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While generally referred to as “non-integrating” vectors, adenovirus vectors have the potential to integrate into host DNA via
random, illegitimate (nonhomologous) recombination. The present study provides a quantitative assessment of the potential
integration frequency of adenovirus 5 (Ad5)-based vectors following intravenous injection in mice, a common route of
administration in gene therapy applications particularly for transgene expression in liver. We examined the uptake level and
persistence in liver of first generation (FG) and helper-dependent (HD) Ad5 vectors containing the mouse leptin transgene. As
expected, the persistence of the HD vector was markedly higher than that of the FG vector. For both vectors, the majority of the
vector DNA remained extrachromosomal and predominantly in the form of episomal monomers. However, using a quantitative gel-
purification-based integration assay, a portion of the detectable vector was found to be associated with high molecular weight
(HMW) genomic DNA, indicating potential integration with a frequency of up to ~44 and 7000 integration events per μg cellular
genomic DNA (or ~0.0003 and 0.05 integrations per cell, respectively) for the FG and HD Ad5 vectors, respectively, following
intravenous injection of 1 × 1011 virus particles. To confirm integration occurred (versus residual episomal vector DNA co-purifying
with genomic DNA), we characterized nine independent integration events using Repeat-Anchored Integration Capture (RAIC) PCR.
Sequencing of the insertion sites suggests that both of the vectors integrate randomly, but within short segments of homology
between the vector breakpoint and the insertion site. Eight of the nine integrations were in intergenic DNA and one was within an
intron. These findings represent the first quantitative assessment and characterization of Ad5 vector integration following
intravenous administration in vivo in wild-type mice.
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INTRODUCTION
Replication-defective adenovirus vectors are commonly employed
as experimental gene delivery vehicles for gene therapy and
genetic vaccination approaches because they can infect both
proliferating and quiescent cells, and they can be easily prepared
to high titers [1–3]. As of a review in 2017, 547 clinical trials
(20.5%) among a total of 2670 trials worldwide had used
adenovirus vector [4]. The FG Ad5 vector remains the most
popular adenovirus vector currently used in clinical protocols. FG
Ad5 vectors have a deletion in the E1 region that is required
both for adenovirus replication and for downstream viral gene
expression, and hence must be propagated in cell lines that
provide the E1-proteins in trans. However, residual or “leaky”
adenoviral gene expression from the FG vectors following
administration in vivo can elicit a cytotoxic-T-lymphocyte (CTL)-
mediated immune response, resulting in the rapid loss of
transgene expression [2]. To overcome these limitations, HD Ad5
vectors, also known as “gutted” vectors, have been developed.
HD Ad5 vectors, in which all of the adenoviral genes have been
deleted, must be propagated by co-culture with a helper

adenovirus that provides all of the viral proteins necessary for
virus replication and assembly in trans. Several studies have
demonstrated that HD Ad5 vectors can achieve long-term
transgene expression in vivo [3, 5, 6].
One of the primary safety concerns in using gene transfer

vectors is the risk of insertional mutagenesis caused by integration
of the foreign DNA into the host genomic DNA. Adenovirus
vectors are generally considered to be “non-integrating” vectors
because they lack native integration machinery [7, 8]. However,
several studies have shown that replication-incompetent adeno-
virus vectors are capable of random integration into host
chromosomes. In cell culture in vitro, adenovirus vectors have
been shown to integrate at a rate of ~10−2–10−5 per infected cell,
with the absolute frequency depending on cell type, transgene,
and multiplicity of infection [8–12]. Moreover, integration of
adenovirus type 12 (Ad12) DNA has been demonstrated in tumors
induced by subcutaneous injection of Ad12 in newborn hamsters
[13]. Adenovirus vector integration was also observed in a
FAH-deficient mice model by intravenous injection [14]. However,
there has been no quantitative assessment of adenovirus vector
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integration in vivo or in the absence of selective pressure for cells
containing the integrated vector, which is essential for determin-
ing the risk of insertional mutagenesis in many of the clinical
applications of Ad5 vectors.
In the present study, we assessed the potential integration

frequency of FG and HD Ad5 vectors containing the mouse leptin
gene (FG-leptin and HD-leptin, respectively [5, 6]) in liver DNA
following intravenous injection in mice, a common route of
administration particularly for transgene expression in liver. A gel-
purification quantitative PCR (Q-PCR) assay analogous to that
previously used to assess plasmid integration [15–18] was used to
quantify an integration frequency. In this assay, HMW genomic
DNA is purified away from extrachromosomal Ad5 vector DNA by
multiple rounds of pulsed-field gel electrophoresis (PFGE) and
assayed for potentially integrated vector using highly sensitive Q-
PCR, capable of detecting 10 copies of vector per μg cellular
genomic DNA. Following gel purification, the level of vector DNA
remaining associated with HMW genomic DNA represents a worst-
case integration frequency, since it is possible that some of the
residual vector is episomal but co-purifies with the genomic DNA.
Therefore, to confirm integration of the Ad5 vectors and to
characterize some of the chromosomal insertion sites, we used
RAIC PCR, which permits direct amplification and sequencing of
vector-to-genomic DNA junctions and is capable of detecting low
frequency integration events in nonclonal populations, and has
previously been used to characterize integration events following
intramuscular injection and electroporation of plasmid DNA in
mice [18].

MATERIALS AND METHODS
Adenovirus vectors
The structure of the two vectors used in the RAIC PCR assay is shown in
Fig. 1. The leptin expression cassette contains the human cytomegalovirus
(HCMV) promoter, the human leptin cDNA, and the bovine growth
hormone poly(A) sequence. The first generation adenovirus vector (FG-
leptin) was constructed by replacing the E1 domain of the Ad5 genome
with the leptin expression cassette [5, 6]. Construction of the helper-
dependent adenovirus vectors (HD-leptin and HD-leptin-D) have been
described in detail in a previous study [5, 6].

