
Original Article
The longitudinal kinetics of AAV5 vector
integration profiles and evaluation
of clonal expansion in mice
Ashrafali Mohamed Ismail,1 Evan Witt,1 Taren Bouwman,1 Wyatt Clark,1 Bridget Yates,1 Matteo Franco,2,3

and Sylvia Fong1

1BioMarin Pharmaceutical Inc., Novato, CA 94949, USA; 2ProtaGene CGT GmbH, Heidelberg 69120, Germany; 3ProtaGene Inc., Burlington, MA 01803, USA
Adeno-associated virus (AAV)-based vectors are used clinically
for gene transfer and persist as extrachromosomal episomes. A
small fraction of vector genomes integrate into the host
genome, but the theoretical risk of tumorigenesis depends on
vector regulatory features. A mouse model was used to investi-
gate integration profiles of an AAV serotype 5 (AAV5) vector
produced using Sf and HEK293 cells that mimic key features
of valoctocogene roxaparvovec (AAV5-hFVIII-SQ), a gene
therapy for severe hemophilia A. The majority (95%) of vector
genome reads were derived from episomes, and mean (± stan-
dard deviation) integration frequency was 2.70 ± 1.26 and
1.79 ± 0.86 integrations per 1,000 cells for Sf- andHEK293-pro-
duced vector. Longitudinal integration analysis suggested inte-
grations occur primarily within 1 week, at low frequency, and
their abundance was stable over time. Integration profiles
were polyclonal and randomly distributed. No major differ-
ences in integration profiles were observed for either vector
production platform, and no integrations were associated
with clonal expansion. Integrations were enriched near tran-
scription start sites of genes highly expressed in the liver (p =
1 � 10�4) and less enriched for genes of lower expression.
We found no evidence of tumorigenesis or fibrosis caused by
the vector integrations.
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INTRODUCTION
Wild-type adeno-associated viruses (AAVs) are small, single-stran-
ded DNA parvoviruses and are considered relatively nonpathogenic.1

Recombinant AAV vectors are derived from multiple serotypes and
widely used as therapeutic agents for the delivery of transgenes,2 in
part because these vectors efficiently transduce mammalian cells
and have relatively low immunogenicity.2,3 Furthermore, AAV vec-
tors can exhibit distinct tissue and organ tropism as there are more
than 20 different identified glycan receptors for AAV serotypes.4

AAV vectors for gene therapy are frequently manufactured using
either human embryonic kidney 293 (HEK293) cell or Spodoptera
frugiperda (Sf) insect cell systems.5–8 A long-term study character-
izing transgene expression from HEK293- and Sf-produced AAV
serotype 5 (AAV5) vectors found small differences in the short-
term kinetics of vector expression, but vectors produced by both
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manufacturing systems demonstrated a similar long-term expression
profile.9 Valoctocogene roxaparvovec utilizes a replication-incompe-
tent AAV5 vector to deliver a B-domain-deleted factor VIII (FVIII)
coding sequence regulated by a hepatocyte-selective promoter10 and
is produced using the Sf cell manufacturing system.11 A single infusion
of valoctocogene roxaparvovec provided therapeutic levels of endoge-
nous FVIII expression and protection from bleeding in male partici-
pants with severe hemophilia A.12,13 This durable hemostatic benefit
was observed for up to 6 years in a phase 1/2 trial (NCT02576795)
and for up to 3 years in a phase 3 trial (NCT03370913).12–14

The circularization and concatemerization of AAV vectors associated
with episome formation are responsible for stabilizing the vector
genome and support gene expression from the vector.2,15 Whereas
the majority of AAV vectors persist in host cells as episomes, a minor
proportion integrate into the host genome16 and may contribute to
long-term transgene expression.17 The integration of AAV vectors
has been observed in rodents,18–22 dogs,23,24 nonhuman prima-
tes,17,25–27 and humans,22,25,28 raising concerns about the potential
risk of AAV-mediated oncogenesis.29 As the frequency of AAV vector
integration into host genomes represents only a small proportion of
the total administered AAVs, they are generally regarded as safe
and effective vectors for gene therapy.2,15,16 However, some studies
in mice suggest there is a risk of insertional mutagenesis that can
lead to tumorigenesis after AAV gene therapy. The risk is higher
when the AAV vector is administered during the neonatal period
or in some adult mouse models of disease, such as chronic inflamma-
tion, obesity, and diabetes,18,30–34 if the 30 untranslated region of the
wild-type AAV2 genome with liver-specific promoter activity is left
intact,35,36 or if high doses of the vector are administered.18 In
contrast, other studies in mice illustrate how the risk of tumorigenesis
can be mitigated. For example, the risk of hepatocellular carcinoma
(HCC) development following AAV vector gene therapy was lower
in adult mice compared with neonatal mice.19,37 Furthermore, a
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large-scale study that explored a variety of AAV vectors for liver-
targeted gene transfer in 695 adult mice found no increased risk
of tumor formation compared with control animals.37 Some studies
also showed that the choice of transgene or promoter, and not the
AAV vector per se, influences the risk of tumorigenesis.18,38 The
AAV vector dose also requires careful consideration, as demon-
strated in a humanized liver mouse model of xenographic liver
regeneration.22

Two studies have reported results on AAV vector-mediated gene
therapy in a large animal model of hemophilia A.23,24 Both studies
reported findings on the frequency of AAV vector integration and
its impact on clonal expansion. The first, a long-term study in a
canine model of hemophilia A, using AAV8 or AAV9 vectors
expressing canine FVIII, demonstrated that the AAV vector can
integrate near genes associated with cell growth and cancer. These
relatively rare integrations were associated with the clonal expansion
of cells harboring integrated vectors, but tumor formation was not
observed.23 Of note, both vectors used in the study contained the
liver-specific enhancer-promoter element present within the wild-
type AAV2 inverted terminal repeat (ITR), and one of the vectors
also contained the thyroxine-binding globulin promoter.23 Each of
these regulatory elements was previously associated with HCC
development in mouse studies.18,36 However, a separate indepen-
dent long-term study also using a canine model of hemophilia A
found that the proportion of AAV vector integrations near can-
cer-associated genes was not statistically different from a simulated
random dataset used as a control, and integrations were not
observed in the same set of cancer-associated genes. The study
also found no clear evidence for dominant clonal evolution.24,39

The AAV vector construct used in that study did not include the
liver-specific enhancer-promoter element in the wild-type AAV2
ITR. However, the relatively small sample size (<10 animals) for
both studies should be noted. Therefore, the association between
AAV vectors and tumorigenesis remains uncertain, is likely context
dependent, and warrants further study.18

Previously, we reported on the long-term expression profiles and
mechanisms of epigenetic-mediated declines in transgene expression
for an AAV5-human alpha-1 anti-trypsin (AAV5-hA1AT) vector
that mimics the size and regulatory elements of valoctocogene roxa-
parvovec.9 Because wild-type mice do not develop a humoral immune
response to hA1AT protein, the hA1AT transgene was used in place
of the FVIII coding sequence to support long-term expression of the
protein to characterize mechanisms of transgene silencing over
time.9,40–42

To complement our prior expression studies,9 here we use an adult
wild-type C57BL/6J mouse model to report longitudinal kinetics
and integration profiles using the same AAV5 vector produced in
two commonly used systems for clinical AAV vector manufacturing:
HEK293 and Sf cells. Importantly, to increase the translatability
of our findings to the GENEr8-1 clinical trial program, the
AAV5 vector used in this study retains the same regulatory elements
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
and approximate size of valoctocogene roxaparvovec currently
being evaluated in phase 1/2 (NCT02576795) and 3 clinical trials
(NCT03370913).

