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Abstract

Nine hemophilia A dogs were treated with adeno-associated viral (AAV) gene therapy and
followed for up to 10 years. Administration of AAV8 or AAV9 vectors expressing canine factor
VI (AAV-cFVIII) corrected the FVIII deficiency to 1.9%-11.3% of normal FVIII levels. In two
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of nine dogs, FVIII activity increased gradually starting about four years after treatment. None of
the dogs showed evidence of tumors or altered liver function. Analysis of integration sites in liver
samples from six treated dogs identified 1,741 unique AAV integration events in genomic DNA
and expanded cell clones in five dogs, with 44% of these integrations near genes involved in cell
growth. All recovered integrated vectors were partially deleted and/or rearranged. Our data suggest
that the increase in FVI1I1 protein expression in two dogs may have been due to clonal expansion of
cells harboring integrated vectors. These results support the clinical development of liver-directed
AAV gene therapy for hemophilia A while emphasizing the importance of long-term monitoring
for potential genotoxicity.

Editorial summary:

An AAV gene therapy study in hemophilia A dogs finds clonal expansions of transduced cells.

Gene therapy for hemophilia A has moved from preclinical studies in mice and dogs to
successful trials in humans!—4. AAV vectors to deliver FVII1 were first evaluated in
hemophilia A dogs in the early 2000s>~’. While AAV gene therapy has demonstrated
promising results in clinical studies for hemophilia B for more than eight years®?, studies
for hemophilia A are at an earlier stagel=. Since recombinant (r)AAV commonly persists in
an episomal form10, rAAV may not be maintained in tissues undergoing cell division.
However, as hepatocytes in healthy dogs are typically quiescent!!, the dog model is well
suited to long-term studies designed to understand the durability and safety of AAV gene
therapy and to evaluate tissues not accessible with human subjects.

One of the safety concerns for AAV gene therapy is the potential for genotoxic integration
events. After introduction into cells, rAAV primarily remains episomall? but integration into
the host genome has been observed in micel?-16, non-human primates” and humans?7-18,
To date there have been no serious adverse events involving genotoxicity by rAAV vector
integration in humans or large animals. Other studies of wild type AAV in humans or rAAV
in mouse models have detected tumors associated with AAV. Studies of wild-type AAV
reported AAV integration events in human hepatocellular carcinoma (HCC), suggesting a
possible role of AAV integration in transformation19-21, However, AAV copy number was
much less than one per cell, so the idea that integration events caused HCC seems
unlikely9-21, Another study showed that some AAV2 vectors contain a sequence in the 3’
untranslated region, adjacent to the AAV inverted terminal repeat (ITR), that has
transcriptional enhancer in liver cells?2. This element has been identified in HCC in humans
and may be a mechanism of transformation in these tumors2°. While HCC has not been
observed in rAAV-treated adult mice or other mammals12:17.18.23 the development of rAAV-
associated HCC has been reported after delivery to neonatal micel424-26 and to young
adults of mouse strains that have a high incidence of spontaneous liver tumors27:28, This
suggests the possibility that active cell division such as that occurring during development
can be associated with genotoxic integration events14:24:25 In neonatal mice, rAAV
integration events were identified recurrently in specific genomic regions in HCC tissue,
suggesting possible insertional mutagenesis!®. The above findings warrant further research
to assess the safety of rAAV gene therapy.
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In this study, we treated nine hemophilia A dogs with AAV-cFVII1I and followed them for as
long as ten years. Levels of cFVIII activity were maintained throughout the study,
representing the longest sustained therapeutic levels of FVIII expression observed in a
hemophilia A large animal model associated with a significant reduction in spontaneous
bleeding events. Two dogs showed a gradual rise in FVIII expression. Upon termination of
the study, AAV integration analysis on the liver tissue in these two dogs and four other dogs
revealed clonal expansion of cells, with insertions near genes that are cancer-associated in
humans, but not overt nodule formation or transformation.

Sustained FVIII expression after AAV delivery

We treated hemophilia A dogs with two approaches, using either the two cFVI1II chains (TC)
encoded separately, or a single chain (SC) encoded in one vector® (Fig. 1a and Table 1). The
TC approach takes advantage of the normal intracellular processing of FVIII, in which FVIII
undergoes proteolytic cleavage into two polypeptides that form a heterodimer that is
subsequently secreted. In this approach, an AAV vector (AAV8 or AAV9) encoding the
FVIII heavy chain (HC) was co-delivered with an AAV vector encoding the FVIII light
chain (LC)8. The SC approach used an AAVS vector to deliver B-domain deleted cFVI115.

All the AAV-treated hemophilia A dogs maintained cFV 111 expression for the entire study
(2.2 t0 10.4 years; Fig. 1b, 1c, Table 1). These hemophilia A dogs have an intron 22
inversion that is analogous to the most common mutation in humans, and have a severe
bleeding phenotype (<1% cFVI1II activity)2°. After AAV administration, the mean levels of
cFVIII activity for the dogs treated with the TC approach were 5.6% of normal for the dogs
at the high vector dose and 3.4% for the dogs at the low vector dose (Table 1). One dog (J60)
treated at the high vector dose required a splenectomy at the time of vector infusion and had
a higher level of cFVIII expression (8.1% = 4.0) than the other dogs treated at this dose (see
Methods for additional details). For the SC treated dogs, the mean levels of cFVIII
expression were 6.2% for the high vector dose and 1.7% for the low vector dose. At the final
time points, all dogs had levels of cFVI1I1 activity that were close to or greater than the mean
cFVIII expression (Table 1). FVIII activity was also demonstrated by the shortening of the
whole blood clotting time (WBCT) (Supplementary Fig. 1).

Two dogs (Linus and M50) showed a gradual increase in cFVI1I1 expression that began more
than four years after vector administration. Linus had 4% cFVIII activity at four years post-
vector delivery, gradually increasing to 11% activity at 10 years after AAV administration
(Fig. 1b). M50 had 4% cFVII11 activity at four years post-AAV delivery that gradually
increased to 10% activity at 7 years after vector administration (Fig. 1c). Two other dogs,
Woodstock and MO06, also had possible modest FVIII increases.

