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Many current gene therapy targets use recombinant adeno-
associated virus (AAV). The majority of delivered AAV thera-
peutics persist as episomes, separate from host DNA, yet some
viral DNA can integrate into host DNA in different propor-
tions and at genomic locations. The potential for viral integra-
tion leading to oncogenic transformation has led regulatory
agencies to require investigation into AAV integration events
following gene therapy in preclinical species. In the present
study, tissues were collected from cynomolgus monkeys and
mice 6 and 8 weeks, respectively, following administration of
an AAV vector delivering transgene cargo. We compared three
different next-generation sequencing approaches (shearing
extension primer tag selection ligation-mediated PCR, targeted
enrichment sequencing [TES], and whole-genome sequencing)
to contrast the specificity, scope, and frequency of integration
detected by each method. All three methods detected dose-
dependent insertions with a limited number of hotspots and
expanded clones. While the functional outcome was similar
for all three methods, TES was the most cost-effective and
comprehensive method of detecting viral integration. Our find-
ings aim to inform the direction ofmolecular efforts to ensure a
thorough hazard assessment of AAV viral integration in our
preclinical gene therapy studies.
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INTRODUCTION
Gene therapy offers the potential for permanent transformation of
patient cells to correct or overcome disease-causing mutations.
One of the most efficient methods for delivering DNA cargo into
living cells is through a virus. Engineered versions of the adeno-asso-
ciated virus (AAV) have become a favored vehicle for gene therapy in
recent years, with over 130 active AAV clinical trials listed on the
clinicaltrials.gov website and two FDA-approved AAV gene therapies
currently in the United States: Luxturna (for inherited retinal disease)
and Zolgensma (for spinal muscular atrophy).

One of the advantages of gene delivery through AAV over lentiviral or
retroviral vectors is the maintenance of viral DNA in an episome,
rather than relying on integration into host DNA for transgene
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expression. This should lower the risk of an oncogenic insertional
mutation, as has been observed in early gene therapy trials using
retroviral vectors.1–3 While the vast majority of AAV DNA remains
episomal, approximately 0.1%–0.5% of delivered AAV DNA has
been found to integrate into the host cell DNA.4 A finding of inser-
tional mutagenesis of naturally occurring AAV2 has been found in
human hepatocellular carcinoma (HCC) samples, in which integra-
tions near five known cancer driver genes were detected.5 Recombi-
nant AAV, in which most of the endogenous viral DNA has been re-
placed with a therapeutic payload, has been evaluated for genome
integration and insertional mutagenesis in several preclinical studies.
A finding of HCC caused by a recombinant AAV integration into the
Rian locus has been observed in mice following neonatal injection,6 a
pattern that has been replicated using other AAV serotypes with
differing cargos.7 No Rian locus integration or HCC have been re-
ported in adult mice following recombinant AAV administration
(reviewed previously8,9). Long-term dog hemophilia gene therapy
studies tracked animals up to 10 years following treatment with re-
combinant AAV8/9, and while >2000 integration sites have been
identified, no tumors or liver toxicities have been identified.10–12

Similarly, cats treated with AAV for mucopolysaccharidosis type VI
as juveniles were followed for 8 years and showed no signs of
HCC.13 Furthermore, an evaluation of non-human primate tissues
and liver biopsies from human subjects dosed with recombinant
AAV2/5 detected integration sites that lacked a preference for cancer
driver genes and did not associate with HCC.14

While nodata exist to suggest a linkbetween recombinantAAV integra-
tion andHCCoutside of neonatal mice or adultmicewith nonalcoholic
fatty liver disease,15 the FDA recommends assessment of vector integra-
tion in preclinical studies for new AAV gene therapies.16 A number of
molecular methods for identifying sites of viral integration have been
published. Techniques such as linear amplification-mediated or
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Figure 1. DNA samples were processed for

evaluation of viral integration by three different

workflows

Blue bars represent host DNA, orange bars represent viral

DNA (boxes representing ITR sequence), and gray bars

represent Illumina sequencing adapters.
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shearing extension primer tag selection ligation-mediated PCR
(S-EPTS) anchor a primer to the viral construct terminal repeat and
extend a PCR product out, which can be sequenced to identify any con-
nected genomic DNA.17–19 An alternative approach to capturing DNA
associated with multiple viral elements is targeted enrichment
sequencing (TES), in which oligonucleotides designed to all portions
of the vector are used to pull downDNA from fresh, frozen, or formalin
fixed paraffin embedded (FFPE) samples for subsequent
sequencing.20–23 Finally, it is possible to bioinformatically identify vir-
ally associated DNA sequences in whole-genome sequencing (WGS)
data.24,25 The present study sought to compare the advantages and
drawbacks of different molecular techniques of assessing viral integra-
tion sites to support ongoing and future AAV gene therapy studies.
An AAV construct bearing a codon-optimized transgene was adminis-
tered to cynomolgus monkeys and mice. Tissues from treated animals
were evaluated for genomic integration by S-EPTS, TES, and WGS us-
ing a common analytical pipeline. Given the flexibility and sensitivity of
TES, additional experiments were performed to evaluate FFPE samples,
and optimizations were made to increase the signal:noise ratio.