RESULTS
To perform our integration analysis, we used an AAV5-hA1AT
vector that mimics design elements of valoctocogene roxaparvovec,
as reported previously.9 The vectors were produced using two inde-
pendent manufacturing systems, HEK293 and Sf cells, and all exper-
iments were performed independently using vectors produced by
each manufacturing system. This study included a total of 65 mice,
with 30 receiving the Sf-produced vector, 30 receiving the HEK293-
produced vector, and 5 vehicle controls; liver tissue samples were
collected 1, 3, 12, 24, and 57 weeks post-dose.

Estimation of coverage and integration frequency

While the majority of the AAV vector persists in transduced cells in
its episomal form,16 a small fraction of the vector will integrate into
the host genome.18–21 Accordingly, target enrichment sequencing
(TES) was used to characterize the frequency of vector integration
into mouse liver tissue at 1, 3, 12, 24, and 57 weeks after AAV vector
administration (Figure 1A). The number of unique integration sites
(ISs) ranged from 307 to 1,941 and 259 to 1,628 per sample for Sf-
and HEK293 vector-treated mice, respectively. The total number of
IS reads detected by TES per sample ranged from 341 to 1,961 and
273 to 1,637 for Sf- and HEK293 vector-treated mice, respectively.
The total number of IS reads was slightly larger than the number of
unique ISs because the total number accounts for ISs detected by mul-
tiple sequencing reads (i.e., a cell with a unique IS underwent a round
of cellular division and the IS was subsequently detected in each cell).
To support detection of the vector and calculation of integration fre-
quencies, two additional sub-genomic regions were analyzed to serve
as an internal reference standard for the analysis. To confirm success-
ful capture of these regions, the TES analysis was performed with dou-
ble capture using RNA baits 120 bp in length to enrich for the vector
and for the sub-genomic regions. Based on this analysis and using the
sub-genomic regions as an internal standard, the estimated average
vector copy number (VCN) ranged from 2.98 to 3.67 vector genomes
per cell (vg/cell) for Sf vector-treated mice and 2.33 to 3.49 vg/cell for
HEK293 vector-treated mice. The total number of unique ISs and the
average VCN were then used to approximate the average number of
unique ISs per cell and per vector genome. Based on these calcula-
tions, the average integration frequency per cell in samples from Sf
vector-treated mice was 3.62 � 10�3, 3.42 � 10�3, 1.92 � 10�3,
2.31 � 10�3, and 2.20 � 10�3 ISs/cell at weeks 1, 3, 12, 24, and 57,
respectively. The average integration frequency per cell in samples
from HEK293 vector-treated mice was 2.00 � 10�3, 2.30 � 10�3,
1.40 � 10�3, 1.60 � 10�3, and 1.60 � 10�3 ISs/cell at weeks 1, 3,
12, 24, and 57, respectively (Figure 1B). The integration frequency
at each time point was not statistically different between Sf- and
HEK293 vector-treated mice based on a one-way analysis of variance
(ANOVA). When combining all time points, the average (± standard
deviation) integration frequency was 2.70 ± 1.26 and 1.79 ± 0.86 inte-
gration events per 1,000 cells for samples from Sf- and HEK293
er 2024
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Figure 1. Dynamics of vector integration in long-

term vector-treated mice

(A) Study design. (B) Integration frequency in vector-

transduced mouse livers determined by TES. (C)

Correlation between VCN and integration frequency. (D)

Frequency of episomal vector genomes determined by

TES. (B and D) Comparisons between Sf- and HEK293-

produced vector were not significant unless noted. The

integration frequency is the measure of vector-host

genome reads, and concatamer frequency is the measure

of vector-vector genome reads obtained from the TES

results. Data are presented as the mean ± SD. *p < 0.05

using a one-way ANOVA with Tukey’s multiple compari-

son test. n = 6 per time point, with each dot representing

a single liver sample from each mouse (average of

technical duplicate). AAV5-hA1AT, adeno-associated

virus serotype 5-human alpha-1 anti-trypsin; ANOVA,

analysis of variance; HEK293, human embryonic kidney

293; HLP, human liver-specific promoter; IS, integration

site; ITR, inverted terminal repeat; nt, nucleotide; SD,

standard deviation; Sf, Spodoptera frugiperda; TES,

target enrichment sequencing; VCN, vector copy number.
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vector-treated mice, respectively. With the average VCN per cell as a
reference, the calculated frequency for ISs per vector genome (ISs/vg)
from the Sf-produced vector would then be 1.19� 10�3, 1.11� 10�3,
5.40� 10�4, 6.71� 10�4, and 6.30� 10�4 ISs/vg at weeks 1, 3, 12, 24,
and 57, respectively. For HEK293-produced vector, the calculated fre-
quency for ISs/vg would be 5.82 � 10�4, 5.44 � 10�4, 7.29 � 10�4,
9.22 � 10�4, and 5.13 � 10�4 ISs/vg at weeks 1, 3, 12, 24, and 57,
respectively. Whereas there was a strong correlation between VCN
and the number of unique ISs/cell for HEK293-produced vector
(p% 0.0001), this relationship was not observed for Sf-produced vec-
tor (p = 0.15; Figure 1C).
Molecular Therapy: Methods & C
Importantly, the measurement of VCN does not
distinguish between episomal and integrated
forms of the vector. Therefore, we used the
TES results to estimate vector genomes present
as episomes (approximated as reads that con-
tained a junction between two vector fragments)
vs. vector genomes that integrated into the host
genome (a vector fragment followed by a host
genome sequence). For vector produced from
either manufacturing system, on average 95%
(range, 85.2%–98.5%) of the vector genomes
persisted in the episomal form throughout the
57-week observation period (Figure 1D), and
the circular episomes, measured by droplet dig-
ital polymerase chain reaction (ddPCR), were
detected as early as 1 week post-dose (Figure S1),
consistent with our previously published find-
ings.9,43,44 Collectively, these results suggest
that, for an AAV5-based vector produced with
either the Sf or HEK293 manufacturing systems,
vector integrations occur primarily within the first week after vector
administration and the frequency of vector integration remains stable
for up to 1 year.

Characterizing individual IS frequency

From the TES results, we can also estimate clonal abundance or the
frequency of each unique integration event. The relative frequency
of ISs was measured by determining the number of reads correspond-
ing to each individual IS divided by the total number of IS reads in the
same sample. When comparing the samples collected at 1 and
57 weeks post-dose, the integration profiles showed no evidence of
linical Development Vol. 32 September 2024 3
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clonal expansion, as the top 10 most abundant ISs were still detected
by only 1 to 4 sequence reads regardless of vector manufacturing plat-
form (Tables S1 and S2). Similar results were also observed at weeks 3,
12, and 24 (Tables S3 and S4). A site in the gene chromodomain heli-
case DNA binding protein 1 (Chd1) was the IS detected with the high-
est read count. Chd1 corresponded to 1.25%, or 6 total reads, of all the
IS sequence counts detected in sample 6 at the 24-week time point
(Table S3). However, aside from Chd1, across all samples, the
remainder of the top 10 contributing ISs all had sequence reads of
4 or less, and the maximum number of sequence reads did not in-
crease with time up to 57 weeks post-dose. These sequencing results
suggested a polyclonal integration profile, in the absence of clonal
expansion.