Clinical observations after AAV gene therapy

A cohort of naive hemophilia A dogs (n=11) was followed prospectively for four years to
determine the frequency of bleeding events. All bleeding events required treatment with
recombinant cFVI11 30 or normal canine blood products. The annualized bleeding rate
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(ABR) was 12.7 + 6.0 (see also 31; Supplementary Fig. 2), similar to the ABR for
hemophilia patients treated episodically, who have 18.5 bleeds/patient/year32. In contrast,
the nine AAV-treated hemophilia A dogs had a total of seven bleeding episodes during the
combined total of 60 years of follow-up after AAV administration. The ABR per AAV-
treated hemophilia A dog was between 0.00 and 0.45 with a mean of 0.13 + 0.16, lower than
reported for people with hemophilia on prophylaxis (ABRs of 4.8-6.0 bleeds/patient/
year)32,

Clinical blood chemistries were obtained two to four times per year in AAV-treated dogs to
monitor for adverse reactions. The alanine aminotransferase (ALT) level was within the
normal limits for six of the nine dogs at most of the time points analyzed (Fig. 2a,b).
Woodstock and Linus had an elevation (<2 times ULN) in ALT that began four years after
AAV administration. These dogs were older (four years old) at the time of vector
administration than the other dogs studied. L51 also had ALT levels that were >2 times the
normal limits at multiple time points that are considered mildly elevated33. The aspartate
aminotransferase (AST) levels were within normal limits for all dogs for the duration of the
study (Fig 2c,d). These mild, asymptomatic liver enzyme elevations are not consistent with a
specific liver disease pattern. The serum alpha-fetoprotein (AFP) is a biomarker for hepatic
disease, including HCC in some patients34-36. The AFP values for all dogs were within the
normal range at all times analyzed (Fig. 2e,f). Other blood chemistries were monitored
throughout the study with no clinical concerns.

The liver pathology was evaluated at the final time point in the AAV-treated hemophilia A
dogs and compared to naive (to gene therapy) hemophilia A (n=10), hemophilia B (n=9) and
normal (n=9) dogs of similar age from the same colony (Supplementary Tables 1 and 2).
Some of the findings were consistent with features commonly observed in older dogs and
were seen in both AAV treated and untreated (i.e., naive) dogs. No pathologies definitively
related to the treatment were identified. Three of nine AAV-treated hemophilia A dogs had
clinical symptoms that led to ending the study early, but none were believed to be related to
AAV gene therapy (Methods).

The immune response to cFVIII (Supplementary Fig. 3) and neutralizing antibodies (NAb)
to the AAV capsid (Supplementary Table 3) were also followed during the study.

Investigation of the increase in FVIII expression

We investigated the mechanism of the rise in FVII1 expression in Linus and M50
(Supplementary Table 4). At 6 years post vector administration, an ultrasound and liver
biopsy were performed on Linus; no tumors, nodules, or notable inflammation in the liver
were detected. The rise in FVII1 levels was not associated with changes in levels of serum
alpha-fetoprotein (AFP), fibrinogen, von Willebrand Factor (vWF) and clearance receptor in
liver (Fig. 2e,f; Supplementary Fig. 4).

We next assessed AAV vector copy number (VCN) (Table 1). For dogs that had multiple
liver samples per lobe available for analysis, the VCNs showed that the vector was
distributed throughout the liver (Supplementary Table 5). Higher VCN levels were not
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detected in Linus and M50. J60 had a higher VCN than the other dogs; we speculate that the
splenectomy at the time of vector administration may have increased liver transduction.

The pattern of cFVIII expression in the liver after AAV delivery was assessed using
immunohistochemistry. Most of the tissue analyzed had cFVIII expression that was
dispersed throughout the tissue, although some areas of the liver had what appeared to be
clonal populations of cells expressing cFVIII (Extended Data File 1). No major differences
were noted between the dogs.

Analysis of integration site distributions in livers of AAV-treated dogs

AAV vector genomes are expected to be present in multiple forms, with some integrated in
the canine genome and some persisting as episomes. As integration can influence gene
function and cell growth, we analyzed the locations of vector integration sites in the dog
genome and the behavior of cell clones harboring these sites.

We analyzed 20 samples of liver tissue taken at necropsy from six AAV-treated dogs and two
untreated hemophilia A dogs as controls. Liver DNA samples were selected to represent
high, medium and low VCN ranges. Integration sites were recovered from genomic DNA
samples by shearing DNA using sonication, ligating DNA linkers to the broken DNA ends,
then carrying out nested PCR amplification using primers that bound to the ligated linker
and the vector ITR sequences. (Supplementary Fig. 5). The resulting DNASs containing
junctions between dog genomic DNA and vector DNA were then sequenced using the
Illumina platform, and reads were mapped onto the dog genome (CanFam3).

From these data we can also estimate clonal abundance of cells harboring each unique
integrated vector. For a tissue sample containing DNA with expanded clones, there will be
multiple DNA chains from each expanded clone that contain an identical integration site.
Each chain will usually be broken by sonication at a different location in the flanking dog
DNA. As a result, there will be different locations of adaptor ligation in the cellular DNA
flanking the integration site. These points of adaptor ligation can then be quantified by
sequencing from both ends of amplification products, providing a measure of the number of
cells sampled3’.

We identified a total of 1,741 putative unique integration sites, corresponding to 3,263
inferred cells sampled (Supplementary Table 6). Statistical analysis revealed modest but
significant homology between AAV and canine sequences at vector-host junctions
(Supplementary Fig. 6), suggesting that annealing of complementary DNA sequences
promoted integration in at least some cases. Numbers of cells sampled per integration site
ranged from 1 to 130; the high values indicate extensive clonal proliferation following the
integration event. These expanded clones were scarce—unique integration sites recovered
from at least three cells corresponded to only 4.8% of the cell population. No integration
events were identified in the Rian/DIk/Dio region (identified as canine chromosome 8,
~68,900,000 to 69,800,000), previously associated with AAV integration and transformation
in mice 1425, The number of integration sites recovered per sample were positively
correlated with VCN (Fig. 3a; p=3.0x10~4). Most ITRs that were associated with integration
were truncated (Supplementary Fig. 7), as seen in previous studies3:38,
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We selected 18 integration sites for validation by targeted PCR and Sanger sequencing,
focusing on expanded clones. We succeeded in validating 13 (Supplementary Fig. 5 and
Supplementary Table 7). Two sites found in negative controls could not be validated,
indicating probable laboratory contamination.

Global analysis of integration site distributions showed that integration events were
distributed throughout the dog chromosomes (Fig. 3b). Integration was significantly favored
in transcription units (Fig. 3c and d), and near CpG islands, which are associated with active
transcription (Fig. 3c).

One possible contributor to cell persistence is insertional mutagenesis of genes involved in
growth control. Comparison of our results to catalogs of cancer-associated genes in humans,
mapped to canine homologs, showed that integration events were found modestly more
frequently in cancer-associated genes than expected by chance (Fig. 3e), and gene ontology
analysis disclosed modestly higher integration frequency in genes from several pathways
regulating cellular growth (Supplementary Table 9).