Mouse treatment and isolation of liver DNA
All mouse housing and experiments were conducted in strict accordance
with the guidelines of the Institutional Animal Care and Use Committee
(IACUC) of Merck & Co., Inc., Kenilworth, NJ, USA. The FG-leptin, HD-leptin

and HD-leptin-D were injected into the tail vein of C57BL/J6 female mice,
respectively. The dose was 1011 virus particles, measured by plaque-
forming units [5, 6], per mouse, and control mice received vehicle. Liver
was harvested at 2, 4, 6.5, and 8 weeks after dosing, frozen in liquid
nitrogen, and stored at −70 °C. Cohort tissues (from three mice) were
homogenized, pooled, and incubated in DNA lysis solution containing SDS,
proteinase K and RNase. Total DNA for the standard DNA preparation was
extracted with phenol:chloroform:isoamyl alcohol and chloroform:isoamyl
alcohol, and precipitated with isopropanol. DNA samples were quantitated
by spectrophotometry and aliquots were run on analytical agarose gels to
ensure that each was of HMW.

Filter DNA preparation
This procedure maintains the genomic DNA at a very high molecular
weight such that more efficient PFGE separation parameters can be used
for gel purification. The method has also been shown to be capable of
removing some of the extrachromosomal vector that is present in cell
lysates. Homogenized or minced tissue was placed on a 2 μm filter
and gently lysed in a solution containing SDS and proteinase K.
Following digestion, the solution and five rinses of TE buffer was pulled
through the filter using a peristaltic pump. The high molecular weight
DNA remaining on top of the filter was collected and quantitated by
spectrophotometry.

Gel purification
For the quantitative integration assay and for DNA to be used as template
for the RAIC PCR, HMW genomic DNA was separated from free vector using
PFGE. All PFGE gel purifications were done using the BioRad CHEF
(Clamped Homogeneous Electric Field) Mapper System. The electrophor-
esis parameters were determined by the instrument using auto-algorithms
for resolution of 10–55 Kb (for the standard prep), or 20–300 Kb (for the
filter prep) DNA fragments. Approximately 5 μg of DNA was loaded per
well in gels cast using a BioRad 14-well comb. For multiple rounds of
purification, the excised band of HMW genomic DNA from the first gel was
directly subjected to successive rounds of gel purification without elution
from the gel. After the final round of gel purification, DNA was
electroeluted from the gel slices and then concentrated by centrifugation
in Centricon-30 filtration units (Millipore, Inc.). In some cases, for the
quantitative integration assay, gel-purified DNA was digested with Asc I or
Srf I restriction enzyme prior to a final round of gel purification to remove
any potential Ad5 concatemers that may have comigrated with the HMW
genomic DNA. Gel-purified DNA for the RAIC PCR was not digested with a
restriction enzyme.

Southern blot
Five micrograms of liver DNA, which was isolated by the standard procedure,
was run on PFGE using an auto-algorithm for resolution of 5–150 Kb DNA
fragments. After denaturing, neutralizing, and transferring to a ZETABIND®
membrane (CUNO, Inc.), DNA was hybridized with 32P-labeled probes based
on the intact FG-leptin vector DNA for the FG-leptin-treated liver DNA sample
and a PCR-generated fragment (from the mouse leptin coding region) for the
HD-leptin-D-treated liver DNA sample.

TaqMan® PCR
Samples (0.5 µg of DNA per reaction) were assayed in quadruplicate by
“TaqMan®” real-time quantitative fluorescence PCR using the ABI Prism®
7700 Sequence Detection System (Applied Biosystems) for the following
leptin segment:
Amplicon length= 94 bp
Forward primer, LPI-F: 5’-GAC CAT TGT CAC CAG GAT CAA
Reverse primer, LPI-R: 5’-GTG AAG CCC AGG AAT GAA GTC
Fluorescent probe, LPI-P: 6FAM-TCC GCC AAG CAG AGG GTC ACT

G-TAMRA
The leptin PCR segment is targeted to the leptin cDNA from nucleotides

969–1062 within FG-leptin; from nucleotides 8935–9028 within HD-leptin;
and from nucleotides 6048–6141 and 26,841–26,934 for the two leptin
inserts within HD-leptin-D. Prior to PCR, DNA samples were heat denatured
at ~95 °C for ~15min. TaqMan® PCR reactions were carried out in a final
volume of 50 μL containing 1X TaqMan® Universal Master Mix (Applied
Biosystems), 100 nM probe, 180 nM of each primer, and 0.5 µg of sample
DNA. In each TaqMan® PCR experiment, a positive control titration curve
consisting of 0, 10, 102, 103, 104, 105, and 106 copies of each vector per µg
of control DNA was assayed along with the test samples. The level of

Fig. 1 FG-leptin and HD-leptin structures and vector primers for
RAIC PCR. For each vector, the ITR, the packaging signal (ψ), and the
leptin expression cassette (in black) is indicated. a For the FG-leptin
vector, three sets of primers were designed. b For the HD-leptin
vector, four sets of primers were designed. Each primer set included
four nested vector primers (staggered triangles) that allowed up to
three rounds of nested PCR followed by sequencing. The sequences
of the primer sets used to characterize nine integration events are
shown in Table 1.
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vector DNA in a sample was determined by comparison of the sample’s Ct
value with those of the titration curve.

