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Curative interventions for HIV-1 seek to reduce the size of the replication-competent viral reservoir. A
comprehensive understanding of the composition of defective proviral sequences is essential for
refining the methods used to characterize and measure this replication-competent viral reservoir. An
in-depth analysis of proviral sequences with a single internal deletion was performed to better
understand the mechanisms behind their origin. An in-house full-length individual proviral sequencing
technique was adopted for HIV-1 sequencing. This sequence dataset was further supplemented with
sequences from two published studies, adding up to 395 proviral sequences. Based on the deletion
junction profile of each individual provirus, six hypothetical mechanisms of aberrant strand transfer
during reverse transcription were modelled. Our findings show that proviral sequences with deletions
do not exclusively result from erroneous strand transfer events during minus-strand synthesis but
emerge through distinct mechanisms throughout the reverse transcription process.

Since the development of potent antiretroviral therapy (ART), human
immunodeficiency virus type 1 (HIV-1) infection can be managed as a
chronic, well-controlled disease. However, strict adherence to ART is
required to suppress viral replication, as current ART cannot eradicate the
virus in people living with HIV (PLWH). Interruption of treatment leads to
the re-establishment of replication from a stable reservoir of resting memory
CD4" T cells that harbour integrated, replication-competent HIV-1
DNA'”. Curative interventions aim to reduce the size of this reservoir or
even eradicate it.

Over the past decades, significant progress has been made in char-
acterizing the viral reservoir, acknowledging that a comprehensive under-
standing of its genetic composition is crucial for the development of new
strategies to disarm it. Studies have shown that only a minuscule proportion
of proviral DNA isolated from PLWH on ART is intact and considered
replication-competent. Several multiplex PCR-based assays have been
developed to assess the genomic intactness of the provirus. Medium-
throughput digital PCR (dPCR) assays, such as the IPDA, 5T-IPDA,
Q4PCR, and RAINBOW assays, rely on the amplification of subgenomic

regions of the proviral DNA to quantify the replication-competent HIV-1
reservoir’™''. However, amplification of subgenomic regions tends to over-
estimate the number of intact proviruses'’. Moreover, the outcomes of these
multiplex dPCR assays are highly susceptible to errors, including those
caused by sequence polymorphisms in the primer/probe binding
regions'’™°. More in-depth characterization of the genomic composition of
integrated HIV-1 DNA is typically performed using near full-length indi-
vidual proviral amplification and sequencing techniques (FLIPS)'“".
Although FLIPS is time-consuming and expensive due to its low through-
put, it provides valuable insights into the genetic landscape of the viral
reservoir and its dynamics. An important shortcoming, however, is that the
preferential amplification of proviruses with a large internal deletion, which
is inherent to the PCR reaction, prevents a reliable quantitative under-
standing of the composition of the latent reservoir"’. Based on the results of
FLIPS, it is estimated that over 90% of all proviral sequences are defective,
with the most common defects being internal deletions, small deletions at
the packaging signal and the major splice donor site, and guanine-to-

adenine hypermutations”™*'*"**
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Defects in the proviral sequences are thought to arise from the same
mechanisms that drive the genomic adaptability of HIV-1. The driving force
behind the high propensity for variation in the HIV genome is the error-
prone nature and lack of proofreading activity of the reverse transcription
enzyme. The forward mutation rate for HIV-1 is estimated to be approxi-
mately 10~° mutations per base pair per replication cycle” . HIV-1 relies
on the enzymatic characteristics of reverse transcriptase to copy its genetic
information from single-stranded RNA into double-stranded DNA.
Completion of this process requires two successful DNA strand transfers, in
which reverse transcriptase transposes from one side of the template to the
other’’. The mechanisms behind strand transfer events can also drive
intermolecular template switching between co-packaged RNA genomes.
First, RNase H incisions downstream of pause sites in the reverse tran-
scription process function as initiation sites for the invasion-driven strand
transfer mechanism during minus-strand synthesis*”’. The acceptor RNA
can then displace the cleaved fragments of the donor RNA template and
propagate through a branch migration process. These intermolecular
transfers are essential for overcoming genomic damage and, according to
in vitro research, are estimated to occur 3 to 15 times per reverse tran-
scription cycle”™". Although these properties of the virus function as
mechanisms of selective advantage, they also contribute to the formation of
defective proviruses. Erroneous strand transfers during minus-strand
cDNA synthesis can result in DNA with internal deletions or duplications.
These aberrant strand transfers are often characterized by short stretches of
homologous sequences at the deletion junctions. Imamichi et al. looked at
repeated sequences at deletion junctions and suggested that 40% of the
detected internal deletions were attributed to erroneous strand transfers
during minus-strand synthesis'’. Another source of defective proviruses is
the deamination of cytosine on minus-strand cDNA by predominantly
APOBEC3G and APOBEC3FE. Conversion of cytosine to uracil in the
minus-strand results in G-to-A hypermutations in the plus-strand DNA,
leading to premature stop codons and other amino acid mutations™ .