To assess possible effects of insertional mutagenesis on cellular proliferation, we studied the
vector integration sites in the most expanded clones. The most expanded clones (=5 cells;
n=54) are shown in Fig. 4a; all clones detected at least twice are in Supplementary Table 12.
A challenge is that vector integration may mark a cell clone that expanded for a reason
independent of insertional mutagenesis. Therefore, we looked for integrations that occurred
multiple times independently in expanded clones from any of the dogs. Five genes were
found at integration sites that expanded in multiple dogs (Fig. 4a): EGR2 (4 dogs), EGR3 (2
dogs), CCND1 (2 dogs), LTO1 (2 dogs) and ZNF365 (2 dogs). All these genes have been
associated with transformation in humans. Two clones expanded beyond 100 cells, with
vectors integrated at the genes “deleted in leukemia 2” (DLEUZ2) and
“phosphatidylethanolamine binding protein 4” (PEBP4). In humans, DLEUZ is a commonly
deleted gene in leukemia3®. PEBP4 is implicated as a modulator of signaling pathways in
multiple cancer cell types#041,

Clustering of integration sites in the canine genome.

Vector integration sites recovered in treated subjects can cluster on the target genome if
integration at specific locations leads to increased cell growth or survival, so that at later
times cells with such integration events are present at increased frequency. We used model-
independent scan statistics 42 to assess possible clustering, and identified five clusters
(limiting cluster sizes to less than 0.5 Megabases). These corresponded to apparent clusters
at EGR2, EGR3, CCND1, ALB, and DUSP1 (Supplementary Table 10). Genetic maps of
clusters at EGR2, EGR3 and CCND1 are shown in Fig. 5. All three of these genes also
hosted integration events in expanded clones, providing two different indications that
integration at these genes is associated with preferential cell proliferation or persistence.

Structures of integrated vector DNAs

As the structures of AAV vector sequences in cells can be complex12:16.26 \we investigated
the structures of integrated vectors in expanded clones. We designed PCR primers that
bound to the dog genome on either side of seven loci in expanded clones inferred to contain
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integrated vectors, amplified the full vector sequence, and sequenced them by Illumina
sequencing, successfully validating five (Figure 4b; Supplementary Fig. 5).

The most expanded clone from Linus (integrated at DLEU?2) contained an intact copy of the
promoter and heavy chain portion of the factor V111 transgene (F8) (Fig. 4b). The ITRs were
truncated at both ends, and in addition a portion of the polyA site was duplicated. After
extensive attempts, four additional integrants were also characterized, integrated in two
cases at EGR3, and one each at PARD3 and EGR?2. In all these cases the vectors were
greatly truncated, so that the transgenes were deleted, and the ITRs significantly shortened.
Our reconstruction studies showed that intact ITRs inhibit PCR amplification, and internal
repeat structures and longer concatemers are likely also recovered inefficiently, all
potentially biasing the types of products recovered.

Rearrangements of the AAV vector

Our data provides additional evidence of extensive vector rearrangement. An average of
82% of integration sites showed apparent integration of AAV into F8 itself (Supplementary
Fig. 5, Supplementary Fig. 8). These could be confidently ascribed to vector rearrangements
(i.e. apparent integration of the vector into itself), and not integration in the genomic F8
copy, based on three observations: 1) No integration was seen in introns of the cellular F8
locus; introns are absent in the F8 cDNA in the vector (Supplementary Fig. 9 and 10). 2) The
B-domain coding region of F8, which is absent in the vector but not the genomic locus,
lacked apparent integration sites (Supplementary Fig. 10). 3) Numerous sequence reads were
seen where F8 sequence crossed exon boundaries; such junctions are present in the F8
cDNA but not the genomic locus (Supplementary Fig. 9). This documents extensive
formation of rearranged concatemeric AAV vector forms, which persisted in dog liver for the
full duration of the study. For most of these concatemers, it is unknown whether they are
integrated or episomal, nor whether these rearrangements occurred during vector production
or in the target cells. Examples of rearranged sequences are shown in Supplementary Fig.

11. A previous report also identified joining of AAV vector sequences with each other as a
prominent output from integration site analysis*3

DISCUSSION

After years of preclinical studies, AAV gene therapy for hemophilia A has yielded
therapeutic levels of FVIII in human patients. Although the durability and safety of the
approach remain mostly unstudied in humans, long-term outcomes can be readily evaluated
in dogs. We have demonstrated that expression of FVI1I can persist in dogs for as long as 10
years. Unexpectedly, two of the nine treated dogs had gradual rises in FVI1I expression,
reaching levels that were four-fold higher than the those observed in the first four years.
There were no clinical adverse events or evidence of malignancy related to AAV
administration in any dog. Analysis of integration site distributions showed expansion of
clones that harbored vector integration in genes potentially associated with growth control.

The clinical phenotype correlated with the levels of FVIII expression. After AAV
administration, there was a >97% reduction in the ABR (mean = 0.13) even in dogs that
expressed very low levels of FVIII. ABR of <1 is lower than that reported for human
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patients on prophylaxis32. Because gene therapy provides continuous expression of FVIII, it
has the advantage that the outcome does not depend on the maintenance of trough FVIII
levels and compliance to a treatment regimen. Our data confirm that even low levels of
FVIII achieved by gene therapy substantially improve the disease phenotype.

We considered several hypotheses that might explain the increase in FVIII expression in two
of the dogs. The increase was independent of the delivery approach (TC vs. SC), vector
dose, and promoter element (Supplementary Table 4). The TC or SC vectors had different
promoter elements, TBG and hAAT, respectively. The TBG promoter has been linked to
HCC in mouse models!428 while no studies have associated the hAAT promoter with
HCC12.14.44 Both promoters are in clincial development#4546, The increase in FVIII
expression was also not associated with any pathological findings, such as inflammation or
biomarkers of hepatic disease.

The most plausible explanation emerged from the analysis of clonal behavior based on
integration site analysis. Integration was favored in transcription units, and, in the most
expanded clones, 44% were found near genes that in humans are associated with cell growth
control and cancer. However, we could document only one intact transgene in our sequence
data (an intact heavy chain at the DLEU2 site in Linus), suggesting a potential role for
unsampled expanded clones elsewhere in the liver in rising FVIII levels.