Evaluation of polyclonality

The Polyclonal-Monoclonal Distance (PMD) tool45 was used to fur-
ther characterize the possibility of clonal enrichment after AAV5-
hA1AT treatment. This tool creates a relative profile for each sample
based on the distribution of sequencing reads across detectable ISs.
Clonality is then estimated by measuring the distance between rich-
ness (represented by the total number of ISs within a sample) and
evenness (represented by the relative abundance, or frequency, of
each IS). The Sf- and HEK293 vector-treated samples, regardless of
the time post-dose, clustered in the polyclonal region (Figures 2A
and 2B). Samples present in the polyclonal region of the graph reflect
the minor occurrence of some ISs that are detected by multiple read
counts, as seen in the TES analysis above. The PMD indices were
consistent across biological replicates and did not change with time.

Histology

The PMD analysis suggested there were no clonal expansions associ-
ated with vector integration at a molecular level, and these results
were also examined histologically. Liver samples were taken at
57 weeks post-dose and prepared with hematoxylin and eosin for his-
topathological analysis. No signs of tumors were observed in the livers
of Sf- or HEK293 vector-treated mice. In addition, there were no signs
of dysplasia, inflammation, fibrosis, or cellular stress detected. How-
ever, varying levels of steatosis were detected in both the vehicle-, Sf-,
and HEK293 vector-treated groups (Figure S2). These histologic re-
sults suggest a lack of negative effects on the livers of vector-treated
mice and confirmed the absence of clonal outgrowth presented in
the PMD analysis.

Common IS analysis

Multiple preclinical and clinical studies have documented vector in-
sertions into the host genome.47–49 This includes clusters of inte-
gration in small genomic regions, defined as common ISs (CISs), or
vector integration hotspots. We used CIS analysis to identify IS accu-
mulations that are statistically unlikely to occur by chance. This anal-
ysis applies a CIS order to reflect the total number of unique ISs across
a 50-kb genomic window or CIS region.When the CIS order is <5, the
vector integration into that location has an increased probability of
occurring by chance and is thus less likely to have any biological sig-
nificance.50 When the CIS order isR5, the number of vector integra-
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
tions in the CIS region is greater than would be expected by chance.
From all the Sf vector-treated mice samples combined (N = 30; 5 time
points), 19,273 ISs (69.3%) were detected in a total of 6,533 CISs with
an order ranging from 2 to 37. For the ISs detected in CISs, approx-
imately 88.3% had an order <5 and only 11.7% had a CIS order R5.
From all the HEK293 vector-treated mice samples combined (N = 30;
5 time points), 10,376 ISs (56.0%) were detected in a total of 3,998
CISs with an order ranging from 2 to 25. For the ISs detected in
CISs, approximately 94.8% had an order <5 and only 5.2% had a
CIS orderR5. The relatively minor proportion of CISs with an order
R5 indicates the vector produced from either manufacturing system
has a poor ability to target specific genomic regions. Furthermore, the
low degree of recurring integrations into specific genomic regions
demonstrates a mostly random IS distribution pattern across the
host genome, and themajority of the top 10 CISs in all protein-coding
genes (Table 1) occurred near highly expressed genes in the liver
(Figure S3).

Mapping ISs near genomic features

Whereas the CIS analysis did not identify integration hotspots, the
majority of the top 10 CISs were still in highly expressed genes in
the liver, suggesting that genomic characteristics could influence
where integrations are more likely to occur. Therefore, we used assay
for transposase-accessible chromatin using sequencing (ATAC-seq)
analysis to determine if integrations were enriched in regions of
open chromatin. To support interpretation of the results, two
different methods were used to analyze the ATAC-seq data that
rely on overlap simulations and distance simulations. The overlap
simulations identify the proportion of ISs near genomic features,
such as open chromatin, and estimate how much more frequently
the ISs appear next to the genomic feature compared with a randomly
generated dataset (i.e., chance). The distance simulations support the
overlap simulations by then showing how much closer (i.e., the
genomic distance in base pairs) the observed ISs appear to
the genomic feature vs. a randomly generated dataset.

In brief, the overlap simulations show a distribution of simulated pro-
portions for a sample of ISs the size of the observed dataset (i.e., the
total number of simulated ISs per sample is equal to the observed ISs
for the same sample). Across all vector-treated samples, the propor-
tion of ISs present within regions of open chromatin was approxi-
mately 1.9-fold greater than would be expected by chance for vector
produced by both manufacturing platforms (q < 0.05; Figure 3A).
This apparent affinity for regions of open chromatin was observed
regardless of the open chromatin’s proximity to a protein-coding
gene’s transcription start site (TSS) (Figure 3B).

The second method, using distance simulations, compared the distri-
bution of distances from an IS to the closest genomic feature for the
observed ISs and a simulated dataset. When combining all vector-
treated samples, the median distance from an IS to a region of open
chromatin was 2,935 bp for the observed ISs and 6,080 bp for the
simulated ISs (p % 0.0001; Figure S4A). Nearly identical results
were found regardless of the vector manufacturing platform. The
er 2024
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Figure 2. PMD clonal framework-based evaluation of clonality

(A) Sf- and (B) HEK293 vector-treated samples. Based on the properties of Rényi entropies,46 a clonality plane was constructed based on two extreme components of

diversity: richness (the total number of integration sites) and evenness (the relative number of reads of each integration site). Richness represents the upper bound for

evenness, meaning that evenness can never be higher than richness. For this reason, when evenness equals richness, the sample is considered perfectly polyclonal, and it

will sit on the line that bisects the first quadrant. On the other hand, the lower the evenness, the closer the sample will be to the x axis. A monoclonal sample is defined by

having an evenness of 0. The PMD index reports the ratio of the distance from the theoretical threshold for maximal polyclonality and monoclonality (see figure insert on top-

left side of the figure for further details).45. Dist, distance; Dm, distance frommonoclonality; Dp, distance frommaximumpolyclonality; HEK293, human embryonic kidney 293;

max, maximum; PMD, polyclonal-monoclonal distance; Sf, Spodoptera frugiperda.
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median distance from an IS to a region of open chromatin for Sf vec-
tor-treated samples was 2,953 and 6,123 bp for observed and simu-
lated ISs, respectively (Figure S4B). For the HEK293 vector-treated
samples, the median distances for the observed and simulated ISs
were 2,913 and 6,052 bp, respectively (Figure S4C). The small bias
for vector integration near regions of open chromatin was also similar
for vector produced from either manufacturing platform regardless of
Molecular T
the open chromatin’s proximity to a TSS (Figure S5) and the time
period or size of the genomic window used for the analysis (Figure S6).
Collectively, these data suggest that ISs are enriched near regions of
open chromatin at frequencies greater than would be expected by
chance. Furthermore, the degree of enrichment near regions of
open chromatin was similar for both Sf- and HEK293-produced
vector.
herapy: Methods & Clinical Development Vol. 32 September 2024 5
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Table 1. Top 10 CISs detected in liver samples from Sf- and HEK293 vector-treated mice

CIS rank CIS order Chr Average position Dimension (nt) Gene Normalized entropy Contributing samplesa

