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Adeno-associated viral (AAV) vectors have traditionally been
viewed as predominantly nonintegrating, with limited con-
cerns for oncogenesis. However, accumulating preclinical
data have shown that AAV vectors integrate more often than
previously appreciated, with the potential for genotoxicity.
To understand the consequences of AAV vector integration,
vigilance for rare genotoxic events after vector administration
is essential. Here, we investigate the development of multicen-
tric lymphoma in a privately owned dog, PC9, with severe he-
mophilia A that was treated with an AAV8 vector encapsidat-
ing a B domain–deleted canine coagulation F8 gene. PC9
developed an aggressive B cell lineage multicentric lymphoma
3.5 years after AAV treatment. Postmortem analysis of the
liver, spleen, and lymph nodes showed the expected bio-
distribution of the AAV genome. Integration events were
found both in PC9 and a second privately owned hemophilia
A dog treated similarly with canine F8 gene transfer, which
died of a bleeding event without evidence of malignancy. How-
ever, we found no evidence of expanded clones harboring a sin-
gle integration event, indicating that AAV genome integrations
were unlikely to have contributed to PC9’s cancer. These find-
ings suggest AAV integrations occur but are mostly not geno-
toxic and support the safety profile of AAV gene therapy.

INTRODUCTION
Although it has been traditionally accepted that adeno-associated
viral (AAV) vectors are nonintegrating with limited concerns for trig-
gering oncogenesis,1,2 more recent studies have challenged the previ-
ously presumed safety profile of AAV vectors.3,4 Neonatal mice
treated with AAV vectors have a significantly increased incidence
of hepatocellular carcinoma due to integrations of vector genomes.5–7

In addition, 2 adult hemophilia A (HA) research colony dogs treated
with AAV vectors showed an increase in transgene factor VIII (FVIII)
levels over time.8 Postmortem analysis found that these HA dogs had
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clonally expanded hepatocytes that harbored AAV integrations,
although there was no evidence of oncogenesis.8 In addition, benign
integration events have been observed in both nonhuman primates
and human patients treated with AAV vectors.9 These findings high-
light the need for surveillance to detect rare potentially genotoxic
AAV vector integration events.

Four cancers have been reported to date in AAV recipients with he-
mophilia: 2 in HA recipients and 2 in hemophilia B (HB) recipients
(Table 1).10,11 Investigations into the cancers in the HB recipients
did not identify a link between AAV vector treatment and oncogen-
esis.10,11 Although integration analyses of the tumors in HA recipients
have not yet been published, results reported at meetings suggest that
there is also no evidence that AAV vector integrations played a role in
oncogenesis. A recent report described the development of an epithe-
lioid neoplasm of the spinal cord 14 months after the intravenous
administration of onasemnogene abeparvovec; although AAV vector
genomes were present in most tumor cells, integration site analysis
was inconclusive because of limited sample availability.12 These find-
ings are overall reassuring; however, the possible time between expo-
sure to AAV vector and formation of an AAV-related cancer is
unknown.

Here, we investigate the development of multicentric lymphoma in
PC9, a privately owned dog with severe HA, who received an AAV
serotype 8 (AAV8) vector. The development of PC9’s cancer is of
particular concern due to the time after vector administration and
the type of cancer. Multicentric lymphoma is the most common ma-
lignancy in dogs, with 25 cases reported per 100,000 dogs per year at
inical Development Vol. 31 December 2023 ª 2023 The Author(s). 1
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Table 1. Cancers reported in hemophilia AAV gene therapy clinical trial subjects

Disease Vector dose (vg/kg) AAV capsid Cancer Cancer VCN Subject predispositions

Hemophilia A 6 � 1013 AAV5 Parotid acinic cell carcinoma
No difference from
nonneoplastic tissues

Not identified (European Hemophilia
Consortium, Press Release, 2022)

6 � 1013 AAV5
B cell acute lymphoblastic
leukemia

No difference from
nonneoplastic tissues

Philadelphia Chromosome (Biomarin
Pharmacetical Inc., SEC Filing, 2022)