RESULTS
Viral integration workflows

DNA was isolated from cyno and mouse gene therapy studies for an
experimental AAV construct 6–8 weeks after dosing (n = 2 per tissue
per dose group). Biodistribution data measured by qPCR confirmed
dose-dependent expression of vector DNA in both species (Figure S2).
The highest dose in cyno was 10-fold higher than the highest dose in
mice, and this is reflected in the vector DNA content between the spe-
cies. Two samples were selected at two dose levels for both mouse and
cyno for analysis of viral integration in liver, as this tissue retained the
greatest concentration of AAV DNA (up to 4.1 x 107 copies per mg
genomic DNA). Two heart samples from cyno were also selected to
assess the sensitivity of integration techniques, as expression in the
chosen samples ranged from 1.7 x 103 to 2.8 x 105 copies per mg
genomic DNA.

DNA samples from each subject were split into three aliquots to
contrast three methods of measuring viral integration: S-EPTS,
TES, and WGS. Simplified workflows are presented in Figure 1A.
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All three workflows started with DNA fragmen-
tation. S-EPTS used sonication, and TES and
WGS used enzymatic fragmentation. For
S-EPTS, biotinylated primers designed against
the 50 inverted terminal repeat (ITR) sequence
extend out into any genomic DNA attached to
those regions. These sequences are enriched,
ligated to Illumina adapters, and amplified. For TES, a panel of bio-
tinylated oligonucleotides was designed against the entire sequence
of the AAV vector. Following ligation of Illumina adapters to the
DNA fragments, the oligonucleotide baits are used to pull down
only DNA that contains some of the AAV sequence, and these frag-
ments are amplified and sequenced. For WGS, fragmented DNA is
simply prepared for Illumina sequencing. No enrichment is per-
formed prior to sequencing; all identification of viral integration hap-
pens during bioinformatic analysis.

For all three workflows, viral integration site analysis depended upon
one of two types of evidence of hybrid viral-host DNA: paired-end
reads or soft-clipped reads. For paired-end calls, one read for a given
transcript maps to the host genome, while its read pair maps to the
recombinant AAV genome. For soft-clipped calls, a single read map-
ped to both AAV genome and host genome. Due to the high sequence
similarity of the transgene to the endogenous gene, this portion of the
construct was ignored for these mappings.

Insertional event origination site

Detected viral insertion events were sorted by their start site within
the AAV sequence and compared across the three methods in cyno
tissue samples (Figure 2A). For S-EPTS, insertional events were pri-
marily restricted to the 50 ITR, as this was the only sequence used
to enrich viral DNA. The presence of insertion site(s) (IS) starting
near the 30 polyA signal may be indicative of integrated concatemer.
TES and WGS datasets showed that integration events began at loca-
tions across the viral genome. The distribution differed between TES
and WGS, perhaps attributable to differential probe sensitivity in the
TES panel. Even the WGS data, however, are not uniform across the
viral genome, so particular sequence motifs may play a role in integra-
tion. While the WGS method may be the most unbiased method for
identifying integration sites, more IS were detected by TES in the cur-
rent study, despite almost 100 times deeper sequencing of the WGS
samples. The enrichment provided by S-EPTS and TES significantly
reduces the sequencing depth and analysis time required to identify
IS. The start site location within the viral genome that mapped to
the host genome integration location for TES data is shown in Fig-
ure 2B, which demonstrates a fairly random distribution of IS across



Figure 2. Quantitation of insertion sites as a function of viral origin or host location

(A) Insertional start sites in cyno are presented as a histogram of aggregated sample values for each method, with the y axis representing number of insertional events, and x

axis representing position on the viral genome (left) or host chromosome (right). The transgene portion was omitted from analysis due to high sequence similarity to the

endogenous gene. IS count is shown in dark orange for high dose samples, light orange for low dose, and gray for vehicle control samples. (B) An example (sample

191107330) of the rAAV source locus and ultimate host location of insertion. Line colors represent the different segments of the rAAV origin and edges represent the origin

and destination of insertion.
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the host genome. Results in mouse (Figure S2) show similar results to
the cyno. IS were found in every chromosome, with no genomic locus
standing out as accepting a majority of IS. A chi-squared comparison
of control adjusted insertional site frequencies in chromosomal length
adjusted frequency expectations revealed no significant over-repre-
sentation of insertional sites across chromosomes (p > 0.05) for all
methods, doses, and tissues (Table S1).