Sf-produced vector

Top 1 33 17 39845964 5,609 Rn45s 0.895 24 of 30

Top 2 27 18 12679116 126,239 Cabyr/Ttc39c 0.801 17 of 30

Top 3 23 5 90470587 53,459 Alb/Afp 0.749 14 of 30

Top 4 19 2 98664806 5,061 Lrrc4c 0.694 12 of 30

Top 5 19 9 46037434 338,841 Sik3 0.670 11 of 30

Top 6 17 9 121913038 38,574 1700048O20Rik 0.671 11 of 30

Top 7 17 14 31127780 373,509 Dnah1 0.761 14 of 30

Top 8 15 1 67200726 210,088 Cps1 0.613 9 of 30

Top 9 15 2 26486672 274,663 Notch1 0.715 12 of 30

Top 10 14 1 88231197 142,390 Trpm8 0.659 10 of 30

HEK293-produced vector

Top 1 25 18 12738790 218,322 Cabyr/Ttc39c 0.722 13 of 30

Top 2 18 5 90505939 85,066 Alb/Afp 0.705 12 of 30

Top 3 14 17 39845783 5,351 Rn45s 0.659 10 of 30

Top 4 12 17 25867962 221,709 Rab40c 0.663 10 of 30

Top 5 11 11 16839959 161,289 Egfr 0.668 10 of 30

Top 6 11 4 46015636 182,868 Tmod1 0.631 9 of 30

Top 7 11 16 14120571 258,581 Myh11 0.668 10 of 30

Top 8 10 5 50017197 102,688 Gpr125 0.636 9 of 30

Top 9 10 5 125308660 159,321 Scarb1 0.677 10 of 30

Top 10 10 11 117080443 197,728 Mgat5b 0.580 8 of 30

The CIS order reflects the total number of unique ISs across a 50-kb genomic window or CIS region. When the CIS order isR5, the number of vector integrations in the CIS region is
greater than would be expected by chance. Dimension is the distance between the most proximal and distal ISs within a specific CIS region. For normalized entropy, values of 0 indicate
that there is a single contributing sample to that CIS region, and values close to 1 indicate that all the different samples contributed equally.
Chr, chromosome; CIS, common integration site; HEK293, human embryonic kidney 293; IS, integration site; nt, nucleotide; Sf, Spodoptera frugiperda.
aNot including vehicle-treated controls.
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Mapping ISs near cancer-associated genes

To determine if ISs also cluster around genomic regions near cancer-
associated genes, we evaluated the frequency of ISs present within
100 kb of a TSS of cancer-associated genes as identified in the Catalogue
of Somatic Mutations in Cancer (COSMIC)-annotated database (v.90),
also known as the Cancer Gene Census database, maintained by the
Wellcome Sanger Institute.51 Since there is no cancer gene database
for mice, the IS positions from the mouse genome were lifted over to
the human genome so that the ISs from mice could be analyzed for
their proximity to homologous human genes within the human Cancer
Gene Census database.

For Sf vector-treated mice, 1,231 ISs were found within 100 kb of a TSS
for a cancer-associated gene (9.53% of the total 12,919 ISs carried over
to the human genome). Similar results were found for HEK293 vector-
treated mice with 783 ISs (9.22% of the total 8,849 ISs carried over to
the human genome) found within 100 kb of a TSS for a cancer-associ-
ated gene. The strongest relative contribution for Sf vector-treatedmice
was found in sample number 2 from the 24-week treatment group for
cancer-associated platelet-derived growth factor receptor alpha
6 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
(PDGFRA). Even so, PDGFRA constituted only 0.6% of all the IS
read counts, which corresponds to two sequence reads from the sample
(data not shown; Sequence Read Archive [SRA] accession number
SRA: PRJNA1076258). The strongest relative contribution for
HEK293 vector-treated mice was found in sample number 6 from
the 57-week treatment group for cancer-associated terminal nucleoti-
dyltransferase 5C (TENT5C) and U2 small nuclear RNA auxiliary fac-
tor 1 (U2AF1). Each gene constituted only 0.46% of all IS read counts
(corresponding to two sequence reads for each gene, data not shown;
SRA accession number SRA: PRJNA1076258). Given that the strongest
relative contributions from cancer-associated genes corresponded to
detection by only two sequence reads, the results suggest that clonal
expansion was not triggered as a result of the vector integrations
near the PDGFRA, TENT5C, or U2AF1 locus. Of the 6,533 observed
CISs in Sf vector-treated mice, only nine CISs (0.14% of the total)
were located in or near genes associated with severe adverse effects,
such as clonal outgrowth, identified in clinical gene therapy studies
with retroviral or lentiviral vectors.52–59 The CIS order for two of the
CISs was R5 (Table 2), and the remaining seven CISs had an order
<5 (Table S5). Of the 3,998 CISs observed in HEK293 vector-treated
er 2024



Figure 3. Observed and expected fraction of integrations for Sf- and HEK293 vector-treated mice near regions of open chromatin

(A) all regions of open chromatin and (B) open chromatin in close proximity to a TSS. The red line represents the proportion of observed integrations that fall within 20 kb of an

ATAC-seq peak, and the histogram represents the distribution that would be expected by chance based on the median simulated value. The observed integrations are a

single value because they represent the total number of ISs observed in all samples combined found near open chromatin windows. The simulated values are represented by

a histogram to reflect the distribution of each individual simulation from the 10,000 total simulations used in the analysis. ATAC-seq, assay for transposase-accessible

chromatin with sequencing; FC, fold change; HEK293, human embryonic kidney 293; IS, integration site; Sf, Spodoptera frugiperda; TSS, transcription start site.

www.moleculartherapy.org

Molecular Therapy: Methods & Clinical Development Vol. 32 September 2024 7

http://www.moleculartherapy.org


Table 2. CIS order R5 within or near genes associated with severe adverse effects detected in liver samples from Sf vector-treated mice

CIS rank CIS order Chr Integration locus Dimension (nt) Normalized entropy Genes

Top 191 7 5 111262381 160,140 0.572 Mn1, Pitpnb, Ttc28

Top 250 6 6 127076511 80,132 0.527 9330179D12Rik, 9630033F20Rik, Ccnd2, Fgf23

The CIS order reflects the total number of unique ISs across a 50-kb genomic window or CIS region. When the CIS order isR 5, the number of vector integrations in the CIS region is
greater than would be expected by chance. Dimension is the distance between the most proximal and distal ISs within a specific CIS region. For normalized entropy, values of 0 indicate
that there is a single contributing sample to that CIS region, and values close to 1 indicate that all the different samples contributed equally. There were no CISsR 5 identified within or
near genes associated with severe adverse effects in liver samples from HEK293 vector-treated mice.
Chr, chromosome; CIS, common integration site; HEK293, human embryonic kidney 293; IS, integration site; nt, nucleotide; Sf, Spodoptera frugiperda.
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mice, only 3 CISs (0.05% of the total) were in or near genes associated
with severe adverse effects, and the CIS order of all the CISs was <5
(Table S5). Since all but two of the CISs had an order <5, the data sug-
gest that the minor proportion of integrations that occurred in or near
genes associated with severe adverse effects have an increased probabil-
ity of occurring by chance.

The following genes were linked to severe adverse effects based on prior
studies:CCND2,HMGA2, LMO2,MECOM, andMN1.52–59 For vector-
treated mice, the observed CISs detected in or near genes linked to se-
vere adverse effects had low numbers of unique ISs regardless of the
vector manufacturing platform (Table 3). For example, in the Sf vec-
tor-treatedmice, the CISs with the highest number of combined unique
ISs, across all samples (N = 30), contained only 7 independent integra-
tion events spanning approximately 160 kb. Themajority were detected
by a single sequence read, suggesting there were no hotspots or clonal
expansion associated with these integrations. Furthermore, whereas
previous studies have shown the potential for AAV integration into
the Rian locus to contribute to tumorigenesis,18,29,30,34 across our entire
study, including all samples and time points, there was only a single IS
detected in exon 2 of the Rian locus 1 week after vector administration
in sample 4 from the HEK293 vector-treated mice.