Hemophilia B 1 � 1012 AAV8
Squamous cell carcinoma
of the tonsil

0 Not identified10

2 � 1013 AAV5 Hepatocellular carcinoma 3.21 Infection with hepatitis C and B viruses11
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an average age of diagnosis of 6–9 years.13,14 Although canine multi-
centric lymphoma can be of T or B cell origin, it is estimated that
70%–80% of cases are of B cell origin.15 Studies in mice and
nonhuman primates have shown that AAV8 transduces lymphoid tis-
sues and lymphocytes,16–18 suggesting that the vector that PC9
received likely was present in his lymphocytes. Likewise, data from
AAV gene therapy clinical trials have shown that peripheral blood
mononuclear cells clear AAV vector slower than other tissues;19

this prolonged presence of vector in hematolymphoid tissue poten-
tially allows more time for the AAV vector genome to integrate
into lymphocytes and cause deleterious downstream effects. Further-
more, exposures to mutagens often have a latent period before the
carcinogenic effects can be seen. The incubation time for blood can-
cers after Epstein-Barr virus infection is roughly 4 years.20 These con-
siderations raised the question about the role of AAV integration in
the development of cancer in PC9.
RESULTS
Control dog PC1 and diagnosis of multicentric lymphoma in PC9

PC1 was a privately owned shepherd mix diagnosed with severe HA
caused by a threonine to methionine point mutation at amino acid 62
in the canine F8 gene. As previously reported,21 PC1 was treated with
5 � 1013 total vector genomes per kilogram (vg/kg) of an AAV8 B
domain–deleted (BDD) canine (c) FVIII dual vector system driven
by a thyroxine-binding globulin gene promoter/enhancer (Figure 1,
top) at 13 months of age.22–24 He died from a bleeding event 8.8 years
after treatment (B.S.D., B.S.J., M.B.C., unpublished data). Gross and
histopathological clinical autopsy of PC1 did not demonstrate evi-
dence of cancer. Postmortem liver samples were saved for further
research and were used as controls to compare against PC9.

PC9 was a privately owned mixed-breed dog diagnosed early in life
with severe HA caused by a 10-bp deletion in exon 14 of the F8
gene. PC9 was treated at 9 months of age with 6 � 1012 vg/kg of an
AAV8 vector containing a codon optimized BDD-cFVIII variant
gene (DF + V3) driven by a human a1 antitrypsin (hAAT) promoter
(Figure 1, bottom).25–29 PC9 tolerated treatment well, with transgene
cFVIII antigen and activity in the moderate HA range (B.S.D., B.S.J.,
M.B.C., unpublished data).

Three and one-half years after gene therapy, at 4 years of age, PC9 was
diagnosed with multicentric lymphoma. This cancer was aggressive,
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with the rapid onset of neurological symptoms leading to euthanasia
on the same day as the diagnosis. The early age of onset coupled with
the aggressive presentation warranted further study to determine
whether the AAV vector was involved with oncogenesis. Gross and
histopathological clinical autopsy determined that the cancer had in-
filtrated peripheral and visceral lymph nodes, the cranial medias-
tinum, the spleen, the liver, and the lungs. Postmortem samples of
the liver, spleen, and lymph nodes were saved for further analysis.

Examination of H&E-stained sections demonstrated that neoplastic
cells were present in the lymph nodes, spleen, and liver of PC9 (Fig-
ure 2). The architecture of the lymph node was entirely replaced by
neoplastic lymphocytes, which extend through the capsule and into
the perinodal adipose tissue (Figures 2A and 2B). The spleen had sig-
nificant cancer infiltration, with sheets of neoplastic lymphocytes
markedly expanding the white pulp (Figures 2C and 2D). The liver
had modest tissue infiltration, with neoplastic lymphocytes expanding
portal tracts (Figures 2E and 2F). The neoplastic lymphocytes are inter-
mediate to large (Figures 2B, 2D, and 2F). Sections of liver from PC1,
who was unaffected by cancer, showed normal morphology, with no
evidence of neoplastic cells (Figure 2G). The samples fromPC9 demon-
strated that the spleen and lymph nodes were effaced by neoplastic
cells, whereas the liver was only modestly affected.

