved ISs
from 22 expanded clones (16 CMV-responding and 6
gag-responding clones). They found that the features of
ISs identified from the antigen-stimulated clones were

Small cohorts, restriction Cole et al., 20217

enzyme-based PCR
Huang et al., 2021'®
Simonetti et al., 2021"
Einkauf et al., 2019%
Sun et al., 20227
Rozera et al., 20227
Joseph et al., 2022%
Cole et al., 2022°'
Intermediate cohort size Kok et al., 2021%°
Joy et al., 2024
Einkauf et al., 2022

Large cohorts and inclusion of ~ Bale et al., 20217

untreated participants
Kok et al., 20167

Coffin et al., 2021'°
Wau et al., 2020*°

Halvas et al., 2020"°
Wang et al., 20252

Brandt et al., 2021'®

similar to those they retrieved from participants on ART.
Most of the ISs were within introns, were in opposite
orientation, and occurred in cancer-associated genes.
Cole et al.”” also found that TCRp sequencing revea-
led clones with predicted pathogen-specificity. They
identified a total of 43 distinct TCRP sequences, with
8/43 (19%) of HIV-infected cells having specificity that
could be predicted. When restricted to the clonal popu-
lation, this proportion was 5/19 (26%). The predicted
TCRp were confined to CMV, MTB, and influenza. This
also suggests that these co-infections increase clona-
lity. They also found that these clones, with predicted
TCRp toward these pathogens, harbored proviruses that
were integrated into genes associated with cancer.

Discussion

This systematic review synthesizes evidence on
genomic features of HIV ISs, clonal expansion,



methodological approaches, and the influence of co-
infections among individuals on long-term ART. We
found that investigators employed several techniques
to amplify the ISs from host genomic DNA. This usually
reflected differences in sensitivity, bias, and workflow
preferences. Each of these methods may have its
advantages and disadvantages. The methods can be
broadly categorized into three: Linker-mediated PCR-
based approaches, non-restrictive LAM-PCR, and IS
loop amplification.

Unique ISs varied across different studies. Variations
in sample size, study participants, methods for ampli-
fying ISs, and bioinformatic pipelines may explain these
differences. This pattern indicates HIV’s preference for
large intronic regions and its tendency to avoid coding
exons, potentially reducing disruption of vital host
functions. The relative orientations of the provirus com-
pared to the host transcription direction were also iden-
tified. Integration events were generally found in both
orientations. However, the HIV provirus preferred to
integrate in a direction opposite to host transcription.
The HIV provirus prefers to insert into genes that regu-
late cell division and T-cell activation, and pro-cancer
genes. The integration hotspots were found to fre-
quently correspond to regions exhibiting clonal expan-
sion, suggesting selective survival or proliferation of
cells.'® This indicated that the most common functional
enrichments of genes from monoclonal unique IS inclu-
ded regulation of lymphocyte activation, regulation of
cell processes, regulation of chromosome segregation,
and organization. Significant differences in functional
enrichment between the acute HIV and AIDS groups
included regulation of lymphocyte activation, regulation
of chromosome segregation and organization, and res-
ponses to biotic stimuli.??> Cancer-related genes were
overrepresented in HIV-1 integration across all clinical
stages of infection.”” Einkauf et al.,** also found that
genes harboring proviral sequences frequently enco-
ded T cell transcription factors or were involved in regu-
lating T-cell behavior. However, there were no clear
differences in the predicted functional profiles between
genes hosting intact proviruses and defective proviru-
ses. Although HIV is not considered a classic oncovi-
rus, it is associated with oncogenesis. Integration of
HIV into cancer-related genes can also contribute to
oncogenesis by several mechanisms. Integration
into cancer-related genes influences clonal expansion,
which could result in accumulation of mutations over
time. Other systemic effects of HIV infection, such as
chronic infection and immunosuppression, could facili-
tate oncogenesis from such mutations.*?3 Furthermore,

proto-oncogenes may gain function, and tumor sup-
pressor genes may also lose function upon HIV inte-
gration into those genes, contributing to oncogenesis.
A study by Smith et al.** showed that HIV integration
occurred commonly in the phosphatase and tensin
homolog (PTEN) tumor suppressor gene in a patient
with high-grade de novo neuroendocrine small cell lung
cancer. HIV infected cells showed reduced PTEN
expression and subsequent impaired antitumor immune
expression, which may promote cancer progression.
Yeh et al.? highlighted that HIV-1 integrated associated
cancers are rare because malignant transformation
occurs if the insertion occurs in a dominant gene. They
further indicated that since malignant transformations
require multiple hits, HIV-1 integration into cancer
genes may not be sufficient to cause cancer.?

Six of the studies examined chromatin features of
ISs. Integration was highly enriched in open chromatin,
promoter-proximal regions, and areas marked by his-
tone modifications associated with active transcription.
There was a preferential enrichment of intact HIV-1
proviruses near active transcriptional units and acces-
sible chromatin sites of the host.?* They suggested that
the latency of such cells could result from transcriptio-
nal interference between host and proviral gene expres-
sion, giving a selection advantage for intact proviruses
during long-term ART.?* Joy et al.?’ found that IS in the
ART-chronic-HIV group were enriched in “NUYTTEN_
NIPP1_TARGETS_UP,” which is associated with his-
tone methylation by EZH2. EZH2 is an H3K27
methyltransferase that leads to epigenetic modification
that may maintain latency.®>*¢ One study found that the
progressive accumulation of genic proviruses integra-
ted into hypermethylated chromosomal regions
suggests silencing of proviral transcription during pro-
longed ART.?® They also found that chromosomal
distance between proviral IS and the nearest “same-
oriented” transcription start site (TSS) increased over
time; the trend was less apparent for the closest “oppo-
site-oriented” TSS.?° This implies that over time, cells
with proviruses inserted closer to, and in the same
orientation as, the TSS are selected against. This indi-
cates a preferential selection for cells with proviruses
inserted in opposite directions relative to the TSS, or
in the same direction but farther from the TSS. This
ensures the provirus remains latent and transcriptiona-
lly inactive. In addition, using transposase-accessible
chromatin sequencing and chromatin immunoprecipita-
tion followed by sequencing, the level of transcription
for proviruses with the same orientation IS was found
to decrease significantly over time.?*



