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Abstract

Despite antiretroviral therapy, HIV-1 persists as proviruses integrated into the genomic DNA of
CD4* T cells. The mechanisms underlying the persistence and clonal expansion of these cells
remain incompletely understood. Cases have been described in which proviral integration can
alter host gene expression to drive cellular proliferation. Here, we review observations from other
genome-integrating human viruses to propose additional putative modalities by which HIV-1
integration may alter cellular function to favor persistence, such as by altering susceptibility to
cytotoxicity in virus-expressing cells. We propose that signals implicating such mechanisms may
have thus far been masked by the preponderance of defective and/or non-reactivatable HIV-1
proviruses but may be revealed by focusing on the integration sites of intact proviruses with
expression potential.
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Clonal Expansion of the HIV-1 Reservoir and the Roles of Proviral
Integration Sites

Combination antiretroviral therapy (ART), the mainstay for the treatment of human
immunodeficiency virus (HIV-1) infection, halts viral replication but does not eliminate
cells with integrated HIV-1 provirus (see Glossary). A pool of these cells persists as a
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long-lived HIV-1 reservoir, which can reseed viral replication upon ART cessation [1]. With
time on ART, these reservoirs become dominated by expanded clones of infected cells
(identifiable based on the sharing of unique integration sites and TCR sequences), which
differ in their abilities to survive and proliferate [2-4]. The mechanisms underlying the
relative fitness of specific clones remain poorly understood, and closing this knowledge

gap is a research priority towards the goal of curing HIV-1 infection [5]. Alterations in
cellular function driven by the proviral integration itself comprises a potentially stable

and diverse source of fitness heterogeneity amongst clones. However, such functional
consequences have thus far been limited to integrations that drive proliferation, and these
appear to make only minor contributions to total proviral landscapes [6-11]. Outside of
these cases, are clonal dynamics governed exclusively by normal CD4* T-cell biology
[12-15]? Or, might other types of HIV-1 integration-mediated alterations in clonal fitness
(beyond proliferation) contribute to clonal persistence [7,9-11,16]? Literature on Hepatitis B
virus (HBV), human papillomavirus (HPV), Human T-lymphotropic virus type 1 (HTLV-1),
and Epstein-Barr virus (EBV) — viruses whose integration can induce changes in host gene
transcription by mechanisms overlapping with HIV-1 [17-30]— might yield clues. HBV and
HPV integrations have been shown to accumulate in genes that influence various cellular
functions in addition to proliferation [18,20,22,27,31-35], with recent studies implicating
immune evasion through integration site-driven overexpression of T-cell inhibitory ligands
[34,35]. HIV-1 is the subject of intense cytotoxic T-cell (CTL) pressure, which persists

to a degree on ART [36,37], and although many proviruses are latent in ART-treated
individuals, some expression continues [38]. Ex vivo studies of in vivo infected human
CD4* T cells provide evidence that some HIV-1 reservoir cells may resist CD8* cytotoxic
T cell (CTL)-mediated elimination via the overexpression of prosurvival genes including
BCL2and BIRC5[39-41]; however, to our knowledge, no reports have linked HIV-1
provirus modulation of host genes, to resistance to CTL-mediated killing. As described
below, complexities in the HIV-1 proviral landscape create a scenario whereby only a

small fraction of proviruses - encompassing those most relevant to viral rebound - may be
subject to immune selection or to viral cytopathicity. Thus, we propose that leveraging new
approaches to focus on this subset of proviruses may reveal additional modalities by which
integration sites alter cell function to enable persistence of the HIV-1 reservoir.

Proviruses Disrupt Host Gene Expression in Diverse Ways

We approach the topic of comparative functional consequences of genomic integration
across different viruses, by first reviewing the diverse modalities by which these can affect
host gene expression (Figure 1, Key Figure). The most commonly reported integration site-
dependent effects observed in HIV-1 are (1) HIV-1 promoter or enhancer insertion resulting
in host gene activation [6,8,9,16], (2) virus-host chimeric transcription resulting in chimeric
RNA with potentially altered expression and function [6,16], (3) activation of cryptic host
splice sites [8,16], and (4) transcriptional interference [7,16]. While yet-to-be observed

for HIV-1 infection, other well characterized molecular effects of viral integration are (5)
3’-untranslated region (UTR) substitution [42-44], (6) the remodeling of the epigenetic
landscape (Box 1) [19,24-26], (7) the induction of genomic instability [27,28,32], as well as
(8) host gene disruption (Figure 1) [23,29,30,45].
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Promoter/enhancer insertion

Host gene activation driven by the viral promoter and or enhancer can occur when a virus
integrates in tandem-orientation, i.e. in the same orientation as the cellular gene, into a

5" intron or upstream of a host gene [10,11,16]. In the case of HIV-1, the LTRs function

as strong promoters that drive increased expression of host genes [8,9,16]. While diverse
genes and HIV-1 insertional events have been identified as targets of HIV-1-driven host
gene activation, one cellular consequence highlighted to date is the enhanced expansion of a
minority of clones (cases identified thus far have been clones with defective proviruses),
(Box 2). Promoter or enhancer insertion induced proliferation has been observed for
lentiviral vectors [45], HBV [17], as well as HTLV-1 [19] (Box 2). Transduction of murine
hematopoietic stem cells with lentiviral constructs prior to transfusion does not appear to
significantly heighten the risk of malignancies in tumor-prone mice [46], suggesting that
HIV-1 promoter or enhancer insertion alone is not substantially tumorigenic. A recent /n
vitro proof-of-concept study leveraged targeted insertion of the HIV-1 LTR into BACHZto
demonstrate that HIV-1 LTR integration can promote the proliferation of CD4* T cells [7].
Taken together, HIV-1 LTR-driven transcription of cellular genes has been observed in the
HIV-1 reservoirs of individuals across multiple studies, and this molecular mechanism might
result in diverse cellular consequences [6,8,16].