Sections of the spleen were immunostained for CD3 (T cell
marker),14,30 CD79b (B cell marker),14,31 and Pax5 (a mature B cell
marker)32 to determine the cell of origin. Neoplastic cells were nega-
tive for CD3 (Figure 3A). Approximately 90% of neoplastic cells were
positive for CD79b (Figure 3B) and 75% were positive for PAX5 (Fig-
ure 3C). Combined, these findings indicate that the lymphoma is of B
cell origin, as are a majority of canine multicentric lymphoma cases.
Vector copy number (VCN) determination

To determine the number of vector genomes present in each tissue,
vector-specific TaqMan primers were designed to target the pro-
moters (Figure 1; Table S1). Splenic and lymph node samples were
confirmed by both gross and histopathological examination to be
diffusely infiltrated by cancer, with neoplastic cells throughout each
section. Genomic DNA (gDNA) isolated from 8 sections of each
frozen tissue was analyzed with these TaqMan primers, and they
demonstrated VCN per diploid cell of 0.05 in the liver and 0.02 in
the spleen. The signal from amplification of the hAAT promoter in
er 2023



Figure 1. Schematics of vectors

Illustration of the dual vector system and single-chain

vector system used to treat HA dogs PC1 and PC9,

respectively. (Top) In the dual vector system shown, 2

separate AAV vectors delivered either the 2.5-kb cFVIII

heavy chain or the 2.4-kb cFVIII light chain driven by the

same liver-specific thyroxine binding globulin promoter/

enhancer. These constructs used an embedded intron and

SV40 polyadenylation signal to promote expression. The

site of the TaqMan primers and probe are shown on the

schematic near the 30 end of the thyroxine binding

globulin promoter. (Bottom) The single-chain vector

contains a codon-optimized cFVIII cDNA sequence with

the DF + V3 B domain linker (SFSQNPPVSKATNVSNNSNTSNDSNVS) driven by a liver-specific hAAT promoter. This construct also used an embedded intron and SV40

polyadenylation signal to drive expression. The site of the TaqMan primers and probe are shown on the schematic near the 30 end of the hAAT promoter. SQ, XX.
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the lymph nodes was below the level of detection (estimated at a VCN
of <0.0006 genomes per diploid cell) (Figure 4).

Because the vector genome is not consistently present in all of the tis-
sues infiltrated by lymphoma, these data are inconsistent with an
AAV vector genome integration contributing to the development of
lymphoma in PC9. If insertional mutagenesis by AAV contributed
to transformation, then samples with a significant cancer burden
such as the spleen and lymph nodes would be expected to have a
VCN approaching 1 genome per diploid cell. The value could be
higher if vector genomes were present in untransformed cells or if
the neoplastic cells had more than 1 integrated AAV genome. How-
ever, this was not seen. The lower VCN values seen in these samples
replicate the expected biodistribution of an AAV8 vector.

In comparison, the PC1 liver gDNA samples were analyzed for VCN,
with TaqMan primers designed to target the thyroxine binding glob-
ulin (TBG) promoter. PC1 was determined to have a VCN of 29.07
genome copies per diploid cell. The higher VCN in PC1 compared
to PC9 is likely due to the higher vector dose he received.

Vector genome integration analysis

To understand the vector composition of the dog samples in more
detail, we also carried out an analysis of integration site distributions.
The TaqMan qPCR showed that an intact AAV vector genome inte-
gration was not responsible for cancer transformation, but the inte-
gration of partial genomes may still have caused insertional mutagen-
esis. We thus undertook deep sequencing of tissue samples to evaluate
for AAV vector integrations using an integration site recovery proto-
col that identifies AAV vector sequence integrations at the edges of
the AAV vector genome that include AAV inverted terminal repeats
(ITRs). Clonally expanded integration sites or integration sites near or
within oncogenes were of highest concern.

gDNA from 3 disparately spaced samples of the liver, spleen, and
lymph nodes from PC9 (9 samples total) were analyzed for AAV vec-
tor integrations using ligation mediated PCR which targets ITR se-
quences.8 Three gDNA samples from the liver of PC1 were also
analyzed as controls.
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In the 9 samples from PC9, 41 distinct integration events were de-
tected (Table S2). Of these, 30 integrations were detected in hepatic
samples, 10 integrations were detected in splenic samples, and only
1 integration was detected in lymph node samples (Figure 5A). We
were reassured that no single integration event was repeated between
any gDNA samples. Based on the diffuse cancer infiltration of the
spleen and lymph nodes, all of the samples contained gDNA from
neoplastic cells. The absence of repeated integration events across
neoplastic cells indicates that an AAV vector genome integration
did not expand with the lymphoma cells and is inconsistent with
an AAV vector genome integration driving oncogenesis. Further-
more, the distribution of these integration events correlated with
the relative distribution of persisting vector genomes seen in the
TaqMan qPCR assay, further supporting the conclusion that no inte-
gration is expanded within the lymphoma.