Quantification of insertional events

The number of insertional events detected by eachmethod in each tis-
sue is shown in Figure 3 (a full list of all IS associated with genes is
found in Table S2). In general, the frequency of insertion correlates
with AAV copy numbers previously measured by qPCR (Figure S3).
While all three methods were successful in discriminating high dose
from vehicle, WGS exhibited a higher background and could not
distinguish low dose from vehicle in cyno. In both cyno and mouse
samples, the WGS appeared to have a lower dynamic range than
the S-EPTS or TES techniques. Consistent with higher dose and vec-
Molecul
tor copy number, the total number of IS identified in cyno at the high
dose was greater than that identified in mice.

As a positive control for integration, the ITR-spanning transgene
construct was inserted into a lentiviral vector and dosed into
HT1080 cells at MOI ranging from 3 to 30 MOI, and DNA was ex-
tracted and analyzed by TES. Over 1,000 IS were measured at each
MOI and exhibited a dose-responsive increase (Figure S4A). While
LTR sequences were not captured by the TES, integration start sites
were distributed throughout the vector, much like the in vivo AAV
data (Figure S4B).

Pattern of integration: Hotspot analysis, genomic features, and

clonality assessment

As integration is expected at low frequency with AAV, the pattern of
integration is more likely to have functional consequences than the
total number of IS. Overlap in genes associated with integration
events was scarce between methods (<2%; Figure S5). To probe
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 397
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Figure 3. Number of regions found with insertions

by each method in cyno (top panels) and mouse

samples (bottom panels)

Points are colored by dose, and symbols denote different

tissues.
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further, a hotspot analysis was conducted to determine whether
certain genomic loci were more prone to viral integration. Five or
fewer hotspots were detected in all conditions (Figure 4A). Hotspots
were most frequently detected in cyno liver, which were the samples
with the highest AAV content and thus highest IS content. The base
size of integration was highly variable, ranging from <10 to >106 (Fig-
ure 4B). Overlap in genes identified under hotspots between methods
is shown in Figure 4C, with overlap in cancer genes shown in
Figure 4D.

We also examined the IS using theHOMER (hypergeometric optimiza-
tion ofmotif enrichment) package to determine if ISwere enrichedwith
any general type of genomic features. Across the different methods, the
WGS approach yielded the least bias in the regions harboring apparent
IS (Figure 5). Both the TES and the S-EPTS approaches showed some
preferences for certain genomic features (e.g., ribosomal RNA, poten-
tially reflecting regions of frequently accessible chromatin) with the
S-EPTS approach displaying the most bias.

To further characterize repeated integrations into the same site, a
clonality analysis was performed based on looking at the number of
different fragment lengths of a particular IS. Unique fragment lengths
with the same IS are suggestive of clonal expansion of cells following
an insertion event. Such clones were identified in cyno samples across
all three methods (Figure 6). In several cases, an IS with putative
expanded clones was found in multiple individuals (represented by
connector lines). The vast majority of IS were represented by just a
single fragment size. As fewer IS were found in mice than cyno, fewer
putative expanded clones were detected (Figure 6). Given theminimal
evidence of clonal expansion, no loci were followed up for additional
analysis.

Additional optimization of TES method

As TES provided the best balance between comprehensive coverage of
the vector and cost, additional experiments were performed to better
398 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2023
understand application to FFPE samples and to
increase signal:noise. One difference between
fresh-frozen and FFPE-derived DNA is reduced
DNA integrity in FFPE. For the SureSelect
library preparation, the manual suggests addi-
tional fragmentation time and additional PCR
cycles for FFPE-derived samples. To evaluate
these changes, FFPE and fresh-frozen derived
DNA were each run through both the standard
library prep conditions and the modified FFPE
conditions. The FFPE protocol resulted in
cDNA libraries that were on average 50 bp
smaller than the standard protocol (likely due to increased fragmen-
tation time), and regardless of the source of the starting sample, the
FFPE protocol yielded more IS than the fresh-frozen protocol
(Figure 7A).

It has been previously suggested that artifactual IS can be created dur-
ing the library preparation process.26 Since vehicle controls in the pre-
sent study showed some level of IS by all three methods, an additional
control was run in which viral DNA was spiked into host DNA at a
concentration equivalent to a high-dose treatment condition, and IS
were measured by TES. In agreement with the prior finding using a
PCR-based method, control samples spiked with AAV resulted in
nearly 1,000 regions with IS detected (Figure 7B). As ligation is the
most likely step where this artifact may be produced, tagmentation
was used as an alternative method for adding sequencing adapters,
as this method employs a transposase that simultaneously cleaves
the DNA and adds an adapter sequence. The result was a near elim-
ination of IS detection in the control samples by TES. All three pro-
tocols used adapter ligation during library preparation, so this is likely
the major contributor to detection of IS.