Recent studies have shown that defective proviruses may retain some of
their transcriptional and translational competence. Novel truncated,
unspliced HIV-RNA transcripts with translationally competent open
reading frames (ORFs) have been identified in individuals with prolonged
viral suppression'**. It is reported that protein production from defective
proviruses drives viral immune escape mechanisms, persistent immune
activation, and pathogenesis observed in individuals on prolonged ART**.
Although these findings indicate that proviruses identified as defective may
contribute to persistent comorbidities associated with HIV-1 pathogenesis
in individuals on ART, most of the HIV reservoir studies centre solely on the
genomically intact proviruses.

Under the assumption that understanding the mechanisms behind the
emergence of defective proviral sequences may help optimize methods for
quantifying the clinically relevant viral reservoir and improve our under-
standing of their role in disease persistence, we conducted an in-depth
analysis of the structure of HIV-1 proviral sequences with large internal
deletions. Proviral sequences were obtained from two published studies and

supplemented with sequences generated in our own laboratory (Ghent Aids
Reference Laboratory, ARL) using a comparable FLIPS method'*'*. Our
observations demonstrated that, relative to the size of the different genomic
regions, aberrant strand transfers occur most frequently in the long terminal
repeats (LTR) regions of the HIV genome. An additional hotspot was
identified near the central polypurine tract (cPPT). Further analysis of the
deletion junction positions led to the modelling of six hypothetical
mechanisms of aberrant strand transfer during reverse transcription that
contribute to the generation of a heterogeneous pool of proviruses with
internal deletions.

Results

Length analysis of proviral sequences with an internal deletion
Three hundred ninety-five proviral sequences with a single internal deletion
of more than 200 nucleotides were compared based on sequence length
(Supplementary Data 1). Sequence lengths shorter than 4 kb were observed
in 266 sequences (67.3%). A length distribution curve revealed a remarkably
high prevalence of 2- and 5-kilobase amplicons (Fig. 1a). The distribution
curve for the sequences collected from Imamichi et al. differed
slightly from those of the two other studies (Fig. 1b). Kruskal-Wallis analysis
confirmed significant differences in median sequence length between
the studies, H(2) =20.12, p <0.0001. A post-hoc Dunn’s test revealed a
significantly higher mean rank size score for the sequences from
Imamichi et al. compared to those retrieved from Hiener et al., p < 0.0001,
and the ARL, p=0.0002, while no significant difference was
observed between the sequences retrieved from Hiener et al. and the ARL,
p=04358.

Hypermutation analysis revealed 65 hypermutated sequences among
the 395 proviral sequences. A length distribution curve demonstrates that
the hypermutated sequences are uniformly dispersed along the length axis
(Supplementary Information la). In addition, omission of the hypermu-
tated sequences did not alter the median of the sequence lengths across the
distinct studies (Supplementary Information 1b). A Mann-Whitney test was
performed to further determine the repercussions of excluding hypermu-
tated sequences on the length distribution of the dataset. Results indicated
that the omission of hypermutated sequences did not significantly alter the
distribution of sequence lengths, U= 64,173, p=0.7214. We decided to
retain the hypermutated sequences for subsequent analysis.

Deletion junction analysis

The start and end positions of the deletion junctions were mapped to their
respective genomic regions. Deletion start positions were predominantly
observed in the gag and pol regions, while deletion end positions were most
frequently observed in the 3’ LTR (Fig. 2a and Supplementary Data 2 and 3).
When accounting for genomic region size to assess the frequency of deletion
start and end sites within specific genomic regions, the LTR regions emerge
as the most prominent hotspots, with 56.6% and 62.6% of the deletion
junctions observed in the 5" and 3’ LTR regions, respectively (Fig. 2b and
Supplementary Data 2 and 3).