Virus-host chimeric RNAs

Viral as well as host promoter driven transcription can result in the generation of virus-host
chimeric RNAs [16]. These chimeras may alter splicing, function, and expression of viral
and host proteins [6,16,18]. Readthrough transcription driven by intronically integrated
HIV-1 3’ LTR into downstream exons is abundant in CD4* T-cells of people living with
HIV-1 (PLWH) on ART, and has been observed in-tandem as well as in the opposite
orientation relative to the host gene [16]. Less commonly, host promoters can drive
readthrough host-virus chimeras into HIV-1 5" LTR [16]. One such chimeric RNA was
identified in one case of PLWH presenting with T cell lymphoma, for whom reverse
transcription polymerase chain reaction (RT-PCR) identified a transcript in which exon 1

of STAT3—a noncoding sequence, and thus unlikely to interfere with the expression of

the downstream HIV-1 sequence— was spliced into the HIV-1 7atsequence [6]. Thus,
virus-host chimeric RNAs might allow for the functional expression of both viral as well

as host genes [6]. In addition to HIV-1, virus-host chimeric RNAs have been observed for
lentiviral vectors, as recently reviewed [45], as well as for HPV, and HBV [18,20,21]. For
instance, chimeric transcripts of HPV spliced into human genes were detected in 12 out of
14 samples of invasive cervical cancer [20]. Hemi-nested RT-PCR assays of hepatocellular
carcinoma (HCC) tumor samples from 90 HBV-infected individuals revealed the presence of
chimeric transcripts of the coding sequence for HBV virus X protein (HBXx) fused to L/NE1
sequences in 23.3% of HBV-associated HCC tumors — confirmed by sequencing and by
RT-PCR using probes that were virus-host junctions specific to the [18]. These HBx-LINE1
RNAs acted as long noncoding RNA (IncRNA)-like transcripts and promoted oncogenesis
through activation of the Wnt/B-catenin signaling pathway [18]. Another chimeric RNA was
translated into an HBV-host fusion protein that deregulated the cellular stress response to
promote cell growth [21]. These findings demonstrate that fusion proteins may differ in
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function from viral or host gene products and can have significant impact on virus infected
cells.

Activation of cryptic splice sites

A cryptic splice site is one that is not used in wild-type mRNA, but only selected as a result
of a mutation elsewhere in a gene. Viral genomes, such as HIV-1, contain splice sites that
can be joined to host mMRNA. This can result in the activation of cryptic splice sites when

a provirus disrupts a nearby canonical splice site [8,16]. In the HIV-1 genome, there are

four splice donor and seven splice acceptor sites [47]. Host-driven splicing from host exons
into the HIV-1 genome has been identified by integration site sequencing and corroborated
by RT-PCR and RNAseq in human lymphomas and lymphoproliferative disorders from 13
PLWH [6,16]; most commonly, HIV-1-driven splicing from the HIV-1 major splice donor
occurs into host exons, e.g. into BACHZ, STAT5B and NFATC3[8,16]. Recently, imitation
of HIV-1 integration sites in introns of three cancer-associated genes in human Jurkat CD4*
T cells resulted in host intron retention and a remarkable increase in host-protein expression
driven by the HIV-1 LTR [16]. Thus, various HIV-1-host splicing events can increase host
protein expression. Moreover, HIV-1-induced aberrant splicing events in Jurkat T cells have
resulted in N-terminal truncation of VAVZ; moreover, in VAVZ cDNA transduction studies in
NIH 3T3 fibroblasts the 5’ terminal truncation of VAVZ was previously linked to increased
oncogenic potential [48]. This finding is relevant as it suggests that splicing of HIV-1 and
host sequences might alter protein activity. Based on this literature, we suggest that splicing
of HIV-1 and cellular sequences might result in instances of altered cellular protein function.

Transcriptional interference

Besides these activating effects, the insertion of the strong HIV-1 promoter can also
negatively affect the transcription of host genes due to a set of phenomena collectively
termed transcriptional interference [49,50], reviewed elsewhere [51]. Regardless of the
orientation of the viral promoter relative to the host gene, HIV-1 promoters and host
transcriptional promoters can interfere with each other’s transcription by dislodging the
transcriptional preinitiation complex [51,52] (Figure 1a). Recent reports indicate that
HIV-1 can integrate in-between exons six and seven of the proto-oncogene NFATC3 as
well as between exon 5 and 6 of BACHZ, these events disrupt transcription upstream

of the HIV-1 integration site, and possibly represent the first accounts of “roadblock”
transcriptional interference via HIV-1 insertion [7,16,52]. Hence, transcriptional interference
events associated with HIV-1 integration may down-regulate host gene expression as
well as viral expression, which has also been reported with HTLV-1 integration-mediated
cfs-perturbations of host gene transcription [23]. In the context of HIV-1 infection,
transcriptional interference of actively transcribed provirus might affect diverse cellular
processes.