RAIC PCR
The RAIC PCR was performed essentially as previously described [18]. The
templates used were PFGE gel-purified DNA from the liver of mice that
were treated with FG-leptin or HD-leptin. Primers used for the RAIC PCR
assay are listed in Table 1 and were purchased from Operon Technologies.
The mouse B1 primer was based on the mouse B1 sequence (Genebank
accession number, J00631). For the first round of PCR, the mouse B1 primer
and GT primer contained a 5’ Tag sequence and dUTPs were substituted
for dTTPs. The primers for the FG-leptin sample were based on sequence of
the FG-leptin adenovirus vector. One set of primers directed to 5’ end and
two sets of primers to 3’ end were designed to amplify potential vector-
genomic junctions (Fig. 1a). The primers for the HD-leptin sample were
based on sequence of the HD-leptin adenovirus vector. Two sets of primers
directed to each vector end were designed to amplify potential vector-
genomic junctions (Fig. 1b). All primer sets for both vectors included four
primers that allowed up to three rounds of nested PCR followed by
sequencing. The 5’ends of all round 1 and 2 vector primers were labeled
with biotin. The PCR products from the third round were purified using
Microcon-PCR centrifugal units (Millipore, Inc.). A nested vector-specific
primer and a Tag-nested primer were used to sequence both ends of the
fragment. When direct sequencing failed to generate acceptable sequence,
the specific PCR products were gel-purified, cloned into TOPO pCR2.1
vector using the TOPO TA Cloning Kit (Invitrogen), and each end of the
insert was sequenced using forward and reverse M13 primers. All
sequencing was performed on an ABI 377 DNA sequencer with the ABI
Prism BigDye Terminator v3.1 (Applied Biosystems). When cloning was
used to facilitate DNA sequencing, the resulting sequence was confirmed
by reamplification of the uncloned PCR products using primers derived

from the newly identified sequences, thus ruling out the artificial joining of
vector and genomic DNA via the cloning procedure.

RESULTS
Uptake and persistence of FG-leptin and HD-leptin in liver
Two studies were performed in which FG-leptin or HD-leptin
constructs were injected into the tail vein of C57BL/J6 female
mice at a dose of 1011 virus particles per mouse. In the first study,
mice were injected with FG-leptin or HD-leptin-D (in the latter
construct, the leptin gene was duplicated as an inverted repeat;
as described in ref. [5]) and liver was harvested at 2, 4, and
8 weeks after dosing. In the second study, mice were injected
with HD-leptin (a second HD construct, without the duplication
[5]) and liver was harvested at 6.5 weeks after dosing. Total liver
DNA was isolated using a standard procedure. The level of vector
DNA in liver was examined using real-time fluorescence Q-PCR
(TaqMan® PCR) and the results are shown in Table 2. As
expected, the level of vector persisting in the liver was much
greater for the gutted vector. At 2 weeks after injection, the level
of HD-leptin-D in liver was ~11-fold greater than the level of FG-
leptin. Moreover, the FG-leptin level decreased five-fold between
the 2 weeks and 8 weeks timepoints, whereas the level of HD-
leptin-D remained unchanged.

Conformation of FG-leptin and HD-leptin in vivo
To investigate the conformation of the adenovirus vector in vivo,
Southern blots were performed on liver DNA samples from both
the FG-leptin and the HD-leptin-D-treated mice. As shown in

Table 1. Primers for the RAIC PCR assaya.

Primers for GT and Mouse B1 (B1 consensus sequence is underlined)

B1 Forward

CAGUUCAAGUGUCUGCUGACGCCUACGCAGAUCAUGCCAGGCGGAUUUCUGAGUUCGAGG

B1 Reverse

CAGUUCAAGUGUCUGCUGACGCCUACGCAGAUCAUGCUGCCUCUGCCUCCCAAGUGCT

GT

CAGUUCAAGUGUCUGCUGACGCCUACGCAGAUCAUGCGUGUGUGUGUGUGUGUGUGUGUG

Tag

CAAGTGTCTGCTGACGCCTACG

Tag-nested

TGACGCCTACGCAGATCATGC

Primers used to detect integration HD49, HD72, and HD220

1722 (1st round PCR) [bioTEG] TGTAGGACTGAACGTCTTGCTCGAG

1694 (2nd round PCR) [bioTEG] TGATGAAGGAGATGGGAGGCCATC

1666 (3rd round PCR) TGTAGCCCTCTGTGTGCTCAAGG

1627 (Sequencing) TGCTGACCTGCTGGATTACATC

Primers used to detect integration FG22, FG117, FG388, FG1043, and FG1756

2552 (1st round PCR) [bioTEG] TCCAACAGCTGCTGAGAAACGAC

2507 (2nd round PCR) [bioTEG] TCCAATTGTGCCAAAAGAGCCGTC

2455 (3rd round PCR) AAGCTGCACTGCTTGCAAGCG

2424 (Sequencing) AGCAAAGTCAGTCACAATCCC

Primers used to detect integration FG34388

33506 (1st round PCR) [bioTEG] AGGTAAGCTCCGGAACCACCAC

33651 (2nd round PCR) [bioTEG] AGCATAAGACGGACTACGGCCATG

33729 (3rd round PCR) TCCTCGGTCATGTCCGGAGTC

33779 (Sequencing) TTGATTCATCGGTCAGTGC
aThe sequence of the primers used for the mouse B1 short interspersed nucleotide element (B1 SINE), GT dinucleotide repeat, Tag sequence, and the nested
primer sets for the FG Ad5 or HD Ad5 vectors used to characterize nine integration events are shown.
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Fig. 2a and b, the vector that persisted in the liver was found to
migrate as a distinct band identical to that observed in the vector
control lane, indicating that most of the vector persisted as linear
monomers identical in conformation to what had been injected.
The HMW signal observed in the treated-mouse samples was
similar to that observed with control mouse DNA (indicating it was
due to nonspecific hybridization). These results indicate that the
majority of the adenovirus vector remained extrachromosomal
and predominantly persisted as an episomal monomer in liver at
least 8 weeks post injection. However, the Southern blot analysis,
which is relatively insensitive, does not rule out low levels of other
forms such as concatemers or integrated vector (as assessed
below).