DISCUSSION
The present study compared three methods for measuring AAV
insertion into the host genome using two different species, using sam-
ples dosed with vehicle and different dose levels of a recombinant
AAV. These methods were targeted to the ITR sequence (S-EPTS),
the entire AAV vector sequence (TES), or untargeted (WGS). IS could
be measured by all three techniques in cyno and mouse tissues,
though WGS could not distinguish low dose from background in
cyno, and it had the lowest dynamic range of the three methods. Un-
der the sequencing parameters used in this study, TES identified the
greatest number of IS and exhibited the largest dose-responsive dy-
namic range. TES and WGS revealed that integration is not ITR
dependent and can start at any point along the vector genome.
Thus the S-EPTS technique only captured a fraction of the total



Figure 4. Integration site distribution was analyzed for hotspots in the genome

(A) Total number of integration hotspots is listed for each technique (columns) across treated cyno (blue) andmouse (orange) samples. (B) Base size of the integration hotspot

is shown for each hotspot identified. (C) Venn diagram showing the overlap of the insertion sites within hotspot regions between the different techniques. (D) Overlap of cancer

implicated genes under statistical hotspots between different techniques.
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integration events, though hotspot, clonality, and functional analyses
resulted in similar conclusions from all three methods: integration
was not biased toward any particular part of the genome and did
not result in significant clonal expansion in either heart or liver.

The quasi-stochastic nature of AAV integration into host genome has
been observed by several other studies. While wild-type AAV2 shows
a hotspot of integration into AAVS1 locus in human chromosome 19,
likely through a Rep-dependent mechanism, this has not been
observed with recombinant AAV.27,28 Rep and cap sequences found
in wild-type AAV are removed from the vector sequence when
designing therapeutic vectors to eliminate the possibility of replica-
tion. Yet AAV integration sites are not completely without a pattern.
Hotspot analysis in the current dataset showed some enrichment in
transcriptional units, consistent with past observations. AAV integra-
tion has shown a preference for accessible chromatin.28 Reducing
DNAmethylation in cells has also been shown to increase integration
frequency.29 Double-stranded DNA breaks provide an opportunity
for AAV DNA to integrate, and chemical or radiation treatments
that increase these breaks increase integration rate.30 CRISPR-Cas9
Molecul
is another mechanism of producing double-stranded breaks and
has likewise shown an increase in AAV DNA integration.31 AAV de-
livery of CRISPR cargo is being pursued to enable targeted gene edit-
ing for a number of therapeutic targets.32 Thus a number of factors in
the cell may direct viral integration to a subset of the whole genome.

Data from the present study support the concept that specific ele-
ments of the AAV vector sequence are not required for initiation of
an integration event. The TES and WGS analyses showed that inte-
gration start sites were found throughout the vector, as has been
described for other recombinant vectors.12,26,33 Even the S-EPTS
method picked up a proportion of IS that initiated beyond the 50

ITR. These sites could be the result of vector re-arrangement in vivo,
which has been observed previously.12,33 Truncation and re-arrange-
ment of vector elements likely negatively impacted the number of
such sequences captured by the S-EPTS and TES techniques. The
TES oligonucleotides, for example, are 120-bp oligonucleotides based
on the original vector sequence. Re-arrangements within the
sequence of a probe would limit the ability of that probe to bind. Con-
catemerization would be difficult to accurately assess using short-read
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 399
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Figure 5. A motif analysis was performed on the

integration to look for over-enriched genomic DNA

features across the three methods

The y axis displays the log2 of the ratio of reads observed

between the listed method and a random distribution for

different gene regions. The dashed line signifies the sig-

nificance threshold, with points passing this threshold

colored in red.
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sequencing, though estimation of concatemer frequency by identi-
fying junctions of 30 and 50 ITR could be a possible next step with
the present datasets, though long-read sequencing would provide a
fuller picture of such events. The higher number of IS measured in
the FFPE DNA, which resulted in libraries that were smaller than
non-FFPE DNA samples, could reflect exposure of a greater pool of
re-arranged vector sequences due to DNA cleavage interrupting a
re-arrangement. The potential for fixation-related artifactual cross-
linking that was not properly reversed during DNA extraction cannot
be ruled out as a partial contributor; however, altering DNA fragmen-
tation time and library prep conditions demonstrated that these fac-
tors can have a significant impact on total IS captured. FFPE condi-
tions also increase IS detected in spike-in samples, demonstrating
that artifactual IS can be created during library preparation. The
switch from ligation to tagmentation resulting in fewer IS detected
in all samples, including controls and spike-in samples. The potential
for library prep-associated artifacts, however, underscores the need
for additional follow-up for any IS identified that confer poten-
tial risk.