3’-UTR substitution

Lentiviral transduction of the B-globin gene into bone marrow CD34™ cells that were used
to cure a patient from p-thalassemia, unveiled a particularly rare effect of lentiviral sequence
integration: 3"-UTR substitution [42]. Intronic insertion of the vector into HMGAZ formed
the new 3" end of the host mRNA, thus excluding the cellular 3’-UTR, a region that
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is usually targeted by the complementary cellular let7 microRNA for mRNA degradation
[42]. Lentiviral insertion of the new viral “premature” polyadenylation site resulted in

the exclusion of this downstream regulatory 3’-UTR sequence from the cellular mnRNA

in a myeloid progenitor, which allowed increased expression of HMGAZ protein in a
fraction of vector-bearing nucleated blood cells that arose from the transfused bone marrow
CD34" cells; this in turn, promoted proliferation of the vector-harboring cells [43] (Box 2).
Recently, a similar mechanism was reported for the effects of EBV on the expression of
DOK1, a tumor-suppressor gene that is commonly mutated in human cancers [53]. DNA
sequencing of Burkitt’s lymphoma cell lines as well as lymphoblastoid cell lines revealed

a positive correlation between the presence of EBV and increased genetic variation in the
3" UTR of DOK1; the presence of EBV was associated with significantly reduced copy
numbers of DOKZ mRNA [44]. This suggested that EBV integration might disrupt the 3’
UTR of a tumor-suppressor gene to promote degradation rather than expression of DOK1.
Therefore, these case reports can only hint at the diverse effects that HIV-1 integration might
have on the mRNA expression and stability of various genes [54].

Genomic instability

To our knowledge, there are no indications of increased genomic instability due to lesions
induced during HIV-1 integration, but there is growing evidence that HPV [27,33,55-57]
and HBV [28,31,32] may directly cause high mutation rates in the vicinity of the viral
integration site, affecting host gene expression [25,31,57,58]. DNA sequencing studies
catalogued local sequence deletions but also chromosomal translocations in HBV-positive
biopsies from chronic hepatitis patients [32] as well as HPV-integrant cell lines from human
cervical and head and neck cancer samples [27]. However, HPV integrates fragmented DNA
by different mechanisms that can result in genome amplification, which is in stark contrast
to the integration mechanism of HIV-1 [25,59]. The mechanism of HPV integration can
involve the generation of focal amplifications and rearrangements in cellular DNA, which is
significantly more disruptive than HIV-1 integration [27]. HIV-1 integration merely involves
the introduction of a 4-6 basepair sequence duplication flanking both ends of the integrated
viral DNA as well as unpaired dinucleotides at the 5’ end of the proviral sequence [60].
Evidence that HPV, HBV, EBV integrations in human subjects are enriched at chromosome
fragile sites (CFS), 7.e. regions with an enhanced risk of DNA breakage and genomic
instability, has been suggested to contribute to the genomic instability observed in these
oncogenic viral infections [61,62]. However, a recently established database combining
results from various studies determined the percentage of HIV-1 integrations into CFS
integrations to be 42.2%, exceeding the percentage of integrations in CFS regions of the
oncoviruses mentioned above (33.9% HBYV, 37.5% HPV, 34.6% HTLV-1, 35.2% EBV)
[61], which might suggest a potential role for HIV-1 integration in contributing to genomic
instability. It is conceivable that the minor DNA lesions caused by the genomic integration
of HIV-1 proviruses are sufficient to render those genic regions susceptible to further
mutations [63].

Host gene disruption

HIV-1, as well as EBV, HTLV-1, and HBYV, are found integrated at elevated frequencies into
proto-oncogenes as well as tumor-suppressor genes [61]. Compared to other retroviruses,
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HIV-1 does not appear to frequently cause significant host gene disruption. However, there
are reports of HTLV-1 and HIV-1-derived lentiviral vectors that abolish gene function at

the integration site (reviewed elsewhere [23,45]); this suggests that lentiviral integration
might result in such effects. HBV integration causes interchromosomal rearrangements,
megabase-size telomeric deletions, chromosomal fusions, and dicentric chromosomes in
over 8% of HCC samples [32,64]. Despite this wide-range mutational burden of HBV
integration, this result was only identified as a cause of HCC in 2021 [32,64]. Indeed,

HBYV integration results in disruptions of p53 and other tumor-suppressor genes, which only
became recently clear [29]. Similarly, sequencing of 177 EBV-associated nasopharyngeal
carcinomas (NCP) by hybridization-based enrichment revealed that EBV integration into
introns of genes involved in TNF-a-dependent apoptosis, TNFAIP3, PARKZ, and CDK15,
disrupted their expression, as evidenced by immunohistochemistry [65]. Knockdown studies
have shown that the EBV recurrent integration gene (RIG) 7TANFA/P3 downregulates NF-

kB [65]. Thus, further studies are needed to determine if HIVV-1-mediated host gene
disruption may have been equally overlooked and might be a factor contributing to cellular
consequences that favor HIV-1 persistence. In sum, an arsenal of molecular mechanisms
such as HIV-1 promoter or enhancer driven cellular gene expression, chimeric transcription,
transcriptional interference with cellular transcription processes, as well as splicing of HIV-1
into cellular cryptic splice sites can allow HIV-1 integration to positively or negatively affect
cellular transcription. We suggest that additional mechanisms such as 3’-UTR substitution,
chromatin remodeling, genomic instability, and host gene disruptions (recently identified as
mechanisms used by HTLV-1, EBV, HPV, and HBV), might also occur at HIV-1 integration
sites.