Integration enrichment around TSSs

Previous studies have suggested that the majority of AAV vector inte-
grations occur in transcriptionally active regions and near the TSS of
genes.20,60 Therefore, after examining vector integration within 100
kb of the TSS of cancer-associated genes, we next determined the rela-
tive proximity of these integrations within 10 kb of a TSS for both pro-
tein-coding and cancer-associated genes. Again, we used overlap sim-
ulations as a benchmark for a truly random integration profile
(Figure 4A). In Sf vector-treated mice, we found that integrations
occurred within 10 kb of a TSSmore than would be expected by chance
(enrichment = 1.5�, p = 1� 10�4,Z score = 25; Figure 4B), and the fold
enrichment of the integrations was greater near genes highly expressed
in the liver (enrichment = 1.9�, p = 1� 10�4, Z score = 16; Figure 4B).
Comparable results were observed in HEK293 vector-treated mice,
with a 1.5-fold enrichment of ISs within 10 kb of a TSS for all genes
(p = 1 � 10�4, Z score = 19; Figure 4C) and a greater enrichment
near highly expressed genes (enrichment = 1.8�, p = 1 � 10�4, Z
score = 12; Figure 4C). Distance simulations supported these results
and found that themedian distance from an IS to a TSS observed across
all samples (84,109 bp) was approximately 1.8-fold less than would be
8 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
expected by chance (151,761 bp; Figure S7A) and that this was true for
both Sf vector-treated mice (Figure S7B) and HEK293 vector-treated
mice (Figure S7C). In addition to the TSS analysis, similar trends
were also found for IS enrichment within gene bodies (Figure S8),
and distance simulations showed that the median distance from an
IS to a gene body observed across all samples (36,640 bp) was approx-
imately 2.1-fold less than would be expected by chance (76,848 bp; Fig-
ure S9A). This was true for both Sf vector-treated mice (Figure S9B)
and HEK293 vector-treated mice (Figure S9C).

We then explored integration enrichment across different gene sets.
Since a small fraction of integrations did occur near 10 kb of can-
cer-associated genes and integration enrichment is associated with
levels of gene expression, we asked whether cancer-associated genes
were significantly more expressed than other protein-coding genes
in the liver. Using the Genotype-Tissue Expression (GTEx) project
2017 median tissue transcripts per million dataset,61 we found a sig-
nificant difference in the expression level of the Cancer Gene Census
database-annotated cancer genes51 compared with that of non-can-
cer-associated genes in the liver (Wilcoxon p < 2.2 � 10�16; Fig-
ure S10). Therefore, genes were grouped based on their expression
patterns from our mouse liver RNA sequencing data and their can-
cer-associated status according to the Cancer Gene Census database.
For Sf vector-treated mice, when comparing non-cancer-associated
genes and cancer-associated genes, we found that integrations
occurred within 10 kb of a TSS more frequently than would be ex-
pected by chance for both gene sets (enrichment = 1.5 vs. 1.7, p =
1 � 10�4; Z score = 24 vs. 7.3), and cancer-associated genes showed
a larger fold enrichment compared with the median simulated fre-
quency (Figure 4B). Similar results were found for HEK293 vector-
treated mice (enrichment = 1.5 vs. 1.6, p = 1 � 10�4; Z score = 19
vs. 4.8; Figure 4C). We then examined whether the magnitude of inte-
gration enrichment correlated with gene expression for cancer- and
non-cancer-associated gene sets. In brief, the results demonstrated
that the integration fold enrichment and Z scores were greater among
highly expressed genes compared with those of unexpressed genes in
the liver (Figure 4). Of note, when comparing genes with similar
expression levels, the Z scores for non-cancer-associated genes were
higher than for cancer-associated genes, suggesting that the cancer-
associated genes are not a hotspot for vector integration regardless
of the vector manufacturing platform. In addition, a significant differ-
ence was not observed in Z scores for cancer-associated genes be-
tween week 1 and 57 (Figure S11). Integration enrichment near a
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Table 3. Individual integrations within or near genes associated with severe adverse effects detected in liver samples from Sf- and HEK293 vector-treated

mice

Week Sample SAE gene Distance to TSS (nt) Chr Integration locus Relative contribution (%) Total sequence count Sequence count contribution

Sf-produced vector

1 1 Ccnd2 14,464 12 4293264 0.121 824 1

1 1 Hmga2 2,266 12 65830267 0.121 824 1

1 2 Mn1 71,747 22 27873503 0.097 1,033 1

1 3 Hmga2 �77,988 12 65746143 0.055 1,833 1

1 3 Lmo2 53,054 11 33945130 0.055 1,833 1

1 3 Mecom 23,564 3 169292802 0.055 1,833 1

1 5 Mecom �30,991 3 169238247 0.109 920 1

3 4 Lmo2 8 11 33870537 0.078 1,280 1

3 3 Mecom �28,837 3 169240401 0.053 1,900 1

3 3 Mecom �52,519 3 169611099 0.053 1,900 1

12 3 Mecom 3,543 3 169151277 0.133 752 1

12 5 Mecom �27,072 3 169242166 0.126 792 1

24 3 Mecom �32,831 3 169089841 0.117 854 1

24 5 Mecom 58,575 3 169327813 0.059 1,706 1

24 6 Mecom �23,894 3 169639724 0.208 480 1

24 3 Mn1 �93,904 22 27697979 0.117 854 1

57 4 Mn1 �892 22 27796004 0.120 834 1

57 5 Ccnd2 �5,984 12 4267778 0.107 938 1

HEK293-produced vector

3 4 Lmo2 �13,175 11 33878901 0.207 483 1

3 3 Mecom 93,059 3 169362297 0.061 1,637 1

3 3 Mecom �85,787 3 169577831 0.061 1,637 1

3 4 Mecom �37,877 3 169625741 0.207 483 1

3 4 Mecom �97,187 3 169025485 0.207 483 1

24 2 Ccnd2 26,674 12 4305474 0.114 874 1

24 4 Ccnd2 1,882 12 4280682 0.366 273 1

57 1 Mecom 898 3 169148632 0.109 920 1

Chr, chromosome; HEK293, human embryonic kidney 293; nt, nucleotide; SAE, severe adverse effect; Sf, Spodoptera frugiperda; TSS, transcription start site.
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TSS did not change in a meaningful way regardless of the size of the
genomic window used to define the TSS for Sf- or HEK293 vector-
treated mice (Tables S6 and S7).

Collectively, our analysis using randomsimulations demonstrated that
integrations occur preferentially near genes in the liver associated with
higher expression and open chromatin. However, despite the elevated
expression of cancer-associated genes in the mouse liver, we did not
observe an integration bias in these cancer-associated genes compared
with other protein-coding genes of similar expression levels.

Comparability of vector genome integration features with

different manufacturing systems

Since Sf-produced vector contains more fragmented vector DNA
compared with HEK293-produced vector,9 the frequency of vector re-
gions that integrate into the host genome was further characterized.
Molecular T
For Sf vector-treated mice, the vector fragments that integrated into
the host genome were derived from regions throughout the vector
sequence (mean from all time points: 21.94%, 27.54%, 17.78%, and
32.74% for the promoter, transgene, polyadenylation [poly(A)], and
ITR regions, respectively; Figure 5; Table S8). The vector fragment pro-
files in HEK293 vector-treated mice were not significantly different
from Sf vector-treated mice based on a one-way ANOVA (mean
from all time points: 25.28%, 26.88%, 20.54%, and 27.31% for the pro-
moter, transgene, poly(A), and ITR regions, respectively; Figure 5;
Table S9). Thus, despite the previously published differences in the
size distribution of Sf- vs. HEK293-produced vectors, the profiles
and frequency of integrated vector fragments were similar (Figure 5).