It is possible that technical limitations of the sequencing technology
resulted in a subset of integration events being overlooked by all three
techniques. The histogram of integration start sites (Figure 2) showed
some portions of the AAV vector with relatively low abundance, such
as the middle of the chimeric intron. As the pattern at this site was
observed with both TES and WGS, it cannot be attributed to lack
of coverage by the baits. With Illumina sequencing, highly repetitive
elements can be difficult to sequence accurately. Sequences of high
similarity between vector genome and host genome can also present
a challenge to distinguish IS from purely endogenous host sequences.
The sequence similarity to the transgene led to masking this sequence
from analysis to prevent detection of false positives. The presence of
false positives for IS in control samples suggests that further ap-
proaches in sequence similarity masking of host and vector sequence
are necessary to avoid over-estimation of IS. Prior exposure to wild-
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type AAV may be another source of false posi-
tives, and this is perhaps the reason why the
cyno control had a higher number of apparent
IS than the mouse control group, as cyno are
more likely to have been exposed to a wild-
type AAV than an inbred mouse line.

Detection of IS and analysis for any patterns
that would infer a risk of oncogenesis will be
an important component of development for new gene therapy ther-
apeutics relying on delivery by AAV. The present data showed that
three different methods could achieve this task adequately, and all
showed lack of enrichment in cancer genes. Non-human primate liver
TES data were presented recently for a hemophilia A gene therapy in
development (valoctocogene roxaparvovec); like the present dataset,
it showed that integration sites were more common near actively
transcribed genes but showed no enrichment near cancer genes.22

Most published integration data to date have focused on liver, as
both the tissue that may accumulate the greatest concentration of
AAV following systemic delivery and the only tissue associated
with causative tumor formation (albeit only in mice). The finding
of integration sites in heart in the present dataset was not surprising
given detection of vector DNA in that tissue by qPCR. As the number
of AAV insertions correlates with biodistribution of the vector, sero-
types or delivery methods that focus on maximizing vector dose in a
particular tissue must expect a larger burden of IS in that tissue
as well.

Clonal abundance can be estimated in the sequencing data based
on DNA fragmentation pattern. When the genomic DNA is isolated,
DNA is randomly fragmented, resulting in differing chromosomal
DNA sizes going into library preparation for sequencing. Any PCR
amplification during library preparation would yield identical DNA
fragment sizes attached to the viral DNA, whereas if a specific integra-
tion was found in multiple cells, it would result in multiple host DNA
fragment sizes attached to the same sequence of viral DNA. Thus
measuring the number of differing fragment sizes at an IS can yield
a rough estimate of clonal abundance. This analysis is not conclusive
of expansion. False positives can occur if the location is a hotspot for
insertion, as multiple fragment sizes could be reflecting different cells
with independent IS, rather than a single IS that was passed along
through clonal expansion. In addition, expansion itself can occur in
non-carcinogenic processes (i.e., tissue regeneration after wound
healing and as part of the normal aging process).34,35 These normal



Figure 6. Clonality assessment was performed for

cyno (A) and mouse (B) samples

The y axis represents the number of distinct fragments

identified at the same IS, indicative of potential clonal

expansion. Points represent fragment (clone) number,

and dashed lines connect the same IS clones identified

across samples.
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processes can also lead to polyploidy,36 which cannot be distinguished
from low-level clonal expansion in an estimation based on DNA
alone. These methods have been published in a long-term AAV
dog study that identified potential sites of clonal expansion of over
100 cells at a given site in multiple animals with no associated tumors
or adverse events.12 Thus the detection of 15 or fewer IS fragment
sizes in both tissues in the present study suggests minimal to no clonal
expansion following integration.

Regardless of tissue target, the TES method offers more comprehen-
sive vector coverage compared with S-EPTS, and it is more efficient
and cost-effective than WGS. While WGS is theoretically the most
comprehensive method, it would require over 1,000 times the
sequencing depth per sample compared with TES due to the need
to sequence the entire genome to capture events present at a relatively
small frequency. The increased data burden comes with significantly
increased computational time and storage costs. FFPE compatibility
offers additional flexibility for use of TES on biopsy samples or sec-
tions commonly retained from preclinical toxicology studies, though
FFPE samples should not be mixed with fresh-frozen without careful
cross-validation, and each new TES panel should be independently
validated for performance with the type of DNA to be tested. Further-
more, tagmentation is superior to ligation for adding adapters, due to
potential ligation-mediated artifacts. As a positive control for the TES
assay development, we constructed a lentivirus that contained the
AAV ITR-spanning sequence to force integration into a human cell
line. Such a control can be useful in assessing assay sensitivity and
reproducibility prior to using human samples. Establishing methods
for integration site analysis and a framework for interpretation of re-
sults will be an important step in advancing gene therapy treatments.