In the hepatic gDNA samples analyzed from the control dog PC1,
there were 212 distinct integration events detected (Figure 5A;
Table S3). Despite the large number of integrations, none of the inte-
gration sites found in PC9 were also found in PC1. The larger number
of integration events in PC1 is likely due to the increased vector dose
received. Because the probe used to find the AAV integrations is spe-
cific to the ITR sequences, there is no way to distinguish which vector
(AAV-cFVIII-heavy chain or AAV-cFVIII-light chain) is integrated
at any given location.

Estimates of the number of integration events per cell or sample are
challenging.33 Lower-bound approximations of integrations using
the Chao1 estimator34 suggest there are at least 460 events in PC1’s
liver samples and 33 events in PC9’s liver samples. This is estimated
to be between 1 and 3 integrations per cell for PC1 and between 0.1
and 0.2 integrations per cell for PC9. The Chao1 estimated integration
events for PC9 are similar to the observed events because of the over-
all low number of events.

The distribution of identified integration sites between PC9 and PC1
was similar. Neither dog had evidence of an integration that occurred
in the exon of an oncogene. Of all of the integrations found in PC9,
0% were in exons, 2.4% were in oncogene transcriptional units,
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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Figure 2. Lymph node, spleen, and liver histology of PC9 and PC1

Formalin-fixed and paraffin-embedded postmortem tissue samples from PC9’s lymph node (A and B), spleen (C and D), and liver (E and F) were stained with H&E and viewed

at either 4� (A, C, and E) or 40� (B, D, and F) magnification to assess cancer burden. Densely packed neoplastic cells efface the normal tissue architecture of the spleen and

lymph node (A–D) and moderately infiltrate PC9’s hepatic portal tracts (E and F). As a comparison, a postmortem liver sample from PC1 stained similarly (G) demonstrates

normal liver morphology with no neoplastic cells. 4� scale bars, 200 mm; 40� scale bars, 20 mm.
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39% were in the transcriptional units of nononcogenes, and 59% were
in intergenic regions (Figure 5B). In all of the integration events found
in PC1, 3.8% were in nononcogene exons, 6.6% were in oncogene
transcriptional units, 37% were in the transcriptional units of nonon-
cogenes, and 53% were in intergenic regions (Figure 5C). Although
the observed frequency of identified integrations in PC1 and PC9
into transcriptional units is higher than would be randomly expected,
the observed frequency into oncogene transcriptional units is lower
than would be randomly expected (Figure S1). These results suggest
that although the total number of integration events increases with
higher vector doses, the distribution remains roughly the same. A to-
tal of 4.9% and 9.8% of PC9’s integration events and 13% and 16% of
PC1’s integrations events were within 25 or 50 kb of oncogene tran-
scriptional units, respectively.

The single integration event in an oncogenic transcriptional unit in
PC9 occurred in the gene STARD13, which acts as a tumor suppressor
in hepatocellular carcinomas. However, this integration event was
not clonally expanded and is therefore not causative of PC9’s cancer.
The 8 exonic integrations in PC1 were also not clonally expanded.
However, 3 separate integration events occurred within exons of
ZCCHC10, which codes for a zinc finger nuclease thought to be
4 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
important in p53 regulation and a cancer suppressor.35 There is no
sequence homology between the vector genome and ZCCHC10.

Six integration events were identified as a potential clonal expansion
(present in R5 cells) in the gDNA samples from PC9 by the sonic
abundance method (Table 2).36 Three intergenic integrations were
potentially clonally expanded in the spleen or liver. The most abun-
dant was an intergenic integration found upstream of TNFRSF19 in
a hepatic gDNA sample; however, it was expanded to only 11 cells.
Three transcriptional unit integrations were also clonally expanded
in the liver or spleen, although only expanded to 7 cells each. The
only integration found in the lymph node samples was identified in
a single cell. None of these integration events are expanded suffi-
ciently to suggest that they were consistently present in neoplastic
cells.

Only 1 integration in PC1, in an intron of PEBP4, was found to be
potentially expanded to 5 cells (Table 3). PEBP4 codes for a secreted
phosphatidylethanolamine binding protein with many biological
functions.37,38 It has been suggested to be a regulator of signaling
pathways in many cancer types, including gastric and non-small
cell lung cancers. Of note, an AAV vector genome integration in
er 2023



Figure 3. Immunohistochemistry staining shows neoplastic cells are of B cell origin

To determine the cell of origin of the lymphoma, immunohistochemistry for T cell (CD3) and B cell (CD79b and Pax5) markers was performed on formalin-fixed paraffin-

embedded sections of spleen. (A) Neoplastic cells are negative for CD3. (B) 90% of neoplastic cells exhibit cytoplasmic staining for CD79b, whereas (C) roughly 75% exhibit

nuclear staining for Pax5. Scale bars, 20 mm.
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PEBP4 leading to a clonal expansion has also been previously re-
ported in an AAV-treated dog.8 This is the only integration identified
that has been previously observed after AAV vector administration.