DISCUSSION
We present a molecular characterization of vector integration profiles
produced with two clinically relevant manufacturing platforms (Sf
herapy: Methods & Clinical Development Vol. 32 September 2024 9
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Figure 4. Observed and expected fraction of integrations

near genes of different expression levels

(A) all samples combined and for samples from (B) Sf- and (C)

HEK293 vector-treatedmice. The red line represents the proportion

of observed integrations that fall within 10 kb of a TSS for a protein-

coding gene, and the boxplots represent the distribution of in-

tegrations that would be expected by chance based on the median

simulated value. Genes with the highest expression profile in the

liver (90th percentile) according to the GTEx liver data are classified

as highly expressed. p values represent 1 minus the percentile of

the observed value within the expected distribution, and the z

scores were used as a proxy for enrichment. Boxes represent the

interquartile range, whiskers represent the range up to 1.5� the

interquartile range, black horizontal lines represent the median. FE,

fold enrichment; GTEx, genotype-tissue expression; HEK293, hu-

man embryonic kidney 293; Sf, Spodoptera frugiperda; TSS,

transcription start site.
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Figure 5. Comparison of integrated vector genome fragments

between Sf- and HEK293 vector-treated mice

(A) ITR, (B) promoter and hA1AT, (C) stuffer sequence, and (D) poly(A)

regions. Data are presented as the mean ± SD with n = 6 per time point.

Each dot represents a single liver sample from each mouse, and the

data were analyzed using a one-way ANOVA with Tukey’s multiple

comparison test. ANOVA, analysis of variance; hA1AT, human alpha-1

anti-trypsin; HEK293, human embryonic kidney 293; ITR, inverted

terminal repeat; poly(A), polyadenylation; SD, standard deviation; Sf,

Spodoptera frugiperda.
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and HEK293 cells) using a mouse model and an AAV5 vector that
mimics the size and regulatory elements of valoctocogene roxaparvo-
vec, a US Food and Drug Administration- and European Medicines
Agency-approved gene therapy for severe hemophilia A.62,63 In our
analysis, we found no adverse events related to treatment with
AAV5-hA1AT vector produced by either vector manufacturing sys-
tem, including no evidence of clonal expansion by molecular or his-
tologic analysis for up to 1 year after vector administration.

Our data demonstrate that the majority of vector genomes persist in
their episomal form.While a minor proportion of the vector genomes
do integrate into the host genome, they do so with low frequency,
within 1 week of vector dosing, and the number of unique integra-
tions remains generally stable over time. The frequency of vector in-
tegrations observed in our study with an AAV5 vector produced by Sf
and HEK293 cells aligns with those reported previously using a
similar vector administered in a severe hemophilia A dog model
(9.55 � 10�4 ISs/cell by TES and 4.5 � 10�4 ISs/cell by linear ampli-
fication-mediated PCR [LAM-PCR])64 and those reported for 5 clin-
ical trial participants after valoctocogene roxaparvovec infusion
(3.97 � 10�3 ISs/cell by TES).65 Our results are also consistent with
the frequency of vector integration detected in nonhuman primate
and human livers (2.00� 10�4 and 1.17� 10�3 ISs/cell, respectively,
by LAM-PCR) after infusion of a recombinant AAV2/5 vector25 or
with rates of integration reported for natural AAV infection and or-
ders of magnitude lower than the rate of somatic mutations reported
for humans.66,67

Given that linear and circular DNA have different capacities for inte-
gration into the host genome and since there are differences in the
characteristics of vectors produced by Sf and HEK293 cell manu-
facturing systems, the frequency of vector integration and the corre-
sponding vector fragments that integrate into the host genome were
evaluated. For example, Sf-produced vectors may contain increased
amounts of truncated vector genome fragments compared with
HEK293-produced vector.68 Furthermore, since one manufacturing
system is mammalian derived and the other is insect derived, there
are also inherent differences in the post-translational modifications
of the vector genomes.69 Despite these differences, the overall number
of vector integrations and the integration profiles were similar with
AAV vector produced from either manufacturing system. In addition,
like the Sf-produced vector, the HEK293-produced vector had some
overlap in the top 10 CIS genes, such as albumin, likely reflecting
the small integration bias observed for highly expressed genes of
the liver.

Histology of the livers from vector-treated mice found no evidence of
liver tumors. The histology findings are not surprising, given that the
molecular analysis also found no evidence of clonal expansion. While
the PMD index tool demonstrated the vector-treated samples did not
perfectly align with the theoretical maximum for polyclonality, these
results are consistent with an expected polyclonal integration profile
from liver tissue, where a small subset of cells divide as part of the
normal homeostatic process of tissue maintenance.70 These results
12 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
would also be expected based on the low-level detection of prolifer-
ating/mitotic cells with Ki-67 and phosphorylated histone 3 staining
previously observed in the liver.9

We did not find substantial differences across time points, biological
replicates, or vector manufacturing systems when evaluating vector
integration frequencies. Collectively, the integration frequency across
all treatment groups highlights the rare nature of these integrating
events and are aligned with previously published reports.23,25,71,72

While we did find integrations near a small fraction of the COSMIC
Cancer Gene Census database genes, these integrations were associ-
ated with the respective genes’ high expression in the liver. The
ATAC-seq analysis supported these findings and suggested that vec-
tor integrations are enriched in regions of open chromatin. Despite
this, vector integrations were not disproportionately enriched near
cancer-associated genes when compared with genes of similar expres-
sion levels.

The study design presented here differs from some previous reports
linking AAV-based gene therapy with the risk of tumorigenesis.
However, our goal was not to reproduce those study designs but
instead to assess the integration profiles of a vector with clinically rele-
vant regulatory elements at a dose used in clinical trials. Our results
presented here are in agreement with other studies suggesting that,
with careful consideration of the vector capsid (e.g., AAV serotype
and hepatotropism), regulatory elements of the vector (e.g., promoter
strength), and the study design (e.g., age at administration and vector
dose), AAV vector-mediated gene therapy carries minimal risk of
tumorigenesis.18,19,25,28,37,38 Future studies are needed to evaluate if
administering the same AAV5 vector used here in adult mice at
higher doses or in neonates increases the risk of tumorigenesis.
This will be especially relevant to assess the risk of AAV-based gene
therapy in a pediatric population. Importantly, whether gene therapy
in humans carries additional risk of tumorigenesis when adminis-
tered in the context of underlying liver disease, as shown in diabetic
and obese mouse models, requires further study.33,34 Although there
is debate whether wild-type AAV oncogenic integration in humans
may be associated with the development of a specific subgroup of
HCC that occurs in the absence of other etiologies,35 this association
appears linked with AAV2 and, more specifically, a liver-specific pro-
moter found within the 30 untranslated region of the AAV2
genome.35,36 However, this region is absent from the AAV5 vector
used in our study.