MATERIALS AND METHODS
Sample preparation

The samples used to evaluate viral integration were derived from
in vivo studies in C57Bl6/J mice (7 weeks old at onset of dosing)
Molecular Therapy: Methods &
and normal cynomolgus monkey (Macaca fas-
cicularis; cyno; 2–2.5 years old) dosed with a re-
combinant AAV9 construct (Figure S1).
Sequencing of the vector prep confirmed 77%
full-length sequence, with 21% of reads coming
from plasmid backbone and <2% derived from
helper plasmids or rep/cap. Cynos received a
single intravenous injection of vehicle (saline)
or AAV at 1 x 1012 or 1 x 1014 vg/kg, and tissues
were collected 6 weeks post-dose. Mice received
a single intravenous injection of vehicle (saline) or AAV at 1 x 1012 or
1 x 1013 viral genomes per kg body weight (vg/kg), and tissues were
collected 8 weeks post-dose. The dose of this vector at 1 x 1014 had
previously been shown to result in liver toxicity in a mouse line on
C57Bl6/J background in mice,37 hence the down-shifted top dose
for mice. For both species, 30- to 50-mg portions of liver were
collected into DNAse-free microcentrifuge tubes, snap-frozen on
dry ice, and stored at �80�C. Heart samples were collected in the
same manner for cyno. Additional samples of cyno liver were
formalin-fixed and embedded in paraffin. All procedures performed
on animals were in accordance with regulations and established
guidelines and were reviewed and approved by Pfizer’s Institutional
Animal Care and Use Committee.

Positive control samples for integration using lentivirus were pre-
pared in HT-1080 cells. Cloning was performed by Genscript Biotech.
The sequence from recombinant AAV was placed in a lentivector
from System Biosciences (SBI, cat.# CD822A-1) while removing
approximately 3.7 kb of sequence between the cPPT and 30 LTR.
Lentivirus was generated with SBI pPACKH1 (cat.# LV500A-1) pack-
aging plasmids using Gibco LV-MAX Production System (cat.#
A35684) following the protocol for a 125-mL shaker flask. 50 hours
post-transfection, medium containing virus was collected and filtered
through a 0.45-mm membrane, and virus was concentrated using
PEG-it Virus Precipitation Solution (SBI, cat.# LV810A-1). After pre-
cipitation, virus was re-suspended in PBS, aliquoted, and stored at
�80�C. A titer was determined using Takara Lenit-X GoStix Plus
(cat.# 631280). HT-1080 cells were transduced at three different
MOIs. Six well plates were seeded with 2 x 105 cells per well in Gibco
DMEM (cat.# 11995-040), 10% FBS (cat.# 16140-071), and penicillin/
streptomycin (cat.# 15070-063). 24 hours after plating, cells were
treated with lentivirus in medium containing 5 mg/ml polybrene
(Millipore cat.# TR-1003) at 30, 10, and 3 MOI. 72 hours post trans-
duction, medium was removed and cells were washed with PBS and
then collected in Gibco Cell Dissociation Buffer (cat.# 13151-014).
Clinical Development Vol. 29 June 2023 401
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Figure 7. Optimization of TES library prepration conditions

(A) Comparison of fresh-frozen (FF) to FFPE (PE) samples. Points represent samples

of FF or PE origin run through the FF or PE protocol. Samples were from control

(untreated, circles), high dose animals (square), or viral spike-in controls (triangles).

(B) Ligation was compared with tagmentation to determine if the latter would reduce

the IS identified in control or spike-in samples.
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DNA was isolated from all tissues or cells using DNeasy Blood and
Tissue kits following homogenization in Buffer ATL in a
TissueLyser (Qiagen). Homogenates were incubated overnight with
proteinase K and applied to QIAshredder columns (Qiagen). Down-
streamDNA isolation was performed using the Qiagen DNeasy blood
and tissue protocol on the Qiacubes according to manufacturer’s in-
structions. For a subset of samples, DNAwas isolated from FFPE liver
sections using the QIAamp FFPE tissue kit (Qiagen) according to
manufacturer’s instructions. DNA concentrations were quantified
by the Qubit Broad Range DNA assay (Life Technologies), and ali-
quots were split between multiple downstream processing methods.