Functional Consequences of Proviral Integration

On the one hand, the vast landscape of potential viral integration sites in the human genome,
multiplied by the diverse mechanisms by which a provirus can influence gene expression,
supports the idea that - given a large enough pool of infected cells - any aspect of infected-
cell fitness may be subject to such influences. On the other hand, it is expected that a large
majority of random integrations will not impact cellular fitness. The likelihood that rare
advantageous integration sites will appreciably impact the overall landscape of infected cells
is therefore a function of the nature of the selective pressure, the degree of the advantage,
and of time. It stands to reason that integrations that drive proliferation of a given infected
cell will be most prone to detection, and indeed this phenomenon has been well-established
for a number of integrating viruses, including HIV-1. Evidence and further indications for an
involvement of HIV-1 integration in cellular proliferation are summarized in Box 2.

HBYV and HPV integrations have been shown to directly target genes that control various
cellular functions other than proliferation, including survival, and can ward off CTL through
overexpression of inhibitory ligands [34,35,65-67] (Box 3). Some of these HPV findings are
quite recent, and were enabled by technological advances that shed new light on proviral
integration landscapes. A similar scenario may hold for HIV-1, where the challenge to
detecting integration sites that alter cell-intrinsic susceptibility to viral cytopathic effects or
to CTL is two-fold: 1) Approximately 98% of HIV-1 proviruses in ART-treated individuals
contain defects, such as large internal deletions [68]. Some defective proviruses can express
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viral products that may be directly cytopathic or enable recognition by CTL, but most
cannot and are thus exempt from corresponding selective pressures [68,69]. 2) Many intact
proviruses remain latent in ART-treated individuals, in some cases attributable to another
key aspect of proviral context - integration into transcriptionally silent genomic regions
[38,70] Such proviruses would similarly be exempt from the selection pressures under
discussion. A recently developed technique termed ‘PRIP-seq’ - which enables parallel
analysis of transcription, integration sites, and sequences of single proviruses - has revealed
the existence of expanded clones with transcriptionally-active intact HIV-1 proviruses on
ART [38]. This both supports the existence of pools of clonally-expanded cells that may be
subject to ongoing immune selection on ART, and provides a platform to profile associated
integration sites. The functional consequences of proviral integration sites revealed by such
emerging approaches will also be most relevant to ongoing efforts to cure HIV-1 infection,
given the potential of this subset of proviruses to give rise to viral rebound.

Concluding remarks

HIV-1 integration can cause changes in host cell gene expression, but it remains to be
determined to what extent these effects support the clonal expansion and persistence of
HIV-1 reservoir cells (Outstanding Questions Box). Functional contributions of genomic
integrations to viral persistence might hold potential to affect HIV-1 therapy (Box 4). It

is possible that HIV-1 integration can confer fitness advantages in ways as diverse as

those that influence clonal dynamics in cancer — including mechanisms that impair immune
recognition or activate survival/ antiapoptotic and proliferative pathways. Alternatively, the
functional implications of integration may generally be too subtle to manifest, and reservoir
clonal dynamics may instead be dominated by the relative propensity of a provirus to

stay hidden in latency and by normal T-cell biology. However, recent evidence for intact
and transcriptionally active provirus in six PLWH argue against the completeness of the
former explanation [38,71], and the integration sites of these particular clones should be
prioritized for further study. In contrast to the oncogenic viruses discussed here, any such
HIV-1-infected clone would remain an exceptionally small fraction of a biological sample

- complicating functional characterization (typically, only 10-1,000 cells per 108 CD4* T
cells harbor an intact provirus in an ART-treated individual)[72]. However, we propose

that this can be approached in two ways: i) Adapting and applying emerging single-cell
technologies to identify and directly characterize these rare cells, along with their integration
sites or ii) Applying CRISPR-Cas9 or related approaches to recreate specific integration
sites in a population of cells that can then be studied, as has been achieved for BACHZ and
STAT5B integration sites [7]. We believe that the challenges inherent in these approaches are
worth tackling given the central importance of understanding and counter-acting factors that
favor clonal expansion towards the goal of curing HIV-1 infection.
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CFS
Chromosome fragile sites; AT-rich sequences associated with a higher frequency of
deletions, rearrangements, chromosomal translocations, and recombination.

CpG islands
DNA regions in which a cytosine nucleotide is followed by a guanine nucleotide in a linear
repetitive sequence of bases along the 5° — 3’ direction of a DNA strand.