Gel-purification based assay for integration into host
genomic DNA
To quantitatively assess the level of potentially integrated
adenoviral vector, mouse genomic DNA was first purified away
from free vector DNA by preparative PFGE, and then assayed for
integrated vector DNA by TaqMan® PCR. The original PFGE
parameters were set to resolve 10–55 Kb DNA, where HMW

genomic DNA migrates as a compact band, well separated from
the adenovirus vector monomer (Fig. 3a). Using this procedure,
the level of FG-leptin in liver DNA samples (from 8-weeks post-
dose) was decreased from 16,000 copies per μg DNA prior to gel
purification to 2000 copies per μg DNA following gel purification
(Table 3). Likewise, the level of the HD-leptin-D in liver DNA
samples (from 8-weeks post-dose) was decreased from 700,000
copies per μg DNA prior to gel purification to 75,000 copies per μg
DNA following gel purification, and the level of the HD-leptin in
liver DNA samples (from 6.5-weeks post-dose) was decreased from
600,000 copies per μg DNA prior to gel purification to 100,000
copies per μg DNA following gel purification (Table 3). These
findings demonstrate that at least 80–90% of the vector persisting
in liver at 6–8-weeks post-injection was extrachromosomal. Note,
under the conditions used for these assays (no restriction-enzyme
digestion), the gel-purified HMW genomic DNA is representative
of the whole genomic DNA since the genomic DNA is fragmented
by random, mechanically shearing [17].
To better remove extrachromosomal vector monomers and

concatemers (which could comigrate with the HMW genomic
DNA), two enhancements to the gel-purification integration assay

Fig. 2 Southern analysis to examine the in vivo state of adenoviral DNA. Molecular weight marker was shown on the left. a First generation
adenoviral DNA (FG-leptin) was detected. Lane 1, 5 μg of negative control mouse genomic DNA; lane 2, 105 copies of FG-leptin spiked in 5 μg
of the control DNA; lane 3, 106 copies of FG-leptin spiked in 5 μg of the mouse genomic DNA; lane 4, 5 μg of the FG-leptin-treated mouse liver
DNA at 2 weeks after dosing; lane 5, 5 μg of the FG-leptin-treated mouse liver DNA at 4 weeks after dosing. b Helper-dependent adenoviral
DNA (HD-leptin-D) was detected. lane 6, 5 μg of the HD-leptin-D-treated mouse liver DNA at 2 weeks after dosing; lane 7, 5 μg of the HD-
leptin-D-treated mouse liver DNA at 4 weeks after dosing; lane 8, 5 μg of the HD-leptin-D-treated mouse liver DNA at 8 weeks after dosing.

Table 2. Uptake and persistence of adenovirus vector in mouse liver.

Vector Copies of vector per µg of liver DNA (Copies of vector per cella)

(at various timepoints following intravenous injection)

2 week 4 week 6.5 weekc 8 week

FG-leptin 61,000 (0.41) 28,000 (0.19) n.d. 12,000 (0.08)

HD-leptin-Db 700,000 (4.67) 900,000 (6) n.d. 700,000 (4.67)

HD-leptin n.d. n.d. 600,000 (4) n.d.

n.d. not determined, FG first generation Ad5 vector, HD helper-dependent Ad5 vector.
aDivided copies of vector per µg DNA by 150,000 cells/µg DNA.
bHD-leptin-D contained two copies of the leptin gene per viral particle due to a duplication within the vector. Therefore, the leptin gene segment was present
at twice the vector level indicated in this table.
cSeparate study examining vector levels in the liver at 6.5-weeks post-administration.
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were employed. First, a “Filter Prep” method for isolating HMW
liver DNA was used. DNA was isolated from tissue directly on a
2 μm filter, resulting in the removal of some free vector and
yielding DNA of very high molecular weight, which could then be
gel-purified using more stringent PFGE parameters (Fig. 3b). As
above, the HMW DNA isolated using the Filter Prep can be
considered representative of the whole genomic DNA since the
genomic DNA is fragmented by random, mechanically shearing.
Second, restriction-enzyme (RE) digestion was performed prior to
gel purification, using a rare-cutting RE that is known to cleave
within the vector DNA such that the vector DNA is digested while
the HMW genomic DNA remains relatively intact. The advantage
of the RE digestion is that it facilitates the separation of free
vector (particularly concatemers) from HMW genomic DNA.
Clearly, if the vector were integrated into genomic DNA as
monomers or concatemers, these monomers or concatemers
would also be digested. However, the PCR target segments were

selected to be outside of the RE site and thus, while internal copies
of concatemers would be liberated, at least one copy of the PCR
target would usually remain associated with HMW genomic DNA
at each integration site (see Discussion).
For the liver DNA sample from FG-leptin treated mice, after RE

(Asc I) digestion and an additional round of gel purification, the
level of the FG-leptin associated with HMW genomic DNA was
reduced to 22 copies per μg DNA (Table 3). For the liver DNA
sample from HD-leptin treated mice, using a filter prep as well as
RE (Srf I) digestion prior to gel purification, the level of the HD-
leptin associated with HMW genomic DNA was reduced to 3500
copies/μg DNA. Since under the conditions used, RE digestion
could result in ~50% of the integrations being lost during gel
purification [17], the integration levels could be approximately
twice the levels of vector detected, or ~44 and 7000 integrations
per μg DNA for FG-leptin and HD-leptin, respectively. Thus, even
after the most stringent attempts to remove extrachromosomal

Fig. 3 Pulsed-field gel to remove free adenovirus vector DNA from HMW genomic DNA. The two types of pulsed-field run parameters:
a 10–55 Kb PFGE and b 10–150 Kb PFGE. Lanes M, molecular weight standards; lane 1, FG-Leptin vector DNA; lane 2, standard preparation
DNA; and lane 3, filter prep DNA.

Table 3. Potential integration of adenovirus vector revealed by gel purification.

Vector Timepoint DNA prep methoda Copies of vector per µg of mouse liver DNA
(Copies of vector per cellb)

Pre-Gel Post-Gel Post RE and Gelc

FG-leptin 8 week Standard 16,000 (0.11) 2000 (0.01) 22 (0.00015)d

HD-leptin-D 8 week Standard 700,000 (4.7) 75,000 (0.5) n.d.