Fig. 1 | Length distribution curves of proviral
sequences with a deletion of more than 200
nucleotides. Proviral sequences derive from an in-
house FLIPS technique (ARL protocol) or were
retrieved from two published studies (16,18). Length
distribution curves of a the aggregated FLIPS-gen-
erated sequences and b each dataset individually.
Each dot represents a single provirus and is coloured
according to the study from which it originates:
Hiener (green), Imamichi (red), in-house ARL
protocol (yellow). The number of sequences exam-
ined for each subject (1) is reported. The median
sequence length is depicted in each distribution
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Fig. 2 | Analysis of the start and end positions of the deletion junctions in 395
FLIPS-generated sequences. Start and end positions were allocated to their
respective genomic regions for each dataset individually and combined. Percentages
represent the proportion of deletion joints assigned to each genomic region for the
respective datasets: Hiener (n = 209), Imamichi (n = 118), ARL (n = 68), and the
combined dataset (n = 395). The proportions per genomic region are depicted a
irrespective of, and b in proportion to the respective genomic region sizes. The 3’

Nef

LTR was deliberately divided into R/U5 and U3, as these regions correspond to
distinct mechanisms associated with large deletions in proviral sequences. ¢ A dis-
tribution curve of the deletion start (green) and end (blue) positions is superimposed
on a schematic representation of the HIV-1 genome. Each dot represents a single
provirus and is coloured according to the study from which it originates: Hiener
(green), Imamichi (red), in-house ARL protocol (yellow). Created in BioRender.
Hardy, J. (2025) https://BioRender.com/506xc9v.

Figure 2c depicts the nucleotide positions of the deletion start
and end positions. Deletion start positions are scattered throughout
the 5 half of the genome but tend to accumulate in the 5 LTR.
However, there is a second hotspot for 5° deletion breakpoints in the
central region of the genome, specifically in the integrase coding
region (Figs. 2c and 3a). Forty-one out of 395 (10.4%) deletion start
sites are positioned in a 100-nucleotide region between nucleotide
positions 4800 and 4900 (according to HXB2), near the cPPT. Nine
of those amplicons even had deletion junctions that coincided with
both the cPPT and 3’ PPT. Deletion end positions are less scattered
throughout the genome and occur primarily in the utter 3’ end of the
genome (Fig. 3b). Figures 2¢, 3a, b further demonstrate that the
proviral sequences with a single deletion of more than 200

nucleotides predominantly lack the 3’ half of their genome. Based on
the amino acid sequences, deleterious stop codons and frameshift
mutations were identified to determine the integrity of the gag and
nef ORFs within each provirus. Amino acid and sequence analysis
demonstrated that 154 of the 395 (39.0%) defective FLIPS-generated
sequences had an intact gag ORF, while 61 (15.4%) retained a
functional nef ORF. Additionally, sequences derived from samples
with detectable viral load were omitted from the dataset, and the
prevalence of intact gag and nef ORFs was reassessed. Upon reas-
sessment, 109 of 307 (35.5%) defective proviral sequences had intact
gag ORFs, and 37 of 307 (12.1%) had intact nef ORFs, respectively.
Of the 37 proviruses that encompassed an intact nef ORF, 11 also
contained an intact gag ORF.
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Fig. 3 | Proviral sequences aligned to the HIV HXB2 (K03455) reference strain.
Sequences are arranged according to the start (a) and end (b) positions of each

individual deletion junction. Each horizontal bar represents an individual proviral
sequence generated through FLIPS and coloured according to the study from which

it was derived: Hiener (green), Imamichi (red), in-house ARL protocol (yellow). The
plots are accompanied by a schematic representation of the HIV-1 genome, the
dotted lines highlight the positions of the cPPT and 3’PPT. Created in BioRender.
Hardy, J. (2025) https://BioRender.com/wa00q4u.

Aberrant first-strand transfer

Proviral deletion junctions were matched to potential errors that may
arise at different stages of the in vivo reverse transcription process.
Minus-strand DNA synthesis initiates at the utter end of the 5
untranslated region of the viral RNA, followed by a first-strand
transfer event facilitated by sequence identity between the R regions
at both ends of the RNA template. Deletions that indicate erroneous

events prior to or during first-strand transfer were observed in 61 of
the 395 sequences (15.4%). In 7 of these 61 sequences, the deletion
junction was found in the U5 region, indicative of a premature first-
strand transfer, which gives rise to double-stranded proviral DNA
lacking intact R regions at both ends (Fig. 4a). Additionally, 50 out of
61 sequences showed a deletion junction in the R region and 4
proviral sequences had a deletion junction that coincided with the
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homopolymer G triplet defining the 5’ end of the R region, both
suggesting an aberrant strand transfer during first-strand transfer.
The latter are indicative of completed strong-stop minus-strand
cDNA synthesis, followed by aberrant transfer of the minus-strand
cDNA to a more downstream position on the RNA template
(Figs. 4b and 5a).