Clone

group of cells within the HIV-1 reservoir that arose from clonal expansion of a single CD4*
T cell carrying integrated provirus; all cells within a clone can be identified based on their
identical genome, including the HIV-1 integration site and the TCR sequence.

EBV

Epstein-Barr virus; human herpesvirus with a dSDNA genome that infects B cells. EBV
usually persists as a latent chromatized episome, but its full-length genome can also
integrate into the human genome, which is observed in various EBV-associated malignancies

Genomic instability
high frequency of mutations, which can refer to base-pair mutations but also large-scale
changes in chromosomal structure.

Hepadnavirus

Class of viruses with a DNA genome that transcribe their genome first into RNA before
integrating a reverse-transcribed DNA copy of their genome into the DNA of the host cell.
The best-characterized human pathogenic hepadnavirus is HBV.

Hi-C
high-throughput genomic analysis method which captures 3D chromatin interactions.

HIV-1 reservoir
Infected CD4* T cells harboring intact or defective HIV-1 provirus that persist under ART;
can give rise to viremia when therapy is interrupted.

HBV

Hepatitis B virus; Hepadnavirus causing acute and chronic hepatitis B; can underlie
hepatocellular carcinoma (HCC). Most people developing chronic hepatitis or HCC are
infected at birth.

HPV

Human papillomavirus; DNA viruses that, depending on the type, infect the human skin or
mucosal epithelia; can cause various malignancies including cervical and oropharyngeal
cancer. Most HPV types maintain viral DNA as circular episome copies, particularly
invasive, high-risk HPV16 and HPV18; they integrate fragmented double stranded DNA
(dsDNA) genome into the host cell in over 80% of HPV-positive cervical cancers.
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HLTV-1

Human T-cell lymphotropic virus type 1, deltaretrovirus; causes latent infection but can
reactivate to cause various pathologies later in , including adult T-cell lymphoma in around
10% of infected individuals

Intron retention
type of alternative splicing; keeps an intronic region as part of a spliced gene product.

Insertional mutagenesis
Changes in gene sequence or expression caused by the insertion of a viral (or other foreign)
sequence.

Promoter or enhancer insertion
transcriptional activation of a cellular gene driven by a proviral promoter or enhancer
inserted in proximity to the host gene.

Provirus
Viral genome inserted into the genome of the host cell; for retroviruses, it also comprises the
non-integrated reverse-transcribed dsDNA.

Readthrough transcription
continues beyond the terminal site where RNA polymerase usually dissociates from the
nascent RNA and DNA template.

Recurrent integration gene (RIG)
enriched in proviral integration sites across studies and biological samples.

“Roadblock™ transcriptional interference
occurs in a protein-bound promoter that obstructs the progress of a transcription-elongation
complex driving a transcriptional event initiated by another promoter.

Topologically associating domains (TADs)
Chromatin domains encompassing DNA sequences that more frequently physically interact
with one another than with DNA sequences from neighboring chromatin domains.

Transcriptional interference
cis effect in which transcription impacts a second transcriptional process.

Virus-host chimeric RNA
fused/hybrid virus-host cell transcripts regulated by either a viral or host promoter.

3’-UTR substitution
Mutation disrupting the 3"-UTR region of a gene, thus abolishing microRNA binding to
3’-UTR that would otherwise promote mRNA degradation.
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Box 1:
Chromatin Remodeling resulting from Viral Integration

It is unclear whether HIV-11 integration can alter the surrounding host epigenetic
landscape — while the converse scenario of HIV-1, can construct the insertion into
heterochromatic loci marked by H3K9me, resulting in silencing of the provirus [70].
This silencing has been shown to be mediated by the HUSH protein complex [70].
Since this human protein complex functions as an epigenetic regulator of endogenous
and viral genes, it remains to be determined whether HUSH-mediated silencing of
HIV-1 provirus can affect the transcription of surrounding host genes [70]. HIV-1 also
lacks any conventional binding sites for chromatin modifying proteins, the presence

of which would point towards a mechanistic role for HIV-1 integration in remodeling
of host chromatin. For HPV, HBV, and HTLV-1, however, insertion-induced changes

in chromatin organization are becoming increasingly evident [19,24-26]. The HBV,
EBV, HPV, and HTLV-1 genomes contain binding sites for the transcriptional repressor
and chromatin regulator CCCTC-Binding factor (CTCF) [26,73-75] that mediates the
formation of loops in the human genome and establishes boundaries between hetero-
and euchromatin [76]. Chromosome conformation capture (Hi-C) studies on human
cervical cancer biopsies harboring HPV integrations into the recurrent integration gene
(RIG) CCDC106, as well as HPV provirus harboring cell lines , showed changes within
host genomic topologically associating domains (TADs) as well as altered TAD borders
in the vicinity of the integration site [25,77,78]. Changes in nuclear architecture were
associated with the formation of new virus—host DNA interactions including with