HD-leptin 6.5 week Standard 600,000 (4) 100,000 (0.67) n.d.

Filter 67,000 (0.45) 62,000 (0.41) 3500 (0.023)d

aStandard DNA preparation is total cellular DNA, and filter DNA preparation is cellular HMW DNA that remains after PK digestion and filtering through a 2 µm
filter.
bDivided copies of vector per µg DNA by 150,000 cells/µg DNA.
cVector levels after removal of potential concatemers by restriction-enzyme (RE) digestion, followed by gel purification (see text).
dUnder the conditions used, RE digestion could result in ~50% of the integrations being lost during gel purification [17], hence integration level could be
approximately twice that of the vector level shown: 44 and 7000 integrations per µg of mouse DNA (0.0003 and 0.05 integrations per cell) for FG-leptin and
HD-leptin, respectively.
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vector, substantial levels of the vectors remained associated with
genomic DNA, suggesting a portion of the residual copies were
integrated into the mouse genome.

Confirmation and characterization of Ad5 vector integration
To confirm Ad5 vector integration and identify the insertion sites,
we utilized the RAIC PCR assay which is able to detect rare, single-
copy, integration events in a complex mixture in vivo [18]. A
schematic of the RAIC PCR process is shown in Fig. 4. In this study,
in addition to the B1 SINE primer used previously [18], a GT-repeat
primer was also used as a genomic anchor. There are ~184,500
copies of GT repetitive elements interspersed in the 2.5-gigabase
haploid mouse genome, and each occurs, on average, every 13.6
Kb [19]. Therefore, a random integration event would fall, on
average, within ~6.8 Kb of a GT repetitive element. Thus, as is the
case with a B1 genomic anchor, a subset of integration junctions
should be able to be amplified using a vector-specific primer and
a GT primer, long-PCR conditions, steps to remove ‘repeat:repeat’
products (UDG digestion and biotin capture of vector-containing
products), and reamplification using nested PCR.
In the RAIC assay for integrated FG-leptin vector, liver DNA from

4-weeks post-dose was purified by two rounds of preparative
PFGE, using instrument parameters optimized to resolve 10–55 Kb

fragments. The vector primers that were used are illustrated in
Fig. 1a. Six independent integration events were identified. For
integration FG388 (an arbitrary name based on vector breakpoint),
a 2.6 Kb product was detected after three rounds of PCR (Fig. 5d,
lane 2). DNA sequencing confirmed that the PCR product
contained vector sequences (nucleotides 2455–388) covalently
linked to mouse genomic DNA (containing a B1 element) localized
to an intergenic region on mouse chromosome 11 (Fig. 5a). For
integration FG1043, a 1.8 Kb fragment was obtained after three
rounds of PCR (Fig. 5e, lane 5), and DNA sequencing confirmed
that the PCR product contained vector sequences (nucleotides
2455–1043) covalently linked to mouse DNA (containing a B1
element) localized to an intergenic region on mouse chromosome
6 (Fig. 5b). For integration FG22, a 5 Kb fragment was obtained
after three rounds of PCR (Fig. 5e, lane 6), and DNA sequencing
confirmed that the PCR product contained vector sequences
(nucleotides 2455–22) covalently linked to mouse DNA (contain-
ing a B1 element) localized to an intergenic region on mouse
chromosome 5 (Fig. 5c). This integration featured a rearrangement
within the mouse genomic sequence: an ~2.5 Kb genomic
segment was deleted at the insertion site, the genomic ends
shared 6 bp of homology at the junction, and an additional 11 bp
segment at the vector-mouse junction was present that was
potentially generated from homologous recombination between
vector ITRs (Fig. 6). It is not known if these genomic rearrange-
ments occurred before, during, or after the vector integration. For
integration FG1756, a 3 Kb product was detected after three
rounds of PCR (Fig. 7d, lane 2). DNA sequencing confirmed that
the PCR product contained vector sequences (nucleotides
2455–1756) covalently linked to mouse genomic DNA (containing
a GT repetitive element) localized to an intergenic region on
mouse chromosome 4 (Fig. 7a). For integration FG117, a 2.6 Kb
fragment was obtained after three rounds of PCR (Fig. 7d, lane 2),
and DNA sequencing confirmed that the PCR product contained
vector sequences (nucleotides 2455–117) covalently linked to
mouse DNA (containing a GT repetitive element) localized to an
intergenic region on mouse chromosome 2 (Fig. 7b). For
integration FG34388, a 1.1 Kb fragment was obtained after three
rounds of PCR (Fig. 7e, lane 6), and DNA sequencing confirmed
that the PCR product contained vector sequences (nucleotides
33,729–34,388) covalently linked to mouse DNA (containing a B1
element) localized to an intron 4 of Nsun7 gene on mouse
chromosome 5 (Fig. 7c).
In the RAIC assay for the integrated HD-leptin vector, liver DNA

from 6.5-weeks post-dose was purified by filter preparation, followed
by four rounds of preparative PFGE, using instrument parameters
optimized to resolve 20–300 Kb fragments. The vector primers that
were used are illustrated in Fig. 1b. Three independent integration
events were identified. For integration HD49, a 1.8 Kb product was
detected after three rounds of PCR (Fig. 8d, lane 3). DNA sequencing
confirmed that the PCR product contained vector sequences
(nucleotides 1666–49) covalently linked to mouse genomic DNA
(containing a B1 element) localized to an intergenic region on mouse
chromosome 7 (Fig. 8a). For integration HD72, a 2 Kb fragment was
obtained after three rounds of PCR (Fig. 8d, lane 3; same reaction as
HD49), and DNA sequencing confirmed that the PCR product
contained vector sequences (nucleotides 1666–72) covalently linked
to mouse DNA (containing a B1 element) localized to an intergenic
region on mouse chromosome 17 (Fig. 8b). For integration HD220, a
2.2 Kb fragment was obtained after three rounds of PCR (Fig. 8e, lane
6), and DNA sequencing confirmed that the PCR product contained
vector sequences (nucleotides 1666–220) covalently linked to mouse
DNA (containing a GT repetitive element) localized to an intergenic
region on mouse chromosome 8 (Fig. 8c).