. Plus-strand before 2™ strand transfer

[ Plus-strand after 2™ strand transfer

Strand transfer during minus-strand synthesis

The most widely accepted mechanism for the generation of proviral DNA
with large internal deletions is aberrant strand transfer during minus-strand
DNA synthesis, following the completion of the first-strand transfer. Such
erroneous strand transfer events will result in proviral DNA with intact LTR
regions (Fig. 4c). We identified 334 sequences (84.6%) in which the deletion
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Fig. 4 | Schematic representation of six mechanisms of aberrant strand transfer
during reverse transcription. a Reverse transcription is initiated through the
interaction between human tRNA(Lys-3) (orange) and the viral primer binding site
on the RNA (light blue). Minus-strand cDNA (red: prior to first-strand transfer;
green: post first-strand transfer) synthesis is disrupted and first-strand transfer
occurs before the 5’ end of the viral RNA is reached. Premature first-strand transfers
are characterized by a deletion junction in the U5 region. b Aberrant first-strand
transfer events were identified either by a deletion junction within the R region or by
adeletion junction coinciding with the homopolymer G triplet that defines the 5’ end
of the R region. Aberrant first-strand transfers (a, b) give rise to double-stranded
DNA (dsDNA) with incomplete LTR regions. ¢ Following successful first-strand
transfer, strand transfer events during minus-strand synthesis generate dSsSDNA with
intact LTR regions and predominantly large internal deletions. d Second-strand
synthesis initiates at the polypurine tract and proceeds to transcribe the 5’ end of the

plus-strand DNA (dark blue). As with premature first-strand synthesis, plus-strand
synthesis can also be prematurely disrupted, giving rise to defective 5’ LTR regions.
d-f Strand transfer events emerging during plus-strand synthesis result in mis-
matched double-stranded DNA molecules. e In contrast to premature second-strand
transfer, second-strand transfer can also be delayed. In this scenario, reverse tran-
scriptase begins transcribing fragments of tRNA(Lys-3) before switching to the
minus-strand template. Although LTR regions remain intact in this scenario, the
plus-strand carries an insertion that originates from the tRNA(Lys-3)-primer. f
Strand transfer events during plus-strand synthesis represent an additional
mechanism associated with the generation of internal deletions that, for technical
reasons, could not be confirmed using the analysed dataset. All deletions are
represented by dotted lines. Created in BioRender. Hardy, J. (2025) https://
BioRender.com/780z5fu.

junctions are indicative of this mechanism of origin. In 65 of these sequences
(19.5%), the deletion end positions are found in the U3 region, while 112
(33.4%) sequences had deletion end sites in the U3/nef overlapping region.
Deletion start positions were predominantly observed in gag (39.2%) and
pol (38.6%).

Premature second-strand transfer

Proviral sequences were screened for indicators of errors arising during
plus-strand DNA synthesis. Second-strand transfer is directed by sequence
identity at the primer binding site (PBS). An aberrant second-strand transfer
will result in plus-strand DNA lacking essential motifs of the 5 LTR
(Fig. 4 d). These proviral sequences will be missed by the currently used
FLIPS protocols due to the positioning of the sense primers. We therefore
developed two alternative amplification protocols using sense primers
positioned upstream of the FLIPS primers and antisense primers either just
downstream of pol (5" PCR) or at the 3’ end of the nef coding region (5 XL
PCR) (Supplementary Data 4). The 5° PCR protocol generated 41 ampli-
cons, of which 24 were intact (58%), 2 had a deletion of less than 200
nucleotides (4.8%), and 15 had a deletion of more than 200 nucleotides
(36.6%). The 5’ XL PCR protocol generated 19 amplicons, 11 of which were
intact (57.9%) and 8 had a deletion greater than 200 nucleotides (42.1%). Of
the 23 sequences with large deletions generated using these alternative PCR
protocols, 20 (87.0%) showed deletion start sites positioned upstream of the
PBS, indicative of a premature second-strand transfer (Supplementary
Information 2 and Data 5).