These results support a model in which oncogenesis in PC9 was inde-
pendent of AAV vector administration; the putatively clonally
expanded integrations in PC9 are neither sufficiently expanded nor
consistently found across multiple samples. PC1 also had many
unique integration events, including a putatively clonally expanded
integration, but with no evidence of oncogenesis. Combined, these
data indicate that AAV vector genome integrations occur but mostly
without significant genotoxic effects.

DISCUSSION
PC9 was diagnosed with an aggressive lymphoma at 4 years of age,
well before the typical 6- to 9-year-old age range of diagnosis. Post-
mortem examination showedmulticentric B cell lymphoma involving
lymph nodes, spleen, liver, lungs, and cranial mediastinum. Because
of the uniqueness of this model of HA (privately owned pet dog living
in real-world conditions) and the growing preclinical data suggesting
that AAV vector genome integrations can cause clonal expansions,
which may increase the incidence of cancer, further investigation
into the cause of the cancer was undertaken. A single research colony
HA dog has previously been reported to have developed a localized
solid tumor after AAV vector administration, with the tumor having
no detectable vector.39

Despite the early age of diagnosis and aggressive nature of the lym-
phoma, methods evaluating ITR and promoter integrations provide
no evidence that PC9’s cancer was caused by the integration of the re-
combinant AAV8-cFVIII vector. A copy of the promoter would be
expected to be present in every neoplastic cell if a full AAV vector
genome integration contributed to the lymphoma; this would have re-
sulted in VCNs closer to 1 genome per diploid cancer cell in cancer-
infiltrated tissues. In contrast, we found the expected biodistribution
of vector genomes after AAV8 gene therapy: a high concentration of
AAV genomes in the liver, lower levels in the spleen, and few to no
AAV vector genomes present in the lymph nodes. However, this
experiment only assayed for the presence of the vector-specific pro-
Molecular T
moter due to the sequence-specific limitations of TaqMan-based
PCR and the high oncogenic potential of a promoter integration. Par-
tial AAV vector genome integrations that do not include the pro-
moter can occur and would not be captured in this assay.

Integration analysis also did not support a role for partial ITR-con-
taining AAV genome integrations in cancer transformation in PC9.
Although many ITR-containing integration events were found,
none of these integrations was notably expanded. Furthermore, no
ITR-containing integration event was found in more than one sam-
ple, suggesting that there was no driving ITR-containing integration
event that contributed to oncogenesis and expanded with the cancer.

This integration analysis did not link ITR-containing AAV genome
integrations to oncogenesis, but it did provide other insights. PC9
had 6 integrations that were putative clonal expansions. The clinical
significance of these integrations and putative expansions is yet un-
known, although their presence stresses the importance of continued
monitoring for genotoxicity after AAV vector administration in both
preclinical and clinical studies.

Integration analysis in PC1, who received a vector dose of 5� 1013 vg/
kg and had 29.07 vector copies per diploid genome in his liver,
showed a significantly increased burden of AAV vector integration
events with 212 integration events across 3 hepatic samples. In
contrast, PC9, who received a lower vector dose of 4 � 1012 vg/kg
and had 0.05 vector copies per diploid genome in his liver, had
only 30 integration events in 3 hepatic samples. These data support
an association between the dose of AAV vector administered and
the number of integration events, with larger doses leading to an
increased incidence of AAV genome integrations. The relationship
between AAV vector dose and number of vector integration events
in PC1 and PC9 is similar to the association observed in 6 research
colony HA dogs.8 In these 6 dogs treated with AAV doses between
1.2� 1013 and 4� 1013 vg/kg, integration analysis identified between
161 and 764 vector genome integrations across 3 liver samples. Com-
bined, these results suggest that larger vector doses likely increase the
total number of integration events, but do not change the integration
targeting.
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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Figure 4. VCN analysis in PC9 and PC1