In previous work, a 46 nt liver-specific enhancer-promoter element adjacent to the wild-type
AAV?2 ITR was associated with cancer in humans 2221, In our analysis of integration sites,
by chance we used the 46 nt element as the primer landing site for our AAV primer, so this
sequence is inferred to be present in all the AAV sequences reported here. The 46 nt region
is present in early AAV vectors*” but not in many of the current clinical AAV vectors 22,

Structures of AAV sequences in the dog livers were complex. Mapping of AAV sequences at
five sites of integration yielded only one vector with an intact transgene, and even this vector
was truncated and partially rearranged. Rearrangements were identified in both TC- and SC-
treated dogs, indicating that the large size of the transgene in the SC construct did not make
it more prone to rearrangements. Joining of vector ITRs to internal vector sequences was
seen in 82% of all apparent integration sites. These events were clearly integrations into F8
in the vector and not the genomic F8 locus, because numerous reads spanned exon
boundaries, the B domain (deleted in the vector) was not targeted, and no integration events
were detected in F8 introns. One implication of these data is that the vector copy number as
usually measured in patient samples may greatly over-estimate the number of functional
copies of the encoded therapeutic gene. It will be of interest to investigate whether
modification of the vector structure or the transduction procedure can increase the
proportion of intact transgenes ultimately present in target cells. Another question for future
investigation is whether the structure of loci containing vector DNAs changes over time after
AAV infusion, for example, through iterative recombination that yields the greatly truncated
vector derivatives observed at some integration sites (Fig. 4b).

This study has several limitations. The sample size is small, as is common in gene therapy
studies of large vertebrates. Integration site analysis recovers some but not all integration
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events, so inferences are based on incomplete data. Because of the sampling scheme used,
we were unable to pair integration site analysis with an analysis of expression of nearby host
genes. In the integration site analysis, integration events associated with large deletions of
the host chromosome could have been mis-identified as two independent integration events.
For the vector-into-vector integration events, it is unknown whether the the sequences are
integrated or episomal. Reconstruction studies showed that the DNA folding in the full ITR
sequence interferes with efficient PCR, creating a possible recovery bias in favor of
molecules with deleted ITRs. Lastly, hepatocytes can become polyploid during normal liver
homeostasis, which could have been scored in our assays as low-level clonal expansion 48

Our findings pose questions for ongoing clinical hemophilia gene therapy trials and other
AAV gene therapy studies. To our knowledge, no previous study has documented a rise in
FVIII expression after AAV-FVIII gene therapy in small or large animals. The FVIII levels
in the dogs we studied remained within the range of a mild human hemophilia A phenotype;
however, supra-physiological FVII1 levels have been associated with thrombosis and would
be concerning#9:59. Although AAV clinical studies for hemophilia A, with three years of
follow-up?, and for hemophilia B, with about 10 years of follow-up?, have not reported
increases in transgene expression or vector-mediated serious adverse events, our data
emphasize the importance of long term monitoring after AAV gene therapy.

AAV administration in hemophilia A dogs

The hemophilia A dogs were maintained at the University of North Carolina, Chapel Hill.
All procedures in the dogs were approved by the Institutional Animal Care and Use
Committee at the University of North Carolina. Vector administration and cFVI1II transgene
constructs were previously described. The two chain approach was delivered by the portal
vein which requires exteriorization of the spleen®52, While performing this procedure, one
dog (J60) developed a small fracture that was unable to be repaired and obtain hemostasis. A
decision was made to perfom a splenectomy from which the dog recovered without
sequelae. J60 had a decline in FVIII expression in the absence of any rise in liver enzymes
(Fig. 2a,c) or evidence of an immune response (Supplementary Figure 3). The single chain
approach was delivered by intravenous infusion using a peripheral vein.

cFVIIl activity, antigen and antibody assays

cFVIII activity was determined using the Chromogenix Coatest SP4 FVIII (Diapharma,
Lexington, MA) using normal canine plasma as a standard. WBCT was performed as
previously described®. cFVI111 antigen levels were determined by ELISA as previously
described®. To confirm the observation that the levels of cFVIII activity and antigen levels
increased over time in Linus and M50, the activity and antigen levels were each measured in
a single assay. Anti-cFVIII antibodies were detected by cFVI1I-specific 1gG1 and 1gG2
antibodies by ELISAS. In each 1gG ELISA assay, the pre-treatment baseline sample for each
dog was used as a control and subtracted as the background for each dog for the duration of
the study to account for any variation in the background for each assay. The Bethesda assay
was used to measure anti-cFV111 neutralizing antibodies as previously described®.
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Serological studies of antibody responses to the AAV vector

Heat-inactivated canine plasma samples were diluted (1:1 to 1:3155) in heat-inactivated fetal
bovine serum before incubation with AAV8-Chicken-Beta-Actin-Renilla Luciferase for one
hour at 37°C. Plasma samples incubated with the AAV8 vector were transferred onto human
embryonic kidney cells stably expressing Ad-E4 (ATCC Number: CRL-2784) and incubated
overnight at 37°C. Using the Renilla Luciferase Assay System (Promega, Madison, WI) and
a luminometer (\Veritas Microplate Luminometer, Turner BioSystems), the luciferase
expression was assayed. The NAD titer is defined as the first dilution of the dog plasma at
which there is 50% or greater inhibition of the reporter gene expression compared to the
untreated HA canine plasma control sample.

Annualized bleeding rate

Naive hemophilia A dogs (n=11) from two litters were followed prospectively for four years
to obtain a detailed bleeding history for the dogs. The AAV treated dogs were monitored for
bleeding events for the duration of the study. The annualized bleeding rate (ABR) was
calculated based on the total number of bleeding events/number of years on the study.

Quantitative PCR for DNA copy number analysis

DNA from liver samples from different liver lobes of treated dogs was isolated using
DNeasy Blood & Tissue Kit (Qiagen, Germantown, MD). When multiple liver samples from
each liver lobe were available, an analysis of the vector copy number per liver lobe was
performed (Supplementary Table 5). Gene copy numbers from each sample was determined
using real-time quantitative polymerase chain reaction (QPCR) with TagMan (Thermo Fisher
Scientific, Waltham, MA). Primers were designed to recognize either the cF8 light chain
(Forward: 5° — AAGTGGCACAGTTACCGAGGGAAT - 3’; Reverse: 5° —
GCAACTGTTGAAGTCACAGCCCAA - 3’; Probe with a 5’ fluorescein derivative (6-
FAM), lowa Black FQ and Zen quenchers 5 — AGTACATCCGTTTGCACCCAACCCAT
-3’ or the cF8 heavy chain region (Forward: 5’ - AAGGGAGTCTGGCCAAAGAAAGGA -
3’; Reverse: 5° - CATTGATGGTGTGCAGCTCATGCT - 3’; Probe with a 5’ fluorescein
derivative (6-FAM), lowa Black FQ and Zen quenchers: 5’ —
AAATGCGTCTTTGACACAGGCTGAGG - 3°). These primers bind within the the cF8
cDNA sequence while the primers for the integration analysis bind outside of the cF8
sequence (see Integration Site Analysis; Supplementary Table 11). The level of cF8 copies
was standardized against a series of dilutions of linearized pAAV plasmid containing the
cFVIII-BDD transgene.