host enhancer sequences [25,78]. Associated changes in gene expression included the
transcriptional down- and upregulation of genes encoding tumor-suppressor (PEGS3,
KLF12) and proto-oncogene (CCDC106) functions in HPV harboring cell lines and
cervical cancer biopsies [77-79]. Similarly assays revealed that HBV, upon integration,
establishes 3D contact regions with cellular chromatin [80,81]. These contacts occur
preferentially in transcriptionally active regions (as supported by RNA-seq studies) that
contain enhancers and transcriptional start sites, and in CpG islands that are associated
with genes that are differentially expressed in HBV-infected primary hepatocytes and the
HBV-integrated cell line HepAD38 [80,81]. Moreover, HTLV-1 provirus-bound CTCF
mediates the formation of virus-host gene loops that can block enhancer-promoter
contacts, control HTLV-1 mRNA splicing, and can alter transcription and splicing at

a distance of > 300kB from the integration site [19]. Based on the far-ranging changes
in cellular transcription in other human viruses, such effects, if present, would likely be
capable of contributing to altered cellular function.
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Box 2:
Proliferation as a Direct Consequence of HIV-1 Integration

There is /n vitro[7,9] and clinical [6,10,82] evidence that intronic HIV-1 integration
into oncogenes can result in LTR-driven transcriptional activation that promotes
cellular proliferation (Figure I). Integrations in specific recurrent integration genes
(RIGS) drive the expansion of some CD4* T cell clones within the HIV-1 reservoir
[8,10,11,16,49,50]. Insertional mutagenesis has resulted in a case of STA73associated
B cell lymphoma, where integration of a defective HIV-1 provirus upstream of the

first exon of STAT3resulted in cellular proliferation caused by 3" LTR-driven STAT3
overexpression [9,82] and has likely contributed to T cell lymphoma development in

at least six individuals [6]. LTR-driven transcription has also been observed for the
RIGs BACHZand STAT5B, resulting in overexpression [8]. CRISPR-Cas9-mediated
in-tandem insertion of the viral LTR and major splice donor site into the frequently
observed intronic site in BACHZin primary CD4* T cells, resulted in the proliferation
of cells with a regulatory T cell-like RNA and protein expression pattern, demonstrating
that LTR-driven activation of BACHZresulted in CD4" T cellular proliferation and
differentiation [7]. Coherent with these studies, the most studied biological consequence
of HTLV-1, HPV, and HBYV integration is the proliferation of infected cells, associated
with the overexpression of proto-oncogenes and downregulation of tumor suppressor
genes (Figure 1) [22,25,29,30,34,35,78,83,84]. For instance, HBV integration into 7TERT,
the gene encoding the catalytic subunit of telomerase, can drive increased telomerase
production and promote the survival of malignant cells [85,86]. HBV integration also
targets and downregulates tumor-suppressor genes, such as p32 pathway components
[29]. HPV integrations into introns and exons of RAD51B (RAD51 paralog B),

a gene encoding a protein with DNA-repair and apoptotic function might indicate

that this tumor-suppressor gene is disrupted by HPV integration [34]. For HIV-1,
however, integration-dependent induction of proliferation appears to have a small
overall contribution to clonal expansion [6,87], and has recently been reviewed [88].
Like BACHZ, the other RIGs of HIV-1 —STAT5B, MKLZ2, MKL1, IL2RB, MYB

and POUZF1 — show enrichment for HIV-1 integrations in the same orientation as

host gene transcription and into specific introns in PLWH [4,8,10,87,89,90]. This
indicates that HIV-1 integration into those RIGs might provide a fitness advantage

to cells [4,8,10,87,89,90]. Additional evidence for the functional importance of HIV-1
RIGs comes from their overrepresentation in mouse models compared to /n vitro
[88,91,92], and the accumulation of cells with integrations in these seven genes over
ART [4,8,10,87,89,90].
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Figure I (in Box 2). Integration-induced Cellular Proliferation.
Genomic integration of HIV-1 [10,38,87,89,93], HBP [29], and HPV [34,35], HTLV-1

[23], and lentiviral vectors [45] can directly affect cellular proliferation by targeting
oncogenes or tumor-suppressor genes. Viruses for which experimental evidence of
integrating into proto-oncogenes as well as tumor-suppressor genes exists are listed
above the respective class of genes. Recurrent integration genes (RIG)s for HIV-1 include
the proto-oncogenes MKL2[11], BACHZ[10,11], and STA73[6,9,82]. HBV RIGs
include TERT, [85,86]. Viruses can also target and downregulate the expression of tumor-
suppressor genes to disrupt death pathways, such as p53 downregulation by HBV [29],
and RAD51B downregulation by HPV integration [34], suggesting that gene disruption
may promote survival and growth of the infected cells. This figure was created with
BioRender.com.
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Box 3:

Immune Evasion Resulting from Changes in Host Gene and Viral
Expression Caused by Viral Integration

Virus integration can alter cellular gene expression to contribute to immune evasion by
two main pathways (Figure Il):

increase in pro-survival factors:

Integrations of HPV and HBV sequences can induce the expression of pro-survival
factors. For HBV, the RIG FOXP2[66,67], encodes a transcription factor that contributes
to preventing inflammation and apoptosis [94]. Similarly, primary oropharyngeal cancer
cells show an HPV integration hotspot in intron 10 of BR/SC and BRCA1 A complex
member 2(BABAM?) [35], a gene that blocks tumor necrosis factor alpha (TNF-a)-
induced apoptosis [95]. Another example is the £7S proto-oncogene 2 (ETS2), a
tumor-suppressor gene that inhibits apoptosis and which is frequently targeted by HPV
integrations in tumor tissues [34]. HPV integration in multiple individuals with different
types of HPV-induced cancers has been observed into and near TNFa-induced protein 2
(TIVFAIP2) [35], a gene encoding an angiogenic factor overexpressed in HPV™ cervical
cancer, which promotes the viability of non-small cell lung cancer (NSCLC) cells by
limiting the induction of caspase 3 [96].