TaqMan qPCR targeted to the hAAT and TBGpromoters (see Figure 1) were used to

determine the VCN in 50 ng of gDNA from PC9’s liver, spleen, and lymph nodes,

and PC1’s liver. Vector copies were quantified using a 12-point standard of 1:10

dilutions from 1 � 1011 copies per reaction down to 1 copy per reaction, with the

expression cassette containing plasmid. VCNswere determined using 5.5 pg gDNA

per diploid canine cell. Data shown as an average of 2 experiments of 8 gDNA

samples run in duplicate with SD. ****p < 0.0001.
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No integrations at the same site occurred between PC1 and PC9. This
suggests that there is not a common locus for insertion, but rather that
genomes may be inserted into transcriptionally active parts of the
genome. However, 2 integration sites stand out. First, PC1 had mul-
tiple unique integrations in the gene ZCCHC10. ZCCHC10 is known
to be expressed in the liver and may be an integration target due to
being in an open chromatin state.40 Second, the single integration
site that was potentially clonally expanded in PC1, PEBP4, has been
previously reported to be clonally expanded in a research colony
HA dog (J60) that received a similar dual AAV vector gene therapy
with BDD-cFVIII, albeit with a different serotype vector (AAV9)
than PC1.8 Postmortem liver samples of J60 demonstrated that vector
integrations into PEBP4 were clonally expanded to >100 cells; this
represented the largest clonal expansion reported in the study.8 Inte-
gration in PEBP4 leading to putative clonal expansions in >1 dog war-
rants further study.

In both PC1 and PC9, AAV vector genome integrations were identi-
fied within and close to oncogenes. These integrations are of the high-
est concern because they have the potential to initiate or contribute to
oncogenesis. However, in this study of long-term samples 8.9 and 3.5
years after vector administration, the integrations in transcriptional
units of oncogenes were not observed to be clonally expanded. These
data show that although these high-concern integrations do occur,
there is no evidence to support the fact that they have genotoxic ef-
6 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
fects. Furthermore, these results suggest that integrations in the tran-
scriptional units of oncogenes are a rare event rather than a locus for
AAV vector genome integrations.

The analyses used in this study are limited in their abilities to detect
partial vector genome integrations. The TaqMan-based VCN analysis
only identified the presence of the vector-specific promoters, whereas
the vector genome integration analysis probed only the 50 and 30 ITR
sequences. However, these assays are the emerging standard to
analyze gDNA samples for AAV genome integration events. The
lack of ITR-including integrations and low promoter-based VCN in
the lymph nodes suggest that AAV vector genomes were likely not
present in neoplastic tissue in large quantities. Nonetheless, it is
important to note that the possibility of partial AAV vector genome
integrations causing insertional mutagenesis cannot be wholly elimi-
nated in PC9 because of these experimental limitations.

Another consideration for oncogenic potential is the transgene being
delivered by the AAV vector. A recent study reported that mice tran-
siently expressing BDD-FVIII have a higher incidence of hepatocellu-
lar carcinoma than do mice expressing full-length FVIII, hypothe-
sized to be due to cellular stress induced by BDD-FVIII protein.41

However, in our study, the transgene is driven by a liver-specific pro-
moter. Since the cancer is of B cell origin, transgene BDD-FVIII pro-
tein was unlikely to contribute to its development. Furthermore, the
VCN analysis showed that even if this promoter were leaky and
driving ectopic expression in lymphocytes, the vector is not consis-
tently present in the lymphoma, further supporting the conclusion
that transgene BDD-FVIII did not contribute to oncogenesis.

These data augment the safety profile of AAV gene therapy emerging
from clinical trials. Similar to the recent investigation of the develop-
ment of hepatocellular carcinoma in a hemophilia B AAV gene ther-
apy subject,11 here, we found no evidence that the AAV vector played
a role in the formation of PC9’s cancer. In the subject with hepatocel-
lular carcinoma, 95 total AAV genome integration sites were identi-
fied with no pathogenically expanded or dominant integration site.11

In our study, both PC9 and PC1 had a similar order of magnitude of
AAV vector genome integration events, with no dominant integration
sites or large putative clonal expansions. These results reinforce the
low risk of AAV vector genotoxicity, but they also emphasize the
importance of continued surveillance for rare oncogenic events given
the number of vector integration events observed, including at previ-
ously reported sites.
MATERIALS AND METHODS
Privately owned dogs

The study was approved by the University of Pennsylvania Institu-
tional Animal Care and Use Committee (protocol no. 804598), the
Matthew J. Ryan Veterinary Hospital of the University of Pennsylva-
nia Privately Owned Animal Protocol Committee (protocol no. 366),
and the Children’s Hospital of Philadelphia Institutional Animal Care
and Use Committee (protocol no. 001441).
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Figure 5. AAV genome integration events are similarly

distributed in PC9 and PC1

Sites of AAV genome integration locations were determined

in 9 (3 from each tissue) gDNA samples from PC9 and 3 liver

gDNA samples from PC1 by ligation-mediated PCR,

sequencing, and alignment to a reference canine genome.