Assays to assess fibrinogen, alpha fetoprotein and vWF

Fibrinogen levels were assayed using the Canine Fibrinogen ELISA kit (ab205083, abcam,
Cambridge, MA). Canine alpha fetoprotein was assayed using a Dog AFP ELISA kit
(Kamiya Biomedical Company, Seattle, WA). VWF was detected by an ELISA assay. Canine
VWEF in citrated plasma samples was captured using Rabbit Anti-human VWF (Dako, Santa
Clara 95051) and detected using the same antibodies HRP conjugated using the Lighting
Link HRP kit (Novus Biologicals, LLC, Centennial CO).
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Western blot analysis of LRP1

For western blot analysis of LRP1, whole cell lysate extraction was carried out from frozen
liver tissue using RIPA lysis buffer (Cell Signaling Technology, Danvers, MA) with
Complete Protease Inhibitor Cocktail (Roche, Mannheim, Germany). Protein concentrations
were determined using Coomassie Bradford Protein Assay Kit (Thermo Scientific, Waltham,
MA) and similar amount of proteins were loaded onto a NUPAGE 4-12% Bis-Tris gel
(Thermo Fisher Scientific, Waltham, MA) under reducing conditions. Samples were then
blotted onto a nitrocellulose membrane, and detected using Rabbit Monoclonal Anti-LRP1
antibodies (ab92544, Abcam, Cambridge, MA) and Goat Anti-rabbit 1gG (H+L) IRDye 800
CW (925-32211, Li-COR, Lincoln, NE). After LRP staining, the membrane was stripped
using Li-COR Stripping Buffer (Li-COR, Lincoln, NE) and stained for GAPDH as a loading
control (Mouse recombinant Anti-GAPDH, 6C5, Abcam, Cambridge, MA; Goat Anti-
mouse IgG (H+L) IRDye 680RD, Li-COR, Lincoln, NE). After densitometry the levels of
protein for each dog was adjusted based on GAPDH and normalized to the untreated
hemophilia A dog. Uncropped image of Western blot is provided (Source Data Supp Fig. 4).

Immunohistochemistry

Liver samples were fixed in formalin before paraffin-embedded. 5-um thick slides were
incubated in boiling 1ImM EDTA for antigen retrieval in a microwave oven. Endogenous
peroxidase was blocked using 2.13% sodium meta periodate buffer, followed by further
blocking in buffer containing 5% goat serum (Cell Signaling Technology, Danvers, MA).
FVIII was detected using mouse monoclonal anti-cFV 111 or rabbit polyclonal anti-cFVIII
(Green Mountain Antibodies, Burlington, VT) followed by biotinylated goat anti-rabbit 1gG
Antibody (Vector Laboratories, Burlingame, CA). Slides were incubated with
VECTASTAIN ABC Kit (Vector Laboratories, Burlingame, CA) and immunohistochemical
reactions were carried out using SignalStain DAB Substrate Kit (Cell Signaling Technology,
Danvers, MA).

Analysis of anti-FVIII and anti-AAV antibodies

Although the dogs in this study had been exposed to plasma-derived cFVIII protein to treat
bleeding episodes prior to vector delivery, they did not have any evidence of an immune
response to cFVIII prior to AAV administration. Eight of the nine dogs had no evidence of
anti-cFVIII antibodies throughout the study (Supplementary Fig. 2) 6.

Neutralizing antibodies (NAD) to the AAV capsid can prevent the transduction of AAV at the
time of vector administration or interfere with readministration. Prior to vector
administration, the anti-AAV8 Nab titers were <1:1 in all dogs except for one that showed
possible low titers (1:1 to 1:3.16) (Supplementary Table 1). After AAV administration, titers
rose to >1:3000 and remained between 1:1000 and 1:3000 at the terminal time points. These
data indicate that the anti-AAV antibody titers persisted for years at high levels following
AAV administration.

Liver Pathology

The liver was removed within minutes after euthanasia in eight of the nine dogs. The one
exception was Woodstock who died from a fatal hemorrhage on the kidney. All five lobes
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were identified, palpated and examined for macroscopic abnormalities. All lobes were then
cut into ~1 cm serial sections and the cut surfaces were inspected for abnormalities. Samples
were then taken from all five lobes that were snap frozen in liquid nitrogen, frozen in
Optimal Cutting Temperature (Fisher Scientific) or placed in 10% buffered formaldehyde.

The liver histopathology was assessed by analysis of hematoxylin and eosin stained liver
sections (Supplementary Table 2). The veterinary pathologist reading these slides was
blinded to the treatment groups. Two of the dogs had liver biopsies taken prior to AAV gene
therapy (Woodstock and Linus) and one had a liver biopsy 6 years after gene therapy due to
asymptomatic elevations of the liver enzymes and then was followed for an additional 4
years (Linus). As a control for the potential effect of AAV-gene therapy, liver sections from
naive hemophilia A (n=10), hemophilia B (n=9) and wild type dogs (n=9) of similar age
from the same colony were also analyzed. No definitive treatment related findings were seen
in any of the dogs examined. Most of the AAV-treated and control naive dogs in this study
exhibited at least one of the following findings that are compatible with age-related or
background changes seen in dogs. These changes included a slight increase in connective
tissue within the portal regions and around central veins, mixed inflammatory cell infiltrates
in the same regions, bile duct hyperplasia, variable numbers of inflammatory cell aggregates
and lipogranulomas, subcapsular post-necrotic scars and multifocal nodular hyperplasia. The
connective tissue in some cases minimally extended away from the portal and centrilobular
regions, without definitive evidence of bridging between these regions.

Acute hepatocellular necrosis was observed in one AAV-treated dog, H19, and mainly
involved the centrilobular region. While an effect of the AAV treatment cannot be entirely
ruled out, it was considered less likely given the distribution and time since the treatment
administration (8.3 years). The history of severe diarrhea requiring the euthanasia of this dog
likely played a role in this phenomenon (i.e. hypovolemia and/or endotoxin translocation
from the gastrointestinal tract).