Aberrant second-strand transfer

In one of the defective proviral sequences generated at the ARL, a non-HIV
insert that corresponded to the human tRNA(Lys-3) sequence was observed
at the deletion junction. This sequence was initially removed from the
dataset due to the presence of a non-HIV sequence. Nevertheless, it was
suggestive of a distinct aberrant plus-strand transfer mechanism, in which
strand transfer was deferred and reverse transcription continued over the
attached human tRNA(Lys-3) before transferring to a downstream position
on the minus-strand DNA (Fig. 4e). The role of this mechanism in the
formation of defective proviral sequences was further examined by
searching the NIH genetic sequence database (GenBank) for sequence
stretches that consisted of the 5’ end of HIV-1 (5-AAATCTCTAGCAG-3’),
followed by the HIV PBS sequence (5-TGGCGCCCGAACAGGGAC-3)
and the first nucleotides of the tRNA(Lys-3) sequence (5-
TTGAACCCTGG-3’). This query returned 43 matches with > 90% query
coverage, including sequences from 9 different studies. All of these
sequences were classified as defective HIV-1 proviruses'****™*, The tRNA
inserts defined the deletion junction and varied in length from 7 up to 54
nucleotides (Fig. 5b).

Discussion

A thorough understanding of the genomic landscape of the HIV-1 reservoir
and its establishment will help refine methods for its characterization and
quantification. Most proviruses in PLWH on suppressive ART contain

internal deletions, which are generally thought to result from erroneous
strand transfer during minus-strand synthesis. We conducted an in-depth
analysis of deletion junctions in 418 proviral sequences with large internal
deletions to better understand the mechanisms underlying their formation.
Our results revealed that internal deletions may arise at different stages of
the reverse transcription process. We modelled six aberrant strand transfer
mechanisms based on the observed deletion patterns.

Length distribution curves of FLIPS-generated proviral sequences
revealed a high prevalence of short amplicons, predominantly 2- and
5-kilobases in length. Although it is well established that proviruses with
large internal deletions outnumber intact ones in PLWH on ART, the high
prevalence of short amplicons might also be biased by the length-dependent
PCR amplification rate, which selects against longer templates in a het-
erogeneous pool of proviruses'”. Consequently, low amplification rates for
long templates may reduce the median sequence length in the distribution
curves.

Analysis of the two-kilobase amplicons indicated that they pre-
dominantly originated from either premature, aberrant first-strand transfer
or minus-strand transfer occurring shortly after successful first-strand
transfer. Aberrant first-strand transfer events result in proviruses with
incomplete LTR regions, compromising their integration into the host
genome. Integration requires 3’ end processing of both viral DNA strands,
which is considered highly sequence dependent”. Proviruses that derive
from both models A and B lack the 5° LTR U3 terminus and, therefore, do
not include the invariant CA dinucleotide that is recognized in 3’end pro-
cessing. Attenuated or even lost integrase activity has been observed when
mutations were introduced at the termini”’. However, the complexes formed
on either the U3 or U5 termini require only 15 base pairs and 3’ end
processing has been observed when the cleavage site is positioned a few
nucleotides away from the DNA terminus®’. Hence, despite the absence of
the 5’ LTR U3 terminus, integration may occur under certain conditions in
which an alternative CA dinucleotide is positioned near to the erroneous 5’
LTR U3 terminus. Oh et al. showed that, in the Rous sarcoma virus, there is
no strict requirement for the canonical CA™. Oh et al. further demonstrated
that once one end of the vDNA is integrated into the host genome by the
integrase enzyme, the host machinery can efficiently integrate the other
mutated or truncated end. In addition, Joseph et al. matched individual HIV
proviral sequences to their respective 5-adjacent host sequences and
identified a 24-bp deletion at the 5° LTR U3 terminus, suggesting that
integration of incomplete LTR regions can still take place. However,
integration of reverse transcription products that derive from models A and
B cannot be demonstrated without sequencing the viral DNA ends and their
matched integration sites.