(A) The distribution of the 41 integration events in PC9

matches the VCN distribution seen in Figure 4, with 30

integration events in the liver, 10 in the spleen, and only 1 in

the lymph nodes. PC1 has 212 integration events in the liver

alone. The spleen and lymph node of PC1 could not be

analyzed because samples were not saved. (B) The

genomic location of all 41 integrations in PC9. One inte-

gration was in an oncogene transcriptional unit (TU), 16 in-

tegrations were in nononcogene TUs, and 24 integrations

were intergenic. (C) The genomic locations of all 212

integrations in PC1. Eight integrations occurred in the non-

oncogene exons, 14 occurred in oncogene TUs, 78

occurred in nononcogene TUs, and 111 were intergenic.

www.moleculartherapy.org
Immunohistochemistry on paraffin-embedded sections

Tissues were fixed in 10% neutral buffered formalin. Trimmed tissues
were routinely processed for paraffin embedding, sectioned to 5 mm
thickness, and mounted on ProbeOn slides (Thermo Fisher Scienti-
fic). The immunostaining procedure was performed using a Leica
BOND RXm automated platform combined with the Bond Polymer
Refine Detection kit (Leica DS9800).

After dewaxing (Leica AR9222) and rehydration in distilled H2O,
sections were pretreated with the epitope retrieval BOND ER2
high pH buffer (EDTA-based pH 9.0, Leica AR9640) for 20 min
at 95�C. Endogenous peroxidase was inactivated with 3% H2O2

for 10 min at room temperature. Nonspecific protein-protein in-
teractions were blocked with Leica PowerVision IHC/ISH Super
Blocking solution (Leica PV6122) for 30 min at room temperature.
The primary antibody (CD3ε, Bio-Rad, MCA1477T, rat mono-
clonal antibody; PAX-5, Cell Signaling Technology, no. 12709,
D7H5X, rabbit monoclonal antibody; or CD79b, Cell Signaling
Technology, no. 96024, rabbit monoclonal antibody) was diluted
1/600 using the same solution used for the blocking step and
applied for 45 min at room temperature. A biotin-free polymeric
IHC detection system (Leica DS9800) consisting of horseradish
peroxidase–conjugated Gt anti-rat immunoglobulin G secondary
antibody was applied for 25 min at room temperature. Immunore-
activity was revealed with the diaminobenzidine chromogen reac-
tion. Slides were finally counterstained in hematoxylin, dehydrated
in an ethanol series, cleared in xylene, and permanently mounted
with a resinous mounting medium (Thermo Scientific ClearVue
coverslipper). Tris-buffered saline (Leica AR9590) was used as
washing solution in between steps.
H&E tissue staining

Tissues were fixed in 10% neutral buffered formalin. Trimmed tissues
were routinely processed for paraffin embedding, sectioned to 5 mm
thickness, and stained with H&E.
Molecular T
gDNA isolation

Frozen tissues samples were obtained from the clinical veterinarians
that performed the autopsies. Pieces of tissue were excised, homoge-
nized, and separated into 10-mg portions. gDNA was isolated via the
Qiagen DNeasy Blood and Tissue kit (Qiagen no. 69506) standard
protocol.