Like valoctocogene roxaparvovec, etranacogene dezaparvovec is an
AAV5-based gene therapy with a liver-specific promoter that delivers
a factor IX transgene to hepatocytes and was evaluated in the
HOPE-B phase 3 clinical trial (NCT03569891) for individuals with
hemophilia B.73 At 1 year of follow-up, a single case of HCC was
detected in a trial participant, and it represented the first observed
clinical case of HCC after liver-directed AAV-based gene therapy.73

Examination of the case and the participant’s tissue sample by an in-
dependent laboratory determined there was no evidence of AAV vec-
tor involvement in the HCC.74 The AAV vector integration events
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were rare, with only 0.027% of cells in the sample containing an
IS, and there was no evidence of clonal expansion. Furthermore,
whole-genome sequencing revealed multiple genetic mutations, inde-
pendent of the vector insertions, that increase the risk of HCC.74 The
participant also had several risk factors for HCC, such as a history of
hepatitis C and hepatitis B, and evidence of non-alcoholic fatty liver
disease changes was found in the biopsy.73

There are several limitations to the presented analysis. First, a mouse
transgene was not used and, therefore, homology-driven effects
unique to FVIII cannot be assessed by the hA1AT transgene. We
also cannot rule out the possibility that the TES results overestimate
the episomal vector frequency due to detection of integrated conca-
temers or other integrated, recombined forms of the vector that would
still appear as vector-vector junctions. In addition, distinct integra-
tion patterns in the host genome cannot be ruled out in regions not
sampled by the TES analysis. In addition, some studies have found ev-
idence of AAV-based gene therapy-induced HCC risk in mice fol-
lowed for greater than 1 year.18,31 Therefore, although we did not
find any evidence of clonal expansion at the molecular level, we
cannot definitively state that the risk of tumorigenesis in our study
would not change over a longer time horizon. In this regard, it is
worth noting that we did not observe differences in the rates of clon-
ality between week 1 and 57 post-infusion samples. Finally, this
study uses a mouse model to assess dynamics of vector integration.
The risk of tumorigenesis in mice appears highly context depen-
dent.18,30–32,35,36 While this risk has not been observed in larger ani-
mal models or humans, there is still a comparatively small amount of
data regarding vector integration in humans. Therefore, additional
studies from nonhuman primates or biopsy samples from gene ther-
apy participants would help clarify the translatability of risks specific
to the vector and study design from the mouse model to human gene
therapy. However, it is worth noting that the average vector integra-
tion frequency reported in mice for our study (2.70� 10�3 ISs/cell for
Sf-produced vector and 1.79 � 10�3 ISs/cell for HEK293-produced
vector) is in line with those reported previously and discussed
above.25

This longitudinal analysis represents an important step forward in
evaluating the safety of vector integration following AAV-based
gene therapy. This study assesses the risk of clonal outgrowth after
AAV vector administration using vector mimicking features from a
clinically relevant gene therapy, produced using two different vector
production platforms. The integration profiles were examined by
TES to characterize, in high resolution, the frequency of vector inte-
gration beyond 1 year of follow-up in 60 mice. This approach offers
the capacity to detect, with resolution down to the cellular level, clonal
outgrowth with high sensitivity.19,37 The results presented here
confirm that AAV5 vectors have low integration rates regardless of
the vector production platform. Of the integration events that did
occur, most ISs were detected by only one to two sequencing reads,
and they were defined by a polyclonal integration profile with no ev-
idence of integration hotspots or clonal expansion, even in animals
followed beyond 1 year after administration of Sf- and HEK293-pro-
Molecular T
duced vector. The low degree of recurring insertions demonstrates
that the vector from either production platform has a poor ability
to target specific genomic regions.
MATERIALS AND METHODS
AAV reporter vector construction

For this study, a previously described AAV5-hA1AT reporter vector
was used instead of valoctocogene roxaparvovec.9 Since hA1AT is
non-immunogenic in wild-type mice, using this alternative reporter
enabled long-term studies in immune-competent animals while still
maintaining the ITR region and regulatory elements of valoctocogene
roxaparvovec.42 AAV5-hA1AT is a replication-incompetent AAV5
vector containing a single-stranded DNA encoding an hA1AT re-
porter controlled by a hybrid liver-specific promoter with double-
stranded DNA ITRs at both the 50 and 30 ends. AAV5-hA1AT also
contains a stuffer sequence to match the approximate size of valocto-
cogene roxaparvovec. The vector was manufactured using HEK293 or
Sf cell systems. The vector from the HEK293 cell system was manu-
factured by SAB Tech (Philadelphia, PA), and the vector from the
Sf cell system was manufactured by BioMarin Pharmaceutical. The
Sf- and HEK293-produced vectors used here were characterized pre-
viously.9 In brief, the HEK293-produced vector contained higher viral
protein 1 (VP1) capsid content and more homogeneous encapsidated
DNA compared with Sf-produced vector.9
Study design

Male 8-week-old C57BL/6J mice were purchased from Jackson Labo-
ratory and used in this study. Mice received a vehicle control or
6 � 1013 vg/kg of either the HEK293- or the Sf-produced vector.
Mice were separated into cohorts so that one cohort from each treat-
ment group could be euthanized, and tissue was collected at 1 of 5
time points (1, 3, 12, 24, or 57 weeks post-dose). Treated cohorts con-
sisted of 7–10 mice per group, and samples from 6 of the mice were
sent for TES analysis. The control cohorts consisted of 5 mice per
group. All mouse experiments were performed in accordance with
the institutional guidelines under protocols approved by the Institu-
tional Animal Care and Use Committee of the Buck Institute and the
BioMarin Animal Resource Committee.

On the day of treatment, mice were weighed and given a single bolus
via intravenous injection of the tail vein with the respective treatment
using an injection volume of 4 mL/g of body weight. For tissue collec-
tion, mice were anesthetized and exsanguinated. The median liver
lobe was fixed and processed for histologic analysis. The remaining
liver was split into two samples, snap-frozen using liquid nitrogen,
and stored at �80�C until all the samples were collected and pro-
cessed for molecular or biochemical analysis. For each animal, one
liver fragment, approximately 10–20 mg in weight, was homogenized
using a stainless steel bead and 500 mL RLT buffer (QIAGEN, Hilden,
Germany) using a TissueLyser II instrument (QIAGEN). The
genomic DNA and total RNA were then extracted from the same ho-
mogenate using the DNA/RNA AllPrep kit (QIAGEN) following the
manufacturer’s instructions.
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Measurement of vector genomes in mouse livers by ddPCR

Quantitative measurements to determine the vector genome forms
were performed by treating the extracted liver DNA using various
combinations of DNA digestion enzymes followed by ddPCR assays
and various primer sets using ddPCRmethods described previously.43

In this study, the SQ primer set was utilized to quantify total vector
genome copies. Plasmid-Safe ATP-Dependent DNase (PS-DNase;
Petaluma, CA) sample treatment hydrolyzes linear DNA (host or vec-
tor derived), and only circular episomal forms of the vector remain,
allowing quantitation by ddPCR. However, during DNA extraction,
some episomal vector DNA can be sheared and linearized, which in
turn would also be hydrolyzed by the DNase treatment.43 Therefore,
the fraction of episomal vector genomes could be underestimated.
Also, given the presence of concatemeric genome forms of the vector,
this approach would underestimate the number of vector genome
units (genome units defined as a vector genome containing a pro-
moter, transgene, and poly(A) tail). To enable the detection of
concatemeric vector genomes, KpnI restriction enzyme digests were
performed. This treatment separates vector genome units within
the concatemeric form, enabling a true quantification of vector
genome units.