Although more commonly seen in association with hyperadrenocorticism (i.e. Cushing’s
Disease or exogenous steroid administration), the hepatocellular swelling and clearing seen
in most dogs can likely be considered as a background finding. This change may be
associated with cytoplasmic glycogen accumulation and osmotic fluid intake. Alternatively,
prolonged fixation of the tissues in buffered 10% formaldehyde may have contributed to
these changes which would then be artifacts due to tissue processing. These findings are
likely not significant given that the liver enzymes were not significantly elevated. Of the nine
pathological variables assessed (Supplementary Tables 2 and 3), only hepatocellular
swelling and clearing showed a significant difference between the AAV-treated and naive
hemophilia A dogs (exact Wilcoxon-Mann-Whitney test,>3 p=0.004). However, the AAV-
treated hemophilia A dogs were also significantly older than the naive dogs at time of
necropsy (8.9 vs. 5.5 years) and when the AAV-treated animals were compared to older
naive wild type dogs, there was no significant difference in hepatocellular swelling. Thus,
further studies are needed to determine whether this pathology is associated with age or with
treatment.
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Of the three AAV-treated dogs having increased ALT, Woodstock and Linus exhibited
slightly more swelling and clearing than other dogs, while L51 did not have any evidence of
hepatocyte swelling and clearing. The latter dog presented more pronounced hemosiderin-
laden macrophages, which likely represents sequelae to small hemorrhages. In contrast, dog
MO6 presented similar levels of hepatocyte swelling and clearing as Woodstock and Linus,
without associated increased liver enzymes. A definitive histopathologic explanation for the
increased ALT in these three dogs was difficult to ascertain.

Liver stained with hematoxylin and eosin from naive (to gene therapy) hemophilia A,
hemophilia B and wild type dogs were also analyzed (Supplementary Table 3). These dogs
were similar in age range to the AAV-treated hemophilia A dogs in this study. The mean age
of the dogs at the time of necropsy were 5.5 + 2.2 years for the hemophilia A dogs, 5.6 + 3.1
years for the hemophilia B dogs and 11.7 + 2.4 years for the normal dogs. The changes seen
in these naive dogs were very similar to the age-related changes seen in the AAV-treated
hemophilia A dogs, both in the lesion type and degree of severity. Three naive control dogs
had elevations in their liver enzymes (alkaline phosphatase)(P19, X13, 132). The liver
capsule in P19, a naive hemophilia A dog, was regionally thickened and fibrotic and was
elevated by a large accumulation of hemosiderin-laden macrophages and fibrous connective
tissue. This likely represents a focus of chronic hemorrhage. Two additional naive dogs
(G35, hemophilia B; Diamond, hemophilia A) showed vascular changes that may be related
to either amyloid deposition or arteriosclerosis. Three naive dogs had malignant neoplasms
in their liver. Based on the hematoxylin and eosin staining, the neoplasms were diagnosed as
of epithelial origin (Elton, wild type), metastatic osteosarcoma (134, wild type) and
lymphoma (094, hemophilia A).

Clinical reasons for early termination

While six of the dogs were followed until the end of the study without clinical concerns,
three dogs had clinical issues that led to the termination of the study. H19 had severe
diarrhea and weight loss for unknown reasons and was euthanized 8.3 years after AAV
administration. M06 had recurring rectal bleeds due to mucosal polyps and was euthanized
2.3 years after vector administration. Woodstock was found deceased 8.8 years after AAV
delivery and upon autopsy the cause of death was determined to be a hemorrhage on the
kidney. None of these clinical observations were related to the AAV administration.

Analysis of AAV integration sites

Six dogs were selected for AAV integration analysis: the two dogs that had an increase in
FVIII expression, Linus (two chain approach) and M50 (single chain approach) and the dogs
that received the same AAV dose of the two-chain vector (H19) or the single chain vector
(MO06) were included as a control to analyze alongside Linus and M50. In addition, one of
the high dose two chain delivery dogs and one of the low dose single chain treated dogs
were included for comparison (see Table 1). Integration site isolation and sequencing was
carried out using ligation mediated PCR,>* under the following conditions. DNA for each
sample (60-250ng) was sheared using Covaris M220 ultrasonicator under the following
conditions—Peak Power: 50W, Duty Factor: 2%, Cycles: 200—for 95 seconds to achieve a
fragment size of roughly 1000 bp. Two negative controls were added where molecular grade
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water was used instead of DNA. Bead purification of sheared DNA and linker ligation were
performed as previously described®®. PCR1 reaction was performed in triplicate to suppress
effects of PCR jackpotting, with 25 microliters total volume per reaction, with 300 nM
PCR1 linker primer, 300 nM ITR primer 1, 1X Clontech Advantage 2 PCR Buffer (Takara
Bio), 200 uM dNTPs, and 1X Clontech Advantage 2 Polymerase Mix (Takara Bio). PCR1
thermocycling parameters were as follows: 1 minute initial denaturation at 95°C, then 5
linear amplification cycles of 95°C for 30 seconds, anneal at 80°C for 30 seconds, extend at
72°C for 1 minute 30 seconds, followed by 20 exponential amplification cycles of 95°C for
30 seconds, anneal at 80°C for 30 seconds, extend at 70°C 1 minute 30 seconds, followed by
a final extension at 72°C for 4 minutes and an infinite hold at 4°C. Two microliters of PCR1
product were diluted into PCR2 reactions performed in triplicate, with 25 microliters total
volume per reaction, with 300 nM PCR2 linker primer, 300 nM ITR primer 2, 1X Clontech
Advantage 2 PCR Buffer (Takara Bio), 200 uM dNTPs, and 1X Clontech Advantage 2
Polymerase Mix (Takara Bio). PCR2 thermocycling parameters were as follows: 1 minute
initial denaturation at 95°C, then 5 linear amplification cycles of 95°C for 30 seconds,
anneal at 80°C for 30 seconds, extend at 72°C for 1 minute 30 seconds, followed by 15
exponential amplification cycles of 95°C for 30 seconds, anneal at 80°C for 30 seconds,
extend at 70°C 1 minute 30 seconds, followed by a final extension at 72°C for 4 minutes and
an infinite hold at 4°C. Finally, samples were pooled, purified, and quantified as previously
described and sequenced on an Illumina MiSeq with a library loading concentration of 10
pM with a 15% PhiX spike-in.

Computational analysis of sites of AAV integration

AAV integrations were identified with the AAVenger software pipeline which identifies
AAV integrations from paired-end sequencing data where sequenced fragments begin with
the internal edge of integrated AAV ITR sequences and end with flanking genomic
sequences. ITR sequence remnants were recorded after-which viral and adapter sequences
were removed from sequencing reads before aligning to the host genome with the BLAT
aligner. Aligned reads were then assembled into genomic fragments where the number of
unique fragment lengths associated with integration positions were used as a lower-end
estimate for clonal abundance®>.

The canine genome was annotated using a sequence homology xenoRef human annotation
track (https://genome.ucsc.edu/cgibin/hgTrackUi?

hgsid=866058135 C33ztc5VtUOsQYEJhmgFwrdXh4sH&c=chr26&g=xenoRefGene). This
track was produced at UCSC from RNA sequence data generated by scientists worldwide
and curated by the NCBI RefSeq project®6:57, The RNAs were aligned against the dog
genome using BLAT®8; those with an alignment of less than 15% were discarded. When a
single RNA aligned in multiple places, the alignment having the highest base identity was
identified. Only alignments having a base identity level within 0.5% of the best and at least
25% base identity with the genomic sequence were kept.