In this study, erroneous first-strand transfer was identified as a
key contributor to the formation of defective proviruses. It is
important to note that the 3> LTR is not fully covered by the
amplification protocols used. Consequently, the number of deletion
junctions observed in the 3’ LTR and, therefore, the role of premature
and aberrant first-strand transfer in the formation of defective pro-
viruses is most likely underestimated. Although sequence identity
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TCTAGCAGTGGCGCCCGAARCAGGGAC
L32865.1 TCTAGCAGTGGCGCCCGARACAGGGAC. . .
OR246462.1 TCTAGCAGTGGCGCCCGAACAGGGAC. ... .
01032_09_J52 TCTAGCAGTGGCGCCCGRACAGGGAC. ... .
OR246489.1 TCTAGCAGTGGCGCCCGRACAGGGAC. . ...
MK384387.1 TCTAGCAGTGGCGCCCGAACAGGGAC. ... .
OR245962.1

Fig. 5 | Sequences related to aberrant first- and second-strand transfer
mechanisms. a Four proviral sequences showed deletion junctions that coincided
with the homopolymer G triplet defining the 5’ end of the R region. Both the proviral
sequences and the U3 and R genomic regions are aligned to the HIV HXB2 (K03455)
reference strain. b One of the proviral sequences, generated at the ARL
(01032_09_J52), harboured an insertion of a fragment of human tRNA(Lys-3).
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Further evidence of aberrant second-strand transfer is provided by a search in
GenBank (290% query coverage), which resulted in 43 similar cases. Genbank
accession numbers are provided for each sequence. The shift from HIV to tRNA
(Lys-3) is displayed by plotting the identities to the tRNA(Lys-3) sequence as dots.
Each deletion junction is indicated with an °%’. Created in BioRender. Hardy, J.
(2025) https://BioRender.com/4ci7zzx.

between the R regions is believed to be essential for accurate first-
strand transfer, strand transfer events have been observed even when
the identity between acceptor and donor is limited*™. Sequences
with a deletion site coinciding with the homopolymer G triplet that
defines the 5” end of the R region suggest an alternative mechanism
for aberrant first-strand transfer. In this scenario, strong-stop minus-
strand synthesis is completed, after which reverse transcriptase
transfers to a downstream position. In previous work on tRNA-
primed reverse transcription of plasma HIV-1 RNA, similar erro-
neous first-strand transfer events were identified in vitro™. Another
mechanism that contributes to the high prevalence of short ampli-
cons is minus-strand transfer occurring shortly after successful first-
strand transfer. Deletion junction analysis showed that the LTR
regions are the primary hotspots for erroneous first-strand transfer
events. The tendency of reverse transcriptase to dissociate from its
template has been attributed to enzyme stalling caused by secondary

structures”*”®. Watts et al. studied the secondary structures of HIV-
1 and demonstrated that both LTR regions are highly structured
regions®'

In addition to the high prevalence of 2-kilobase amplicons, 5-kilobase
amplicons appeared to be abundant. These 5-kilobase amplicons result from
erroneous strand transfer during minus-strand synthesis and showed
comparable deletion patterns associated with a deletion hotspot in the
central region of the genome, near the cPPT. Nine of the 5-kilobase
amplicons across the three studies even had deletion junctions that coin-
cided with both the cPPT and the 3’ PPT. These have been linked to inter-
and intramolecular G-quartet structures that may stall reverse transcription
and, consequently, facilitate strand transfer. G-rich hotspots for strand
transfer events have been described in the gag, U3, and cPPT regions of the
viral RNA genome and may facilitate interactions between these regions®***.

Apart from erroneous minus-strand transfer, our analysis indicates
that plus-strand synthesis does not always unfold as intended. Premature
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second-strand transfer events give rise to proviral sequences with incom-
plete 5’ LTR regions and will often be missed by FLIPS due to primer design.
We therefore designed primers to cover the entire 5 LTR and characterized
23 additional sequences with deletions of over 200 nucleotides, 19 of which
would not have been detected by FLIPS. Hence, FLIPS fails to detect
numerous defective proviruses.

A second aberrant plus-strand transfer mechanism, in which
second-strand transfer is deferred and tRNA(Lys-3) is accidentally
reverse transcribed into cDNA, was observed in a single sequence. A
GenBank search revealed similar sequences, providing further evi-
dence for the occurrence of this aberrant plus-strand transfer
mechanism. Read-through transcription of tRNA(Lys-3) indicates
that the m'A modification at position 58 (m'A58), which serves as
the termination site of plus-strand synthesis, is not recognized. A
second termination site, at nucleotide position 54 (m5U54), has been
identified and proposed to act upon hypomodification of m*'A58°.
Sequence analysis demonstrated that 5 out of 44 sequences with a
tRNA(Lys-3) insertion had a U58A mutation, while none were
observed at the second position. These findings indicate that reverse
transcriptional readthrough of termination sites is more likely attri-
butable to modification profiles than to sequence mutations. None-
theless, reverse transcriptional read-through at the plus-strand
termination leads to non-complementarity of the minus- and plus-
strand, resulting in deficient strand transfer.