Sequence analyses of FG-leptin and HD-leptin insertion sites
Sequencing of the insertion sites revealed a short segment of
homology (1–5 bp) between the vector and genomic DNA

Fig. 4 Strategy of the RAIC PCR assay. The left panel represents the
vector-to-B1 or GT amplification, and the right panel shows the B1-
to-B1 or GT-to-GT amplification. The open box and line represent
the integrated vector sequence and unknown mouse genomic
sequence, respectively. The shadow arrow boxes represent B1 or GT
elements on the mouse genome in different orientations. The arrow
with a bold bar shows the B1 or GT primer in which dTTPs were
substituted with dUTPs, and where the bold bar indicates the Tag
sequence for the successive rounds of PCR. The closed circles
represent biotin coupled to the 5’ end of the vector primer. The
short-dotted lines indicate the B1 or GT primer where dUTP was
digested by uracil DNA glycosylase (UDG). The long-dotted line
represents the initial product from Tag or Tag-nested primer
extension. P1 is the vector-specific primer in the first round PCR,
and P2, P3 is the nested vector-specific primer in the second and
third round PCR, respectively. The assay consists of the following
procedures. The first round of PCR is carried out between a
biotinylated vector-specific primer and the B1 or GT primer in which
dTTPs are replaced with dUTPs. PCR products are treated with UDG.
Then, the biotinylated DNA fragments that originate from the vector
primer are isolated and purified using streptavidin-coated beads.
The second round of PCR is performed using the purified
biotinylated strands as templates and the nested biotinylated
vector primer together with a Tag primer. The third round of PCR
is performed using the purified biotinylated strands from the second
round PCR as templates and the nested vector primer together with
a Tag-nested primer. Finally, the third round PCR products are
sequenced and analyzed.

Z. Wang et al.

327

Gene Therapy (2022) 29:322 – 332



sequences at the breakpoints in all integrations except integration
FG22, which involved an insertion of an additional 11 bp segment
at the junction site (Table 4 and Fig. 6). As described above, the
chromosomal localization of each insertion indicated that all 9
integration events detected in this study occurred at different
genomic sites, and all but FG22 and FG34388 were localized to
different mouse chromosomes (Table 5). None of the integra-
tions were generated by typical homologous recombination,
and only one in nine was located within a gene. By viewing a
100 Kb window flanking each genomic integration site, it was
determined that six of the nine integrations were within 50 Kb

of the nearest intron/exon and three of the nine integrations
were farther than 50 Kb to the nearest gene (Table 5). Finally,
AT-richness of the insertion sites (i.e., a 300-bp window flanking
each insertion site) was examined and the average frequency of
AT base pairs was 59% (Table 5), similar to the average for the
entire mouse genome [19].

DISCUSSION
The enhanced persistence of HD-leptin versus FG-leptin is
consistent with previous observations [3, 4, 6]. Following
adenovirus-mediated gene transfer in vivo, the innate immune
response to adenovirus vectors results in inflammation of
transduced tissues and substantial loss of vector DNA within the
first 2 days [20]. This early response occurs in response to both HD
and FG vectors, as it is induced by the viral particle and is
independent of viral gene transcription. The progressive clearance
of adenovirus vectors is mainly attributed to the adaptive immune
response that is directed against the residual expression of the
viral genes that exist in FG but not HD vectors.
Southern blot analysis indicated that the FG-leptin and HD-

leptin DNA persists in liver predominantly in the form of episomal
monomers. To investigate the level of integrated adenovirus
vector, HMW genomic DNA was purified away from free
adenovirus DNA by PFGE and then assayed by Q-PCR for
associated vector. Using conditions in which the HMW band of
genomic DNA isolated from the gel can be considered represen-
tative of the whole genomic DNA, the level of FG-leptin and HD-
leptin in liver DNA samples was reduced by 80–90%, indicating
that at least 80–90% of vector persisting in liver is extrachromo-
somal. Some of the remaining 10–20% of the detectable vector
could represent extrachromosomal vector that co-purifies with the
genomic DNA (as purification procedures are rarely 100%
effective). As an additional step in the analysis of integration, RE
digestion was used to facilitate the further separation of free

Fig. 5 Integrations in the FG-leptin-treated mouse liver DNA identified by RAIC PCR. a Structure of the junction fragment in FG388. The
open box indicates vector sequence from 388 to 2455; the bold line represents genomic sequence terminating with the mouse B1 element.
b Integration FG1043, with vector sequence from 1043 to 2455 and the genomic with B1 element. c Integration FG22, with vector sequence
from 22 to 2455 and the genomic with B1 element. The filled circle represents 6 bp of homology at a rearrangement site within the mouse
genomic DNA. The filled box represents an 11 nucleotide segment recombined from the ITR of the vector (see Fig. 6). d, e Third round
integration junction products identified by RAIC PCR: FG388, FG1043, and FG22. Lanes M, molecular weight standards; lanes 1 and 4, 2000
copies of FG-leptin vector spiked in 0.4 μg of mouse DNA were used as a nonintegrated assay controls; lanes 2, 3, 5, and 6, 0.4 μg of the FG-
leptin-treated mouse liver DNA as template. The sequence of the product in lane 3 was derived exclusively from vector.