The AAVenger software, raw sequencing data, and analysis software supporting this study is
available at the Zenodo data server (DOI 10.5281/zenodo.3666122) while demultiplexed
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sample reads generated during the analysis are available at the NIH SRA (BioProject ID:
PRINA606282).

Numbers of AAV integration site junctions expected to be present in assay reactions.

Following recovery of integration sites using lllumina sequencing, we sought to validate
several of the sites using targeted amplification and Sanger sequencing. As a first step, we
calculated the expected numbers of target sequences in available samples. We approximated
the number of integration site junctions from vector copy number (VCN) and relative sonic
abundance data according to equation (1):

abundance of integration _ 1000 canine genomes % copies AAV

nanogram DNA - 5.5 nanograms genome
abundance of integration

copy AAV

@,

where 1000 canine genomes per 5.5 nanograms DNA is the size of the canine genome,
copies AAV per genome is the VCN of the DNA sample, and abundance of integration per
copy AAV is the relative sonic abundance of the integration site of interest (Supplementary
Tables 7, 8). For each AAV ITR to genomic PCR amplification, we maximized the number
of integration site junctions in the PCR template input while never using more than ten
percent of sample per PCR reaction (Supplementary Tables 7, 8). For the long amplification
of the high abundance integration into DLEU2, we input approximately 400 integration site
junctions per PCR reaction, performing reactions in triplicate and using a total of 26% of
DNA sample.

Validation of AAV integration site data

In reconstruction experiments we found that amplification across intact AAV inverted
terminal repeat structures (ITRs) was inefficient, presumably due to extensive DNA
secondary structure. In our sequence data, the great majority of ITRs were found to be
truncated (Supplementary Fig 6). Based on previous literaturel438, we suggest that these
probably provide a representative sample of the authentic population of integrants, but it
remains possible that the data is biased in favor of recovery of integrants with truncated
ITRs.

AAV integration results in heterogenous junctions, so that it can be challenging to
distinguish between authentic AAV integration events in the dog genome, and artifactual
molecules containing AAV and dog sequences generated during the PCR steps used in
making sequence libraries. For this reason, we validated a set of the observed junctions
using targeted PCR and Sanger sequencing.

Twenty integration sites were chosen for validation. These included high abundance sites in
inferred expanded clones near cancer-associated genes, sites from less prominent clones, and
two from negative control dogs that were expected to be artifacts. Primers were chosen so
that one matched the expected sequence of the AAV ITR near the AAV-dog DNA junction,
and the second was chosen to lie in flanking dog DNA. Of the 18 sites from AAV-treated
dogs, 13 could be validated by target PCR (Supplementary Tables 7 and 8). Of the two sites
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from negative controls, neither could be validated (Supplementary Tables 7 and 8). Thus, we
were successful in validating integration sites in expanded clones, and partially successful in
validating sites in rare clones.

Primer designs are in Supplementary Table 11. We designed forward and reverse genomic
primers flanking each integration site, and an additional primer to land on both the 5” and 3’
AAV ITR regions (Supplementary Table 11). Prior to amplifying samples from livers of
treated dogs we verified that dog genomic primers flanking the expected integration site,
when tested in PCR reactions together, yielded dog genomic DNA products of the expected
size. We then performed forty PCR reactions using the dog genomic forward primer or
reverse primer paired with an AAV ITR primer binding to the A region of the ITR that is
common to both ends of the genome. Dog liver DNA samples were amplified in 25
microliters total volume with 2.5 units LongAmp 7ag DNA Polymerase (New England
Biolabs), 1X LongAmp 7aq Reaction Buffer (New England Biolabs), 300 pM dNTPs, 0.4
uM forward primer, and 0.4 uM reverse primer. PCR thermocycling parameters were as
follows: 30 seconds initial denaturation at 94°C, then 35 cycles of 94°C for 30 seconds,
anneal at 60°C for 30 seconds, extend at 65°C for 30 seconds, followed by infinite hold at
4°C. Each primer combination was also tested on negative control canine DNA in PCR
reactions with the same chemical and thermocycling conditions in order to identify PCR
products resulting from mispriming events.

PCR products were separated by electrophoresis on 1% agarose-TAE gels and visualized
after EtBr staining. Significant bands in experimental or negative canine control samples
were cut from gels, and DNA was extracted from the bands with a Monarch DNA Gel
Extraction Kit (New England Biolabs). Concentration of extracted DNA was measured with
a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). Extracted DNA was sequenced on a
3730XL sequencer (Applied Biosystems) in the Penn Genomics Analysis Core at the
University of Pennsylvania. Fragments were sequenced from the genomic direction, or from
the genomic and the AAV ITR directions when enough DNA product was available.
Sequence results were tested for alignment to the canine genome using the BLAT search tool
from the University of California Santa Cruz. Results of validation attempts are summarized
in Supplementary Table 7. Of 20 attempts at validation, 13 validated. Two of the validation
failures were apparent integration sites in untreated dogs, which we ascribe to laboratory
contamination. Over all the integration site data and validation data, we identified both ends
of 17 integrated AAV vectors (assuming that junctions with dog DNA are within 100 bp in

the expected orientations). Failures were likely due to deletions in the vector, target site, or
both15: 24,2538

The high abundance integration at the gene DLEU2 in Linus was further investigated by use
of long-range PCR amplification. A complication is that reconstruction studies showed that
amplification even from a plasmid template containing two full ITRs was undetectable.
Conditions for this test were as follows: full-length FVIII AAV plasmid DNA was amplified
with the two primer pairs designed to land on the plasmid, 350 nucleotides or 2 KB away
from the ITR fragments. In each reaction, 10 nanograms full-length FVIII AAV plasmid
were amplified in 25 microliters total volume with the following components: 2.5 units
LongAmp Tag DNA Polymerase (New England Biolabs), 1X LongAmp 7ag Reaction
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Buffer (New England Biolabs), 600 uM dNTPs, 0.4 uM forward primer, and 0.4 UM reverse
primer. PCR thermocycling parameters were as follows: 4 minutes initial denaturation at
94°C, then 40 cycles of 94°C for 30 seconds, anneal at 60°C for 1 minute, extend at 65°C
for 41 minutes 40 seconds, followed by a final extension at 65°C for 10 minutes and an
infinite hold at 4°C. These conditions did not produce fragments of expected sizes. Further
reconstruction studies under similar conditions showed that amplification could be
accomplished through a single intact ITR. However, the Linus DLEU?2 event is associated
with deleted ITRs, so amplification was attempted across the full integration AAV vector at
this locus. The forward and reverse dog genomic primers at position 1840213 in
chromosome 22 were used to amplify the template DNA of interest in a PCR reaction with
the following components: 2.5 units LongAmp 7ag DNA Polymerase (New England
Biolabs), 1X LongAmp 7aq Reaction Buffer (New England Biolabs), 600 pM dNTPs, 0.4
uM forward primer, and 0.4 UM reverse primer. PCR thermocycling parameters were as
follows: initial denaturation at 94°C for 30 seconds, then 30 cycles of 94°C for 30 seconds,
anneal at 60°C for one minute, and extend at 65°C for 18 minutes 20 seconds, followed by a
final extension at 65°C for 10 minutes and an infinite hold at 4°C. Extension time was
calculated from the polymerase’s capacity to amplify one kilobase every 50 seconds,
targeting a maximum amplification length of 22 kilobases.