expression of co-inhibitory receptors to suppress cytotoxic T lymphocyte (CTL)
function:

Recently, CD274, the gene encoding Programmed death-ligand 1 (PD-L1) was identified
as a RIG for HPV [34,35]. Integration into this gene was more common in HPV-induced
oropharyngeal cancers, and integration amplified host gene expression 5-10-fold [35].
Indeed, expression of PD-L1, on human tumor cells is a generally recognized tumor
immune escape mechanism [97]. Ligation of PD-1 on tumor-infiltrating CTL limits their
proliferative and cytotoxic activity [97].

In addition to changes in cellular expression, viral integration regulates viral gene
expression and antigen presentation. HBV integration is also associated with viral protein
surface expression and secretion, which has been linked to CD8* T cell exhaustion and
thus, viral persistence, despite integrated HBV being unable to replicate [98] (Figure

I). Silent provirus escapes immune recognition, but also high viral protein expression
can function as an immune evasion mechanism, contributing to the dysfunction of
virus-specific CTL in the presence of persistent antigen; this has been observed for

HPV integrations, and there is mounting evidence that the integration site is a crucial
determinant of HIV-1 provirus expression [38]. Therefore, the effects of viral integration
sites on host gene expression and viral transcription will need to be considered in parallel
to conclude on the contributions of cellular and viral transcription on the persistence of a
given cell.
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Figure Il in Box 3. Integration-induced Immune Evasion.
Genomic integration of HPV and HBV can target genes that control cellular functions

related to immune evasion. Viruses for which experimental evidence exists for integration
and transcriptional upregulation of genes involved in the indicated cellular functions are
listed above each cellular mechanism. HBV, HPV, and EBV integration can upregulate
the expression of anti-apoptotic proteins [34,35,65-67]. HBV integration can result in
upregulation of FOXPZ, a gene that encodes a transcription factor with anti-apoptotic
functions [66,67]. Anti-apoptotic genes targeted by HPV include £752[34] as well as
BABAM_Z2[35], a gene that encodes an anti-apoptotic protein that blocks tumor necrosis
factor alpha (TNF-a)-induced apoptosis [95]. Likewise, EBV integration can result in
upregulation of an inhibitor of TNF-a-dependent apoptosis encoded by 7NFA/P3 [65].
For HPV integration, an additional mechanism of immune evasion has been described;
integration into CDZ274 results in upregulated encoded T-cell inhibitory receptor PD-L1
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[34,35]. Expression of this inhibitory ligand functions as a generally recognized tumor
immune escape mechanism that limits the proliferative and cytotoxic activity of cytotoxic
T lymphocytes [97]. In addition to changes in host gene expression, changes in viral gene
expression can contribute to immune evasion. Integration into less accessible chromatin
regions might silence HIV-1 provirus and preclude antigen-presentation of viral epitopes.
By contrast, integration and high amounts of viral protein expression of HBV sequences
have been suggested to contribute to immune evasion by promoting T cell exhaustion of
HBV-specific CD8" T cells [98]. This figure was created with BioRender.com.
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Box 4:
Possible Implications for the occurrence of HIV-1 Integration Sites

If the integration of HIV-1 proviruses can functionally contribute to the abilities of
reservoir-harboring clones to persist, these functional characteristics might form the basis
of new putative therapeutic targets for treating HIV-1 infections. In the case that this is
observed and converges upon a relatively narrow set of mechanisms, such therapies might
be broadly applicable upon robust testing. Alternatively, various therapeutic approaches
might be needed to target those persisting clones with a fitness advantage. The analysis of
integration-dependent mechanisms at play in a specific HIV-1-positive individual might
thus allow for individualized treatment approaches. To eradicate a clone that comprises

a dominant fraction of the HIV-1 reservoir, therapies might conceivably be directed to
the cells harboring a specific integration site, e.g. based on the overexpression of certain
biomarkers (if known) or based on the integration site itself. The clinical consequences
of HIV-1 integration are not yet part of an HIV-1 infection diagnosis but integration site
analysis of PLWH is technically feasible and might perhaps become part of diagnosis in
the future, if the prevalence of integration-induced effects (see Outstanding Questions),
warrants such measures. Since the infections that result in the integration sites that make
up the HIV-1 reservoir occur early upon HIV-1 acquisition [99], it might be possible to
detect the integration site resulting in easy viral reactivation, clonal expansion, or even T
cell lymphomas many years before viral reactivation or T cell lymphoma onset, although
this remains conjectural. Recent work showed that HIV-1-1-driven aberrant transcription
can be suppressed /n vitro by CRISPR-dCas9-mediated inhibition of HIV-15" LTR
targeted CRISPR-CAS9 to specific regions in LTR regions [16]’ this exemplifies that
excision of such sequences could drive aberrant host gene expression -- a technology that
has since been refined and applied numerously, and to other HIV-1 regions [100,101].