A total of 180 mL of buffer ATL and 20 mL Proteinase K was added to
each tissue sample. This mixture was vortexed and incubated at 56�C
until lysed. The sample was then vortexed, 200 mL buffer AL was
added, and then vortexed again. The sample then had 200 mL 100%
ethanol added and was thoroughly mixed by vortex. The sample
was placed on a DNeasy Mini spin column and centrifuged at
10,000� g for 1 min. The flow through was discarded and the column
was washed with 500 mL AW1 by centrifugation at 10,000 � g for
1 min. The column was washed a second time with 500 mL AW2
by centrifugation at 20,000� g for 3 min. The gDNA was then eluted
in 200 mL buffer AE by the addition of the AE, incubation at room
temperature for 1 min, and then centrifugation at 10,000 � g for
1 min. The concentration of the resulting gDNAwas then determined
by absorbance before being used in subsequent assays.
TaqMan qPCR

All TaqMan qPCR reactions were performed using the 2� Primetime
Gene Expression Master Mix (Integrated DNA Technologies no.
0000796148) on a Bio-Rad CFX384 Real-Time System. Reactions
were run in 384-well plates (Thermo Scientific AB3384B) with a total
volume of 20 mL. The primers used (Table S1) were ordered from In-
tegrated DNA Technologies and brought up to 100 mM in biological
grade H2O. The probe uses Integrated DNA Technologies’ dual
quencher system with a 50 Cy5 fluorophore, TAO quencher in the
middle of the oligo, and a 30 Iowa Black RQ-Sp quencher. The final
concentration in each well was 0.25 nM for the forward and reverse
primers and 0.15 nM for the probe. The total amount of gDNA in
each well was 100 ng. Each sample was run in duplicate. Cycling
herapy: Methods & Clinical Development Vol. 31 December 2023 7
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Table 2. Top clonal expansions in PC9

Sample Position ID No. of cells Nearest gene
Distance to
nearest gene, bp Location

Nearest
oncogene

Distance to Nearest
oncogene, bp

Oncogene
location

Liver no. 8 chr25 + 15086085.1 11 TNFRSF19 10,386 Upstream FGF9 1,544,240 Upstream

Spleen no. 6 chr16–55072312.1 9 CSMD1 68,403 Downstream MCPH1 3,234,449 Upstream

Spleen no. 7 chr7+2395624.1 7 CAMSAP2 0 Intron KIF14 152,627 Upstream

Spleen no. 6 chr30 + 9893210.1 7 UBR1 0 Intron HSP90AA1 98,747 Downstream

Liver no. 7 chr19–33689377.1 7 DPP10 0 Intron CKS1B 300,947 Downstream

Spleen no. 8 chr5+18591802.1 6 NXPE2 13,326 Upstream NNMT 434,715 Upstream

Molecular Therapy: Methods & Clinical Development
conditions were as follows: 3 min at 95�C, 15 s at 95�C, 30 s at 60�C,
read Cy5 fluorescence, and repeat steps 2–4 40 times. Vector copies
were quantified by comparing Ct values against a standard of known
copy numbers made from the plasmid used in the production of the
AAV vector. The standard used 10-fold dilutions from 1� 1011 down
to 1 genome per well.

VCNs were determined by dividing the number of vector genomes
by the number of diploid genomes present in the gDNA sample,
which was estimated based on an average of 5.5 pg gDNA per
diploid canine cell.8
Integration analysis

Integration analysis was performed as previously described using
sonic abundance ligation–mediated PCR.8,36 In brief, gDNA was
sheared to a size of �1,000 bp, purified, and ligated to barcoded
linkers. Ligated gDNA then underwent 2 different PCR protocols
that used linker-specific primers mixed with virus-specific primers
to enrich integration sites. Nested PCR reactions with primers land-
ing near the inner edge of ITR sequences (D region) selectively ampli-
fied genomic fragments containing AAV/genomic DNA juncture se-
quences (Table S1). Samples were purified post-PCR, pooled, and
quantified with an Illumina MiSeq. AAV genome integrations were
determined using the AAVenger software pipeline, had ITR
sequencing remnants removed, and then were aligned to the canine
genome to identify integration positions. Flip and flop ITR forms
were observed when ITR remnants were not largely truncated or re-
arranged. The number of unique fragment lengths at each position
were then used to determine clonal abundance. The list of considered
Table 3. Top clonal expansions in PC1

Sample Position ID No. of cells Nearest gene
Distance to
nearest gene, bp

Liver #2 chr25 + 34466837.1 5 PEBP4 0

Liver #3 chr3+48611060.1 3 SV2B 78,585

Liver #3 chr1-19778565.1 2 LINC01416 18,111

Liver #3 chr1-54737525.1 2 RPS6KA2 0

Liver #3 chr1-88043170.1 2 FAM189A2 0

Liver #3 chr10–21814404.1 2 SULT4A1 0

8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
oncogenes and their sources for the informatic analysis is available at
http://www.bushmanlab.org/links/genelists. Vector integrations per
cell were estimated similarly to VCNs.
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