Integration analysis

The integration profile analysis was performed by ProtaGene CGT
GmbH (Heidelberg, Germany). In brief, the IS detection was per-
formed using TES and next-generation deep sequencing to identify
AAV vector genomes that integrated into the mouse liver tissue.
TES was performed by double capture using an RNA bait set
120 bp in length, designed based on 8� tiling. The vector-specific
baits were designed to be homologous to the entire vector sequence,
and baits targeted to the ITR regions were overrepresented 10-fold
compared with the internal vector baits to compensate for the high
guanine and cytosine content and secondary structure of the ITR re-
gion. Baits for two sub-genomic regions of the mouse genome were
designed and included in the bait set (chr7:38,153,607-38,154,606
and chr15:70,650,524-70,651,523). The biotinylated baits were used
with magnetic capture to enrich the vector sequences. This method
enriches vector-vector as well as vector-genome junctions, and the
sub-genomic baits allow estimation of VCN in each sample. Each
sample was analyzed in duplicate using 1,000 ng of DNA per replicate.
The DNA was sheared to approximately 500 bp in length using an ul-
trasonicator according to the manufacturer’s instructions, and frag-
ment length was verified with TapeStation (Agilent, Santa Clara,
CA). Libraries were constructed using the Agilent SureSelect HS2
kit according to the manufacturer’s instructions. The libraries were
sequenced by 2� 250-bp symmetric paired-end reads on the Illumina
MiSeq platform. For the IS analysis, the TES-derived data were then
analyzed using GENE-IS.75 Raw sequence data were filtered using
barcode identity and trimmed according to sequence quality using
a Phred score of 20. For each sample, the replicates were analyzed
individually. Sequencing reads were aligned to both the vector
genome and murine reference genome (mm10) for IS analysis.
The number of total, sorted, and IS reads are reported in
Tables S10–S12. The data discussed in this article have been deposited
14 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
in the National Institutes of Health (NIH) SRA accession number
SRA: PRJNA1076258.

Vector coverage for each replicate was analyzed using an R script
developed by ProtaGene CGT GmbH. The VCN for the samples
was estimated using the average vector coverage normalized by the
average coverage of the sub-genomic regions. The average number
of uniquely mapped ISs per cell was estimated using the number of
unique ISs per 1,000 ng of DNA divided by the number of cells in
1,000 ng of DNA. This calculation uses the assumption that
1,000 ng of mouse genomic DNA corresponds to 172,000 cells. The
number of unique ISs per vector genome was then estimated by
dividing the unique number of ISs by the average VCN per sample.

Diversity measurements to examine clonality

To examine clonality, a clonality plane was constructed based on the
two extreme components of diversity, richness and evenness, using a
previously published method.45,46 In brief, richness defines the num-
ber of ISs present within a sample, and evenness represents the equal
distribution of those ISs within the sample. When considering rich-
ness and evenness, there are theoretical maximums for polyclonality
and monoclonality. Richness represents the upper bound for even-
ness, meaning that evenness can never be higher than richness. For
this reason, when evenness equals richness, the sample is considered
perfectly polyclonal, and it will sit on the line that bisects the first
quadrant. On the other hand, the lower the evenness, the closer the
sample will be to the x axis. Amonoclonal sample is defined by having
an evenness of 0. For each sample, the ratio of the distance from the
theoretical maximum possible for polyclonality and monoclonality is
determined and represents the clonality plane.46

Liver histology

Formalin-fixed paraffin-embedded liver sections of 5 mm in thickness
were stained with hematoxylin and eosin for histopathological anal-
ysis. Slides were digitally scanned and reviewed by a board-certified
pathologist.

Common IS analysis

A systems biology framework, based on graphs, was used to identify
biologically relevant CISs that were unlikely to occur by chance using
a previously published method.76 In brief, the CISs are represented by
graphical networks that are constructed based on the maximal dis-
tance between two unique ISs. CISs were defined based on the
following steps. Each IS found within a sample was associated with
a node that contained the location of the ISs in a graph specific to
that sample. If the distance between two nodes within the graph
was less than the threshold distance of 50 kb, then the two nodes
were connected and considered a CIS.

ATAC-seq

The livers from 40 Sf- and HEK293 vector-treated mice at 12, 24, and
57 weeks post-dose, six to sevenmice per time point, were used for the
ATAC-seq analysis. The data presented in this publication have been
deposited in the NIH’s SRA accession number SRA: PRJNA1076258.
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Regions of open chromatin were identified using ATAC-seq. Reads
were aligned to the GRCm38.p6 reference genome using Burrows-
Wheeler Alignment-MEM Tool,77 and narrow peaks were called
with MACS2,78,79 with a q value cutoff of 0.05. Peaks were classified
as “TSS” or “non-TSS” based on whether they were within 20 kb of a
canonical TSS for a protein-coding gene in the GENCODE M2580

annotation. The ATAC-seq data were then analyzed using overlap
and distance simulations.

In the overlap simulations, for 10,000 iterations, genomic positions
equal to the number of detected TES junction sites were sampled.
For each sampled site, the distance to the closest ATAC-seq window
was found using valR.81 For each simulation, the median distance
from all sites was recorded to create a distribution to compare with
the median distance for the observed junction sites. Fold change
was defined as the grand median simulated distance divided by the
median distance from the observed junctions. This analysis was per-
formed separately for TSS-associated and non-TSS-associated
ATAC-seq peaks to assess whether junctions tend to land closer to
open chromatin windows with or without associated gene expression.
The p value is calculated by comparing the single observed proportion
of ISs for a sample with the distribution of simulated proportions of
ISs by fitting an estimator of the cumulative distribution to the simu-
lated data to determine where the observed value falls within it.

In the distance simulations, 100,000 random genomic positions were
selected. For each position, the distance from the site and the closest
open chromatin window (in the liver) was calculated with valR::bed_
closest(). Then the distribution profile of the 100,000 simulated values
was compared with the observed distribution profile. p values were
calculated using a two-sided Wilcoxon test.

Cancer genes and TSS

To evaluate whether ISs accumulate near the TSS of cancer-related
genes, the integration events ±100 kb from the TSS were identified.
Cancer-related genes were identified using the COSMIC Cancer
Gene Census database.51 Since this is a human genome-specific data-
base, the ISs were lifted over from the mouse genome to the human
genome. The ISs detected within the ±100-kb window of a TSS for
a cancer-related gene were then examined for the frequency of occur-
rence among the total number of reads.

Random simulation to examine global enrichment of

integrations near TSSs and cancer-related genes

Random simulations were conducted to determine whether the
observed number of ISs that occur near genomic elements, such as
the TSSs of all genes or cancer-related genes, are present at a level sta-
tistically higher than would be expected by chance. To support the
calculation of p values and Z scores, a null distribution of the expected
number of integrations to fall within a defined distance of the TSS was
determined using a numeric simulation. The null distribution was
then used to estimate the statistical significance of the observed IS
data. The analysis was performed by carrying out 10,000 independent
simulations, where the total number of ISs identified by TES (46,375)
Molecular T
were sampled randomly from the genome. After each simulation, the
number of ISs within 10 kb of a TSS of a gene were recorded. Some
analyses used previously published mouse RNA sequencing results82

to bin genes by liver expression. ISs near genes used as bait sequences
to normalize for genomic copy number were excluded. Identical ISs
found between replicates of the same animal or ISs that had a one
nucleotide offset were considered as the same IS and merged. The re-
sults of the simulations were then compared with the observed pro-
portion of ISs found within 10 kb of a TSS. To determine statistical
significance, one-sided p values were calculated by taking 1 minus
the percentile of the observed proportion found within the simulated
distribution. The p value for observations that occurred outside the
range of the simulated distribution was set to 1 � 10�4. Enrichment
represents the ratio of the observed fraction of ISs meeting the criteria
above and the median value observed in the corresponding simula-
tion. Z scores were used as a proxy for enrichment and calculated
to compare the observed fractions of ISs to the simulated distribu-
tions. To calculate the Z scores, the following equation was used:

Z =
ðobserved proportion � meanðsimulated proportionÞÞ

standard deviation ðsimulated proportionÞ
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