The most commonly reported integration site-dependent effects observed in HIV-1 are
(1) HIV-1 promoter or enhancer insertion resulting in host gene activation [6,8,9,16], (2)
virus-host chimeric transcription resulting in chimeric RNA with potentially altered host
gene expression and function [6,16], (3) HIV-1-induced activation of cryptic host splice
sites [8,16], and (4) transcriptional interference [7,16]. While not yet observed for HIV-1,
other well characterized molecular effects of viral integration are (5) 3’ -untranslated
region (UTR) substitution [42—44], (6) the remodeling of the epigenetic landscape
[19,24-26], (7) the induction of genomic instability [27,28,32], as well as (8) host gene
disruption (Figure 1) [23,29,30,45].
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Integration of HIV-1 into the DNA of CD4* T cells can alter cellular gene expression
but the contribution of this mechanism to the clonal expansion and persistence of HIV-1

infected cells remains unclear.

Significance box
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Outstanding Questions Box

. How predominant are virus integration-site mediated effects on gene
expression within the HIV-1 reservoir? It will be relevant to determine how
many cells in a given individual rely on integration-dependent effects for their
persistence.

. To which extent does HIV-1 integration imprint infected cells with an
epigenetic and transcriptional footprint? More research to determine the
strength and maintenance of integration-dependent effects is warranted.

. How much do the mechanisms of HIV-1 integration in the HIV-1 reservoir
differ between PLWH? Does this heterogeneity need to be considered for
HIV-1 cure strategies?

. What is the contribution of HIV-1 integration-dependent changes in cellular
gene expression to the proliferation and survival of HIV-1 infected cells?

. Is HIV-1 affecting the host gene transcriptome by integration-dependent
molecular mechanisms similarly to HPV, HBV, EBV, and HTLV-1?

. Which repercussions, other than cellular proliferation, does HIV-1 integration
cause?
. Do HIV-1 integration-mediated effects increase their clinical relevance as

the population of PLWH on ART ages? Other viruses that integrate into the
human DNA only cause disease decades after integration, and diseases only
affect a small number of chronically infected individuals.

. Which cooperating factors support cellular consequences of integration site-
dependent mechanisms? Given the rarity of malignancies caused by HIV-1
integration, it is highly likely that HIV-1 integration on its own is not
sufficient to result in cellular consequences.

. Can integration site-dependent mechanisms be detected before cellular
consequences ensue? Certain integration sites of HPV, HBV, and HIV-1 have
been linked to cellular proliferation. However, most of the viral integration
sites are seeded early during infection. This might open the possibility
of prophylactic integration site analysis to assess personalized medicine
approaches.

Trends Immunol. Author manuscript; available in PMC 2023 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Linden and Jones

Page 24

Highlights Box

HIV-1 provirus integration can affect host gene expression at the site of
integration and directly induce benign but also in rare cases, malignant
cellular proliferation

HIV-1 can affect cellular gene expression through promoter/enhancer
insertion, the formation of virus-host chimeric RNAs, the activation of cryptic
cellular splice sites, as well as transcriptional interference

Multiple human pathogenic viruses, including HTLV-1, HBV, EBYV, and HPV,
can affect human gene expression upon viral genomic integration by similar
mechanisms as HIV-1

Diverse cellular consequences of viral integration-mediated changes in host
gene expression have recently been observed for HTLV-1, HBV, EBV, and
HPV, but not yet for HIV-1

Observations of diverse virus-induced changes in host gene expression in the
context of other human viruses can serve as a signpost for diverse persistence
mechanisms that remain to be elucidated in the context of HIV-1 infection
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Figure 1 Key figure. Overview of putative integration site-dependent mechanisms that can affect
host protein expression.

Un-demonstrated HIV-1 integration mechanisms are depicted in gray and viruses for which
experimental evidence exists are depicted above each. 1) Integration of a viral promoter

or enhancer can activate gene expression [6,8,9,16]. 2) Viral or host promoters may drive
the transcription of chimeric virus-host RNA and translation of fusion proteins [6,16]. 3)
Disruption of a splice site can result in the activation of a downstream cryptic splice site
(denoted with *) that was previously disfavored for a stronger splice site [8,16]. This can
result in the retention of introns in mMRNA [16]. 4) Transcriptional interference of viral

and host promoters can result in various scenarios in which only either cellular or viral
transcription occurs [49,50], regardless of the orientation of the two promoters. Typically,
it allows for transcription of the gene driven by the stronger promoter only [52]. 5) Genes
can be upregulated by mRNA 3" end substitution if a degradation-promoting 3" mRNA
end is disrupted by viral integration [42—-44]. 6) Viral sequences interact with various

host chromatin remodelers and may interact with other chromatin regions to impact 3D
organization/accessibility [19,24-26]. 7) Integrations may entail single or double strand
breaks that result in various mutations, including chromosomal translocations in the case of
HBV [27,28,32]. 8) Viral integration may disrupt host genes via the insertion of premature
STOP codons, poly-A sites, or frameshift mutations [23,29,32,45,64,102,103]. This figure
was created with BioRender.com.
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