In Fig. 4f, we suggest an additional mechanism for plus-strand transfer
leading to mismatched double-stranded DNA molecules. An issue to con-
sider is whether the mismatched double-stranded DNA remains stable once
integrated into the host genome. Under these conditions, it remains
uncertain whether DNA damage responses step in or whether genomic
instability leads to apoptosis. Unfortunately, the current amplification and
sequencing strategy does not allow us to distinguish these aberrant strand
transfer events from those occurring during minus-strand synthesis.

Sequences obtained from Imamichi et al. appear to have significantly
shorter deletions than those from Hiener et al. and from the ones generated
at the ARL. Samples across the three studies were collected from 18 PLWH
and varied in both the time of infection prior to treatment initiation and the
duration of treatment'®'®. Although early initiation of treatment is asso-
ciated with a smaller HIV DNA reservoir size in PLWH on long-term ART,
it is not believed to substantially shape the genomic landscape of the
reservoir’>”**, The duration of treatment, however, will shift the population
of HIV-infected cells. Multiple studies have shown that cells that harbour
intact HIV genomes decay faster than those harbouring defective
proviruses****. Consequently, we hypothesize that sequences with internal
deletions from Imamichi et al., which included samples collected at time
points when HIV-RNA levels exceeded the quantification limit of 40 copies
per millilitre, showed shorter deletions due to differences in sampling.
However, we must note that 27 of the sequences generated at the ARL from
an ART-naive individual did not significantly affect the median amplicon
length. Differences in sequence length may also shape the distribution of the
observed aberrant strand transfer mechanisms, although this effect could
not be discerned in the performed analysis.

Under prolonged immunological pressure, proviruses that remain
transcriptionally and translationally active can be selectively cleared™*.
Limiting-dilution single-genome HIV RNA sequencing demonstrated that
as many as 7% of HIV-1 proviruses in peripheral blood mononuclear cells
(PBMCs) from ART-treated individuals are transcriptionally active’”. Our
analysis demonstrates a high prevalence of intact gag and nef open reading
frames in defective proviruses obtained from PLWH on suppressive ART.
In addition to the high prevalence of intact reading frames, truncated and
alternative ORFs may contribute to the production of peptides that induce
CTL responses, leading to CD8" T cell dysfunction and systemic
inflammation”. Given that the transcriptionally and translationally active
proviruses are selectively targeted, a discrepancy between the prevalence of
intact open reading frames between the original dataset and the reassessed
dataset was anticipated. However, no substantial differences in the

prevalence of intact gag and nef ORFs were seen upon reassessing the
dataset. In addition, the intact gag ORF prevalence in the nef-intact subset is
comparable to the overall gag prevalence, which indicates the lack of evi-
dence of positive co-selection of the two open reading frames.

In conclusion, our findings demonstrate that the composition of the
proviral DNA in the cellular reservoir is more complex than so far thought
and that our current understanding of how the defective reservoir arises
remains incomplete. This has implications for assays that aim to char-
acterize the reservoir, as these assays were developed based on insights
derived from superficial methods. Additionally, we highlighted the complex
nature of the reverse transcription process and its role in the formation of
proviruses with large deletions. Beyond the well-known aberrant strand
transfer during minus-strand synthesis, we modelled five alternative aber-
rant strand transfer mechanisms.