Fig. 6 Integration FG22 contained a rearrangement of both the
mouse genomic and the vector DNA. a Mouse chromosome 5. the
two segments of mouse sequence shown in bold line are 2.5 Kb
apart, and are found in the FG22 junction fragment. The filled circle
symbols 6 bp (AACTCT) of homology at the rearrangement site of
the mouse genomic DNA. b Structure of the junction fragment in
integration FG22. The open box indicates vector sequence from 22
to 2455. The bold line represents mouse sequences from the DNA
segment at chromosome 5. The arrow box is the mouse B1 element.
The filled box represents an 11 nucleotide segment from the vector
ITR. Within the sequenced junction fragment, 2.5 Kb of genomic
DNA is deleted.
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vector from HMW genomic DNA. A rare-cutting RE that cleaves
within the vector was used to digest potential vector concatemers
(or trapped monomers) into shorter fragments while leaving
HMW genomic DNA relatively intact, allowing for more efficient

separation of HMW genomic DNA from free vector. Using RE
digestion prior to gel purification, the level of FG-leptin and HD-
leptin DNA was reduced to 22 and 3500 copies per μg DNA (or
150,000 diploid cells), respectively. Under the conditions used in

Fig. 7 Integrations in the FG-leptin-treated mouse liver DNA identified by RAIC PCR. a Structure of the junction fragment in FG1756. The
open box indicates vector sequence from 1756 to 2455; the bold line represents genomic sequence terminating with the mouse GT repeat.
b Integration FG117, with vector sequence from 117 to 2455 and the genomic with GT repeat. c Integration FG34388, with vector sequence
from 33729 to 34388 and the genomic with B1 element. d, e Third round integration junction products identified by RAIC PCR: FG1756, FG117,
and FG34388. Lanes M, molecular weight standards; lanes 1 and 4, 2000 copies of FG-leptin vector spiked in 0.4 μg of mouse DNA were used
as a nonintegrated assay controls; lanes 2, 3, 5, and 6, 0.4 μg of the FG-leptin-treated mouse liver DNA as template. The sequence of the RAIC
PCR products in lane 5 was derived exclusively from mouse genomic DNA.

Fig. 8 Integrations in the HD-leptin-treated mouse liver DNA identified by RAIC PCR. a Structure of the junction fragment in HD49. The
open box indicates vector sequence from 49 to 1666; the bold line represents genomic sequence terminating with the mouse B1 element.
b Integration HD72, with vector sequence from 72 to 1666 and the genomic with B1 element. c Integration HD220, with vector sequence from
220 to 1666 and the genomic with GT repeat. d, e Third round integration junction products identified by RAIC PCR: HD49, HD72, and HD220.
Lanes M, molecular weight standards; lanes 1 and 4, 0.1 μg of control mouse DNA as control template; lanes 2 and 5, 5000 copies of HD-leptin
vector spiked in 0.1 μg of mouse DNA were used as a nonintegrated assay controls; lanes 3, and 6, 0.1 μg of the HD-leptin-treated mouse liver
DNA as template.
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the present study, RE digestion could cause in the loss of ~50% of
the integrated vector during gel purification [17]. Thus, the
frequency of integration of FG-leptin and HD-leptin could be as
high as ~44 and 7000 integrations per μg DNA, respectively,
assuming the residual vector copies associated with genomic DNA
were integrated and not just a result of incomplete purification.
Since 1 μg of cellular genomic DNA represents ~150,000 diploid
genomes, this would correspond to ~0.0003 and 0.05 integrations
per cell for FG-leptin and HD-leptin, respectively. Previously, an
adenovirus vector expressing fumarylacetoacetate hydrolase
(FAH) was found to be integrated in liver nodules which grew
under selective pressure in the FAHΔexon5 mouse model at a
frequency of 6.72 × 10−5 per transduced hepatocyte; however, this
occurred in proliferating nodules under selective pressure [14].
The integration frequency of FG-leptin is similar to that reported
for rAAV vectors in vivo, which was observed to be approximately
and 6 × 10−4 integrations per diploid genome in mice, although
the efficiency of recovery of integration events in the method

used is not known [21]. Similarly, rAAV integration frequencies of
10−4–10−5 integrations per diploid genome were observed in
nonhuman primates [22] and humans [23].
To put the potential integration frequencies of FG-leptin and

HD-leptin into perspective for risk assessment, we compare them
with the spontaneous mutation frequency. The median somatic
mutation frequency (single nucleotide variations) in humans is
estimated to be approximately 1680 mutations per cell (2.8 ×
10−7 mutations per base pair (bp) × 6 × 109 bp per diploid cell)
[24]. With the worst-case assumption that all vector DNA
associated with HMV genomic DNA is integrated, the mutation
frequency due to integration of HD-leptin and FG-leptin would
be 104- and 106-fold lower, respectively, than this spontaneous
mutation frequency. Since integration of foreign DNA may be
potentially more disruptive to gene expression than single
nucleotide variation, we also make a more conservative, worst-
case comparison to the spontaneous rate of gene-inactivating
mutations, which in human lymphocytes is estimated to be in

Table 4. DNA sequence of each junction sitea.

Sequence source Integration HD49 Integration HD72 Integration HD220

Vector aatatgataATGagggggtg ttgtgacgTGGcgcggggcg acaATTTtcgCgcggtttta

Cellular gggattcacATGgtgtctaa aagaaggaTGGgttgaaggt ggaggcATTTCctcaactga

Junction gggattcacATGagggggtg aagaaggaTGGcgcggggcg ggaggcATTTCgcggtttta

Sequence source Integration FG1043 Integration FG117 Integration FG1756

Vector gaaatgtcatTGatcctggt tgtggcggaaGTGTgatgtt gggcgggggtCgttgggcgg

Cellular ctgagaggaaTGgcaggcaa gtgtttctctGTGTtacccg tgaatcctgcCaatccatga

Junction ctgagaggaaTGatcctggt gtgtttctctGTGTgatgtt tgaatcctgcCgttgggcgg

Sequence source Integration FG388 Integration FG34388

Vector tagagcccACcgcatcccca Atatacctta

Cellular ctcagtttACttggtaaatt ttactagtgaAgttagaatt

Junction ctcagtttACtcgcatcccc ttactagtgaAtatacctta

Sequence source Integration FG22

Vector tcccttccagctctctgccccttttggattgaagccaatatgataa

Cellular acacacacacacacacacacacacacacagggcttactttatacag

Junction acacacacacacacacacacatatataccttattttggattgaagccaatatgataa

Bases shown in CAPITAL letters are homologous between the vector and cellular sequences, and retained in the junction sequence. Bases from the vector and
cellular sequences that are shown in bold are found in the junction sequence. Additional 11 bp at junction site of integration FG22 was shown in italic letters.
aThe table shows the vector, cellular, and the junction sequences of the nine integrations that were isolated and sequenced.