PCR products were isolated after electrophoresis on a 1% agarose-TAE gel. Bands of length
4.9 kilobases were excised, and DNA was extracted from the bands with a Monarch DNA
Gel Extraction Kit (New England Biolabs). Concentration of extracted DNA was measured
with a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen).

Samples were prepared for metagenomic sequencing using the Nextera XT DNA Library
Prep Kit (Illumina), as per manufacturer guidelines. Samples were quantified by Quant-iT
PicoGreen dsDNA Assay kit and pooled based on concentration. The sequencing libraries
were quantified by Kapa qPCR (Kapa Biosystems) and Qubit dsDNA High Sensitivity assay
(ThermoFisher Scientific), and fragment lengths were determined by Tape Station (Agilent).
8-10pM libraries were sequenced on the Illumina MiSeq with dual-indexed barcodes and 2
x 250 base read lengths.
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Extended Data

Linus J60

M50

Extended Data Figure 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Long term expression of AAV-cFVIII in hemophilia A dogs.
(a) Genetic structures of the vectors used, illustrating the two chain (TC) (top) and single

chain (SC) (bottom) designs. The features of these constructs are indicated by colors shown
in the legend. The TC delivery approach co-delivered the 2.3 Kb cF8 heavy chain in one
AAV vector and the 2.1 Kb cF8 light chain in a second AAV vector. These vectors used the
thyroxine-binding globulin (TBG) promoter and two copies of al-microglobulin/bikunin
enhancer sequences (695 bp) with an intron (175 bp) for liver-directed gene expression. The
construct utilized a 263 bp SV40 polyadenylation signal (poly A). The SC delivery approach
delivered the 4.4 Kb B-domain deleted cF8 driven by a minimal hepatic control region (192
bp) and human a-1 antitrypsin promoter (266 bp) (HCR-hAAT). This construct includes a
134 bp SV40 poly A. The grey regions indicate spacers or cloning sites. The TC vector was
delivered by portal vein infusion while the SC vector was delivered by peripheral vein
infusion. (b) Longitudinal quantification of FVIII levels after the TC delivery approach. In

Nat Biotechnol. Author manuscript; available in PMC 2021 May 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Nguyen et al.

Page 23

the two chain approach the total AAV dose was 2.5 x 1013 vg/kg dose for F24 (AAVS),
Woodstock and J60 (AAV9)(blue). Linus (AAV8) and H19 (AAV9) were treated at the low
vector dose (total vector dose of 1.2 x 1013 vg/kg)(green). (c) FVIII levels after the SC
delivery approach. AAVS delivery of the SC approach in hemophilia A dogs was at the
vector dose of 4 x 1013 vg/kg (M50, M06)(blue) and at a vector dose of 2 x 1013 vg/kg
(L51, M66)(green).
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Fig. 2. Assessment of liver function after AAV-cFVIII administration.
ALT (aand b), AST (c and d) and AFP (e and f) were monitored after AAV administration

and throughout the study. In each case the x-axis shows time in years, the y-axis shows the
liver analyte measured in blood. a), ¢) and e) Dogs treated with the two chain strategy. b), d),
and f) Dogs treated with the single chain strategy. The upper limit of normal for ALT (120
IU/L), AST (65 IU/L) and AFP (70 ng/ml) are shown as dashed lines. Clinically, increase in
liver enzyme levels in dogs are defined by veterinary clinical pathologists as mild (<5 times
the upper limit of normal), moderate (5-10 times the upper limit of normal) and marked

(>10 times the upper limit of normal) 33.
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Fig. 3. Distributions of sites of AAV vector integration in the treated dogs.
a) Correlation of the VCN value and the numbers of integration sites recovered from dog

liver DNA specimens. Liver DNA samples (n=3 biologically independent samples) analyzed
for each dog are shown as individual points. The gray envelope shows a 95% confidence
interval. b) Distribution of AAV vector integration sites in the dog chromosomes. c)
Distribution of AAV vector integration sites in the dog genome relative to genomic
annotation. Associations are calculated using the ROC area method30. Values of the ROC
area vary between 0 (negatively associated; blue) and 1 (positively associated; red). TU
indicates transcription unit. Several length chromosomal intervals were used for comparison.
d) Enrichment of integration sites in dog transcription units. The dark bars show the
frequency of appearance of randomly selected sites in transcription units (TU), summarized
over 10 random simulations. The blue arrow shows the observed frequency of AAV vector
integration sites in TUs. ) Enrichment of integration sites within dog transcription units that
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are also cancer-associated genes. A list of human cancer-associated genes®! was used to
annotate the dog genome.
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Fig. 4. Clonal expansion of cells harboring AAV vectors.
a) Summary of notable expanded clones in five of the six dogs studied. No expanded clones

were detected in H19. Shown are most abundant 15 clones per dog represented by five or
more cells sampled. The genes affected are shown by the color code. Data on each
integration site studied is in Supplementary Table 12. b) Genetic map of vector sequences
integrated in several of the dogs. The color code for vector segments as in Fig. 1a. The
schematics illustrate truncations and rearrangements that may not contain the entire vector
sequence. Sequences are provided (NIH SRA BioProject ID: PRINA606282). The humbers
indicate the chromosome location and coordinate of a junction between AAV vector
sequences and the dog genome. The gene at the site of integration is labelled. The curved
lines represent genomic DNA at the site of integration with the color matching the gene in
panel a.
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Fig. 5.

Three examples of clusters of AAV vector integration sites found in the dog genome.
Clusters are shown schematically at a) ADO-EGR2, b) CCND1, and c) EGR3. Transcription
units are indicated by the grey rectangles. Integration sites are indicated by the shapes, with
the inferred number of cells recovered harboring each site indicated by the nature of the
shape (circle: 1-4 cells; square: 5-15 cells; and triangle >15 cells). The colors on the shapes
indicate the dog of origin. The scales are shown by the bar at the top.
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