Methods

Selection of defective proviral sequences

Proviral sequences generated by Hiener et al. (Accession numbers
KY766150 to KY766212 and KY778264 to KY778681; 481 sequences)
and Imamichi et al. (Accession numbers KU677989 to KU678195;
208 sequences) were retrieved from the NIH genetic sequence data-
base, Genbank'®'"’. One hundred thirty-three additional proviral
sequences, generated in-house at the ARL, were added to this dataset.
ARL sequences originated from blood samples collected from three
PLWH and stored in the ARL/ARC Biobank (ethical approval
reference: BC-4364; ethical committee of Ghent University Hospital).
Proviral sequences retrieved from Hiener et al. and Imamichi et al.
were derived from PBMCs obtained from six and nine individuals,
respectively. In the study by Imamichi et al., samples were collected
at time points when HIV-RNA levels exceeded the quantification
limit of 40 copies per millilitre in five of the nine individuals'’. One of
the individuals sampled at the ARL also had a detectable viral load
due to being ART-naive. Altogether, 822 proviral sequences were
assembled, to which the following selection criteria were applied
(Supplementary Information 3). First, intact sequences, defined as
sequences that are no more than 200 nucleotides shorter than the
primer coverage length, were removed. Sequences with incomplete
amplicon coverage or sequences with regions in reverse complement
or non-HIV-related sequences were also discarded. The retained
538 sequences with a single internal deletion of more than 200
nucleotides, were aligned in BioEdit. Using the sequence identity
matrix tool provided by the BioEdit software, clones of identical
sequences were identified. For each clone, only one representative
was retained in the alignment, leaving 418 unique defective proviral
HIV DNA sequences for final analysis: 91 generated at the ARL, 209
from Hiener et al., and 118 from Imamichi et al. Among those 418
defective proviral sequences, 395 were generated using FLIPS. The
residual 23 were generated at the ARL using alternative PCR pro-
tocols: either the 5’XL PCR (8 of 23 sequences) or the 5> PCR (15 of
23 sequences).

Sequencing HIV-1 Proviral DNA

Comparable near full-length amplification and sequencing techniques were
used across the three studies. For the in-house ARL protocol, DNA was first
extracted from PBMCs using the QIAamp DNA Blood Mini Kit, according
to the manufacturer’s instructions. A real-time PCR assay directed at the 5’
LTR, as described in Avettand-Fenoel et al.””, was used to determine the
concentration of total HIV-1 DNA. Using absolute quantification, the
endpoint dilution for single-genome sequencing was assessed. Near full-
length PCR resulted in amplicons of 8926 nucleotides. Briefly, the 25 pL
reaction mixture consisted of 12.5 pL of 2x Platinum SuperFi II PCR Master
Mix, 0.2 uM of sense and antisense primers, and 5 puL of DNA. First-round
PCR products were diluted ninefold with nuclease-free water before
transferring 1.5 uL to the second-round PCR, which was identical to the
first, except for the primers (Supplementary Data 4). PCR products were
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purified with the QIAquick PCR Purification Kit (Qiagen) after gel elec-
trophoresis confirmed positive reactions. Sequence analysis was prepared
with the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems) before being transferred to the 3500 Genetic Analyzer (Applied
Biosystems).

In addition to FLIPS, two other nested PCR approaches were devel-
oped to extend sequence coverage to the very 5" end of the proviral DNA.
The 5 and 5XL PCR protocols yielded amplicons of 5062 and 7668
nucleotides, respectively. Primers used in both PCR approaches are dis-
played in Supplementary Data 4.

Deletion, hypermutation, and ORFs

Sequences were aligned to the HIV HXB2 (K03455) reference strain using
the MAFFT multiple sequence alignment tool (EMBL-EBI). The genomic
positions of the internal deletion junctions were determined using the
QuickAlign tool of the Los Alamos National Laboratory (LANL). APOBEC-
induced hypermutation was detected using Hypermut 2.0 from LANL, with
a p-value <0.05 considered indicative of hypermutation. Each FLIPS-
generated sequence was submitted to the GeneCutter tool of the LANL.
Genecutter translated the open reading frames into amino acid sequences.
Stop codons and mutations that caused frameshifts were identified using the
GeneCutter tool.

Statistics and reproducibility

All statistical tests were performed in Graphpad Prism (10.4.0). A Kruskal-
Wallis test, and an additional post-hoc Dunn’s test, with the significance
level set at 0.05, was used to assess the differences in sequence length across
the three studies. Both the shift in the distribution curve after omitting the
hypermutated sequences and the decision to retain those hypermutated
sequences were assessed based on a Mann-Whitney U test, with the sig-
nificance level set at 0.05.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The data underlying this article is available both in the article itself and in its
online supplementary material. HIV-1 sequence data that support the
findings of this study have been deposited in Genbank with the following
accession numbers: PX241873 to PX241970 (https://www.ncbinlm.nih.
gov/genbank/). The source values underlying Figs. 1-3 can be found in
supplementary data 1-3.
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