ISs were found to influence clonal expansion.'®1%:2!
One study defined gene hotspots as genes identified
more than once as sites of HIV integration.?® The inves-
tigators found that enrichment of HIV integration within
clonal expansion-associated gene hotspots was signi-
ficant in latently infected CD4* T cells but absent in
MDMs, suggesting cell-type-specific differences in inte-
gration and persistence.?® This suggests that the adap-
tive immune responses influence the expansion of
HIV-infected clones. They investigated whether clones
of those sizes could result from homeostatic prolifera-
tion by calculating the likelihood that a clone could
reach that size. They found that the probability approa-
ches zero, supporting the idea that the major driver of
clonal expansion is a response to antigen rather
than to independent homeostatic or IS -related
proliferation.

The T-cell specificities of HIV-infected cells were limi-
ted to CMV, MTB, and/or influenza, suggesting that
infection with or immunization against these pathogens
(antigens) helped maintain the clones and contributed
to HIV persistence. TCR specificity toward pathogens,
with proviruses integrated into genes associated with
cellular proliferation (STAT5, KCNAB), works together to
support the continued existence of the translation-com-
petent reservoir.'"%7

Advances in gene targeting techniques are revolutio-
nizing HIV cure research, further highlighting the need
for HIV integration and genomics research. There are
several ongoing trials on gene therapy for HIV cure.®4!
Targeted gene editing uses the following strategies:
Zinc finger nucleases, transcription activator-like effec-
tor nucleases, and the RNA-guided Clustered Regularly
Interspaced Short Palindromic Repeats-/Caspases
(g-RNA CRISPR/Cas).**“3 CRISPR/Cas has proven to
be the most effective gene editing method currently
available.*® It consists of the Caspase enzymes (mole-
cular scissors), which are guided to the genomic target
by guide RNA (about 20 nucleotides long).** Currently,
the CRISPR/Ca9 gene editing is being used to achieve
effective CCR5 ablation in addition to hematopoietic
stem cell transplantation to achieve HIV cure.*04!44
Clinical translation is expected to be met with challen-
ges such as editing efficiency, gene knockdown, and
safety issues. Wang et al.** evaluated the efficacy and
safety of several caspase systems and found that
saCas9 demonstrated high antiviral activity. These sys-
tems inactivate the HIV provirus when designed with a
single g-RNA or excise the proviral DNA with two
g-RNAs. These g-RNAs are carefully designed to
match certain sequences in viral DNA and thus guide
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the CRISPR/Cas enzyme to attach to the viral DNA,
either inactivating or excising it.* These disrupt the
virus’s ability to replicate and can potentially lead to a
cure. CRISPR/Ca13 has also been developed for HIV-1
RNA targeting.®® Gene therapy for HIV cure should be
personalized, using patients’ proviral sequences to
design the CRISPR-Cas systems.

Future directions

While this review offers a comprehensive synthesis
of HIV IS biology, significant geographic gaps, particu-
larly in sub-Saharan Africa, highlight the need for regio-
nally representative, longitudinal studies to fully
understand global HIV reservoir dynamics. There is
therefore an urgent need for well-designed IS studies
in the African population, especially in sub-Saharan
Africa, where the HIV burden is high, incorporating
locally prevalent subtypes.*® Most published studies
have relied on relatively small sample sizes, limiting
statistical power and generalizability of their findings.
Therefore, future primary studies should use larger
cohort sizes to provide robust estimates and to allow
for patient-level analysis. Future reviews should consi-
der the depth and comprehensiveness of IS and reser-
voir analyses, such as sequencing depth, bioinformatic
pipelines, and criteria for identifying and quantifying
clones. Comparative evaluation and standardization of
protocols for IS and reservoir methodologies will be
important with respect to reproducibility, sensitivity,
specificity, cost, and cross-study comparability. In addi-
tion, research should extend beyond circulating CD4+
T-cells to investigate other cellular and anatomical
reservoirs that contribute to HIV persistence. Finally,
future research should include more diverse clinical
populations, including recent seroconverts, treatment-
naive individuals, elite controllers, virally suppressed
individuals on ART, and individuals with a history of
multiple virological failures. Including these diverse
individuals will help to determine how disease stage,
treatment history, and viral suppression influence HIV
reservoir characteristics and IS patterns.

Conclusion

This systematic review synthesizes current evidence
on HIV IS dynamics in individuals receiving long-term
ART. The genomic distribution of I1Ss demonstrates a
consistent preference for transcriptionally active genes,
intronic regions, and specific genomic hotspots associa-
ted with cell survival pathways. Expanded HIV-infected
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cell clones were common across studies and were fre-
quently linked to integration into genes regulating proli-
feration and immune signaling. Although few studies
evaluated co-infections, available evidence suggests
that viral and immune co-factors may modify IS patterns
and clonal persistence. Methodological differences
across studies were substantial, with variation in PCR
enrichment strategies, sequencing depth, and bioinfor-
matic pipelines influencing resolution and comparability.
Overall, these findings highlight both the biological com-
plexity of the HIV reservoir and the need for standardi-
zed, high-coverage IS profiling methods. Understanding
these patterns will be critical for reservoir-targeted cure
strategies, particularly in high-burden settings.
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