Vector copy number

A custom TaqMan assay for the transgene construct was designed,
and standard curves were created with the plasmid DNA, ranging
from 5 x 100 to 5 x 109. 100 ng DNA per sample was tested in triplicate
in 96-well PCR plates with TaqMan Universal Master Mix II for a
20-mL reaction volume run on a ViiA7 Real-Time PCR Systems
402 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
(Life Technologies). Viral genome copy number was interpolated
for each sample using the plasmid standard curve.

S-EPTS

The S-EPTS technique was performed at GeneWerk (Heidelberg,
Germany) as previously described.18 Briefly, 500 ng DNA was frag-
mented to a median length of 500 bp by sonication, followed by bio-
tinylated primer extension and purification. Illumina adapters were
ligated, and 250 x 50 bp paired-end sequencing was performed on a
MiSeq (Illumina) at a depth that resulted in an average of approxi-
mately 270,000 reads per sample.

Whole-genome sequencing

DNA library preparation was performed using the NEBNext Ultra II
kit (New England Biolabs). Briefly, DNA samples were enzymatically
fragmented, followed by end repair and ligation of Illumina adapter
sequences. Libraries were sequenced on a HiSeq (Illumina) using
150-bp paired-end sequencing. Target genome coverage was 100x
(approximately 2.3 billion paired-end reads per sample).

Targeted enrichment sequencing

The SureSelect custom capture library was designed by Agilent Tech-
nologies.38 Probes were designed for the capture of DNA sequences
from the AAV vector. A panel of 825 120-mer oligonucleotide probes
was used, for a total probe library size of 2 kbp. 200 ng total of gDNA
per sample was loaded into the SureSelect target enrichment library
preparation workflow (Agilent, Santa Clara, CA). The library prepa-
rations were performed according to the SureSelect XT HS2 Target
Enrichment System for DNA Library Preparation and Target Enrich-
ment for Illumina Paired-End Multiplexed Sequencing protocol
(Version A0, Jan. 2020). First, all DNA samples were fragmented us-
ing the SureSelect Enzymatic Fragmentation Kit (Agilent) with a
10-min hold at 37�C for high-quality DNA samples and 15 min at
37�C for FFPE DNA samples. Further library preparation steps
were followed per protocol with 8 cycles of amplification for high-
quality DNA samples and 11 cycles of amplification for FFPE DNA
samples. For a subset of samples, fragmentation and adapter addition
were achieved via transpose instead of ligation using a tagmentation
kit (Illumina) according to manufacturer instructions.

DNA libraries were purified using AMPure XP beads (Beckman
Coulter, Brea, CA, USA) following amplification. Quality and quan-
tity of libraries were determined by TapeStation using a D1000
ScreenTape (Agilent). Next, 1 mg of each library was hybridized
with the custom SureSelect capture library overnight at 65�C. The hy-
bridized libraries were purified with Dynabeads MyOne Streptavidin
T1 magnetic beads (Thermo Fisher Scientific, Waltham, MA), and
then the beads with captured DNA were washed once with wash
buffer 1 and six times with wash buffer 2 kept at 70�C to remove
non-specific binding. After all wash steps, the beads were suspended
in 25 mL of nuclease free water. All 25 mL of the DNA libraries, bound
to streptavidin beads, was amplified by PCR using SureSelect post
capture primer mix and Herculase II Fusion DNA polymerase. The
cycling conditions were as follows: 98�C for 2 min; followed by
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16 cycles of 98�C for 30 s, 60�C for 30 s, and 72�C for 1 min and a
final extension at 72�C for 5 min. After PCR, streptavidin beads
were removed using a magnet stand, and the PCR products were
further purified with AMPure XP beads. High-quality libraries were
identified with an Agilent TapeStation using High Sensitivity
D1000 ScreenTape and then equimolarly pooled for sequencing based
on QuBit High Sensitivity DNA readings. Sequencing of SureSelect
enriched libraries was performed on an Illumina NextSeq 500 (Illu-
mina) using 150-bp paired-end reads, for an average of approximately
30 million reads per sample (Table S3).

Analysis

Insertion site identification

Alignment to host genome. We downloaded the Ensembl genomes
(v. 99) for cyno (Macaca fascicularis) and mouse (Mus musculus) and
produced index files using both BWA version 0.7.1739 and samtools
v. 1.9.40We built a custom bash pipeline to process all three sequencing
data streams (https://github.com/eoziolor/insertional_mutagenesis_
public). If a sample is paired, we interleave the fastq files for processing
through the pipeline.We use cutadapt v. 1.9.141 to trim reads for quality
and Illumina adapter sequences with minimum length threshold of 40
and Phred quality of 30.We align the resulting reads using BWAMEM,
filter the alignment forminimummapping quality of 30, apply samtools
fixmate, and remove duplicates using samtools markdup.