Table 5. The genomic site for integrationa.

Integrations Chromosome localization Distance to nearest gene Frequency of ATb

FG22 Chr5: 108454485 5.6 kb to Mfsd7a 62.00%

FG117 Chr2: 94579612 >50 kb 57.00%

FG338 Chr11: 101662526 3 kb to Arl4d 55.70%

FG1043 Chr6: 22397341 41.3 kb to Fam3c 55.30%

FG1756 Chr4: 121598681 15.3 kb to Gm12887 66.30%

FG34388 Chr5: 66265313 Hit intron 4 of Nsun7 64.00%

HD49 Chr7: 30560941 0.9 kb to Psenen 53.70%

HD72 Chr17: 81940270 >50 kb 62.00%

HD220 Chr8: 30949802 >50 kb 54.30%

58.9% (average)
aMouse bioinformatics data obtained from UCSC Genome Bioinformatics Mus musculus GRCm38/mm10.
bPercent AT base pairs within a 300 bp window flanking the integration site.
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the order of 10−6 mutations per gene copy (i.e., per one of the
two copies of genes on autosomal chromosomes) [25]. Making
the hypothetical worst-case assumption that every integration falls
in or near a gene copy and affects its expression (which based on
the characterization of nine integrations in this study is actually likely
to be a rare event), and dividing integrations per cell by a
conservative estimate of 40,000 gene copies per cell (2 copies ×
20,000 genes per diploid cell) [26], the frequency of gene copy
mutation would be ~10−6 or 10−8 for HD and FG-leptin,
respectively. In this hypothetical worst-case scenario, the integration
frequency observed with HD-leptin would be comparable to the
spontaneous frequency of gene copy mutation, while the integra-
tion frequency observed with FG-leptin would be approximately
100-fold below the spontaneous frequency. Again, this is a worst-
case comparison because many or most integrations would
probably not fall within or affect a gene copy (and furthermore,
affecting one copy of an autosomal gene may or may not have a
phenotypic consequence since the other copy would unlikely be
affected). These worst-case comparisons suggest a low risk of
insertional mutagenesis due to integration of Ad5 vectors following
intravenous administration.
To confirm integration and identify insertion sites, we used

RAIC PCR, which was developed to detect rare, single-copy
integration events in a complex mixture in vivo [18]. We
identified nine independent and unique integration events in
liver DNA from mice treated with FG-leptin and HD-leptin.
Characterization of the insertion sites revealed several features
that are consistent with illegitimate (nonhomologous) recombi-
nation [27]. Each of the nine integrations found in this study
were located at different sites within the mouse genome. The
junction sites identified in the present study contained
microhomology between the vector breakpoint and the inser-
tion site within the cellular DNA, resulting in deletions and/or
additions at the junction sites, a feature typically observed in
illegitimate integration [18, 27] including studies of Ad5 and
Ad12 vectors in vitro [10, 11]. Plasmid and several viral vectors
have been reported to preferentially integrate within or near
transcriptionally active genes [18, 28–30]. An in vitro study has
revealed that half of the adenovirus integrations took place
within genes [12]. In the present study, although only nine
integrations were characterized, one of the nine integrations
characterized fell within a gene, which is not consistent with
previously observed propensity of foreign DNA to preferentially
integrate into genes.
The concern about insertional mutagenesis by DNA and viral

vectors is the potential activation of oncogenes or inactivation of
tumor suppressor genes, which could potentially lead to oncogen-
esis. Insertional oncogenesis has generally been considered a
remote, theoretical concern due to the relatively low chance of
hitting an oncogene or suppressor gene and the potential need for
two or more “cooperative” hits based on the multi-step nature of
carcinogenesis. Concern over insertional oncogenesis was origin-
ally heightened by the observation and characterization of two
cases of leukemia [31], and later a third case [32], in a gene therapy
trial for X-linked severe combined immunodeficiency (X-SCID). This
trial, which involved ex vivo transduction of immature lymphocytes
from infants with high doses of a retroviral vector containing the γc
chain transgene. In the leukemia cases, it is thought that the γc
chain transgene cooperated with the oncogene (the LMO2 gene in
the first two cases), which had been activated by insertion of the
retroviral vector LTR in a uniquely sensitive population of immature
lymphocytes [33, 34]. Studies of recombinant AAV (rAAV) vectors
have also raised concerns about insertional oncogenesis, as high
doses of rAAV in newborn mice have been associated with the
development of hepatocellular carcinoma [35]. More recently,
clonal expansion of transduced liver cells with integrated vector
was observed in some dogs in long-term follow-up after rAAV gene
therapy for hemophilia [36]. With respect to the risk of insertional

oncogenesis by Ad5 vectors, a HD Ad5-vectored HIV vaccine was
negative for tumorigenicity when tested in newborn hamsters and
newborn rats at the maximum tolerated dose of 1010 and 1011

virus particles (subcutaneous), respectively [37].
This report described the integration of FG and HD Ad5

vectors in mouse genomic DNA following intravenous injection
in mice, in a manner consistent with random, illegitimate
recombination. With a dose of 1011 virus particles in mice, the
frequency of integration of FG-leptin and HD-leptin was orders
of magnitude lower than the spontaneous somatic mutation
frequency. While this study involved intravenous injection, we
have carried out studies involving intramuscular injection of
Ad5-vectored HIV vaccines and obtained similar results (Troilo
et al., unpublished results; briefly summarized in a meeting
report from the WHO [38]).
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