To identify IS, we used two sources of read information: (1) mate read
(reads in which one of the pairs maps to host genome and the other
maps to viral genome) and (2) soft-clipped reads (reads in which a
portion of the read maps to host genome and another portion
maps to the viral genome).

Read extraction

Mate read From the alignment files for each sample, we extracted the
reads that did not properly align to the host genome using samtools
view (-h -f 4 -F 8) and converted them back to fastq files using bed-
tools.42 We also extracted the reads, which mapped properly, but
whose pair did not map properly to the host genome using samtools
view (-f 8 -F4 -q 30).

Soft-clipped read From the alignment files we extracted reads, which
had a minimum of 30 base pairs properly mapped to the host genome
and aminimum of 30 bases that are soft-clipped for lack of alignment.
We used a modified version of the Perl script samclip,43 which we call
samclip2_Pfmod and the code for which is available in our GitHub
repository. We then converted these bam files to fastq files using
bedtools.

Alignment to viral genome. We separately aligned the resulting un-
mapped and soft-clipped reads to a hard-masked version of the
AAV construct. The regions hard-masked were pre-identified high
sequence similarity regions to the host genome, which include the
transgene and portions of the CMV promoter and intron. We aligned
the reads using BWA MEM, filtered for proper alignment with sam-
tools view (-F 4 -q 30), removing reads with fewer than 30 bases prop-
Molecul
erly mapped and more than 120 bases clipped using sampclip2_
Pfmod. We then removed duplicated reads using samtools fixmate
and markdup.

Additionally, we mapped the entire raw fastq files to the viral genome
with the same parameters as above to assess the number of reads that
map to any viral sequence (not just ones that also map to host
genome).

Extracting IS-determining reads

Mate reads We re-sorted the extracted reads, whose mates did not
properly align to the host genome. We then parsed the alignment
file for reads that did not properly map to the host genome but prop-
erly mapped to the viral genome to extract their read names using
samtools and a custom bash script. We used the names of these reads
to extract their properly aligned mates using a python script.44 The
resulting reads were the most proximate genomic location of an IS
with evidence coming from one pair mapped to host genome and
one mapped to viral genome.

Soft-clipped reads We extracted the names of soft-clipped reads
properly aligned to viral genome using the same technique as above
and extracted those reads from the alignments to host genome with
the same python script as above. Thus, we obtained the location in
the host genome where there is evidence of an IS from a read that
maps partially to both host and viral genome.

We then merged reads that identified host genomic locations from
both sets of evidence (mate and soft-clipped) using samtools merge
and re-sorted them by name (Table S4).

The pipeline above was written as a fully executable set of four steps as
bash scripts available under 1.1.vi_pipe.Rmd in our GitHub
repository.

Depth of sequencing simulation

To determine to what extent the depth of sequencing is influencing IS
identification, we subsampled the FFPE TES samples for the high-
dose cyno livers at random to depths between 10% and 90% of the
original sample, in intervals of 10% using seqtk.45 We put the result-
ing subsampled files through the pipeline described above, treating
them as separate unique samples.

Hotspot identification

To identify regions of the genome that have statistical over-represen-
tation of IS compared with random expectation, we adapted amethod
from Persson et al.46 In brief, we used the Z score threshold method,
which tallies IS events in windows and converts their counts into Z
scores. Then it applies a threshold to identify regions that contain
higher than expected by random IS density, given the total number
of detected IS. We combined IS from both samples in each dose range
to focus on regions that may have shared hotspots of integration
across the genome. The code for analysis can be found in 2.3.hotspo-
t_analysis.Rmd in our GitHub repository (Table S5).
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Annotation of IS genomic regions

IS locations reported by each method were analyzed using the anno-
tatePeaks.pl tool from the HOMER (v4.11.1) package.47 To create the
bed file format of IS required by the annotatePeaks.pl tool, chromo-
some and start locations were extracted from the sam alignment files
for each read. The end location was determined by adding the match
width from the SAM CIGAR string to the start location. Annotations
were performed using the mouse genomics regions for mm10 from
the HOMER package.

Clonality analysis

Potential expansion of individual clones was analysis using the
SonicAbundance approach of Sherman et al.48 Briefly, random
shearing of DNA prior to NGS library preparation results in a range
of fragment sizes. Fragment size polymorphism at a specific IS is taken
as evidence of different cells with the same insertion likely arising from
a single progenitor. We utilized samtools and developed an R script to
parse the bam files above to identify the specific base-pair genomic
location of AAV insertion. The number of differing fragment sizes
at each location is counted and plotted (Figure 6). Exact IS locations
appearing in independent samples are connected with a dotted line.
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