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rAAV Integration:
In Vitro & Mice

Chronological:
A) 1997-2001 - Prior to the observation of hepatocellular
carcinoma (HCC)
B) 2001-2016 — rAAV Iintegration and associated HCC In mice
C) Conditions affecting rAAV-associated HCC



rAAV Integration
(1997-2001)

1) In vitro (HelLa cells) integration analysis
2) Random integration
3) None of the integrated vectors were fully intact



rAAV Integration
(1997-2001)

1) Integration analysis in cell lines and a cell-free system
2) No obvious site preference for integration.

3) No intact ITRs were identified

4) Favor actively transcribed regions



rAAV Integration
(1997-2001)

1) In vivo Integration analysis (mouse liver)
2) Integrated vectors were rearranged (ITRs and vector sequences)
3) Two Integrants were identified in genes (a1l collagen, rRNA)



rAAV Integration
(1997-2001)

1) Extrachromosomal rAAV is the primary source of expression
2) Only 5-10% of rAAV vector are integrated into the host genome
3) Low level integration, increased safety profile



Summary 1
(1997-2001)

1) Relatively low level of integration

2) Chromosome/vector junctions are within or near ITRs

3) ITRs are rearranged

4) No or minimal homology between cellular and vector sequences
5) No integration ‘hot spots’ were identified

6) Integration mechanism is unknown

7) No toxicity observed up to this point



rAAV Integration
(2001-2016)

1) Long-term (18mo) study in MPSVII mouse

2) IV administration at birth (~1x10%* vg/kg)
3) Persistent expression, dramatic clinical/behavioral improvements

4) 3/5 rAAV-treated animals had HCC at 18 months of age
5) Impossible to determine if rAAV caused HCC



rAAV Integration
(2001-2016)

1) rAAV does not increase mutation rate
2) rAAV Integrates at spontaneous or induced double strand breaks.



rAAV Integration
(2001-2016)

1) Analyzed 347 rAAV Iintegration sites in mouse liver
2) Integration ‘hot spot’ was found in rRNA gene repeats
3) >50% of integrations occurred near transcription start sites or CpG islands



rAAV Integration
(2001-2016)

1) 15/34 rAAV-treated mice developed
HCC (6/18 MPSVII, 9/16 WT)

2) Integrated rAAV sequences were
Isolated from HCC samples from 4 mice

3) In each case, rAAV integrated in the
mouse Rian locus

4) Several downstream genes and uRNAS
were dysregulated



rAAV Integration
(2001-2016)

Mol Ther (2015) 23:414-422

1) 8/10 rAAV-treated Sandhoff mice developed HCC
2) IV injection of rAAV in neonatal mice (2.5 x 104 vg/kg)
3) Several tumors had rAAV integrations in the Rian locus



rAAV Integration
(2001-2016)

J Clin Invest (2015) 125:870-880

1) 64/95 mice treated with rAAV (1x10'* vg/kg) at birth developed HCC
2) Confirmed the Rian locus as a ‘hot spot’ for rAAV Integration

3) HCC appears to be dose-dependent

4) Strong promoter/enhancer combinations increased incidence of HCC
5) HCC independent of transgene

6) HCC independent of genotype



rAAV Integration
(2001-2016)

Genotoxicity in Mice Following AAV
Gene Delivery: A Safety Concern for

Human Gene Therapy?

Randy ] Chandler', Matthew C LaFave?, Gaurav K Varshney?, Shawn
M Burgess? and Charles P Venditti'

Molecular Therapy vol. 24 no. 2 february 2016

1) Compilation of rAAV integration sites across several studies
2) Many Rian integrations occur in a region (~60bp) unique to rodents



Summary 2
(2001-2016)

1) Systemic delivery of a rAAV vector can cause HCC in mice

2) rAAV Integration into the mouse Rian locus Is associated with HCC

3) Many rAAV Integrants are located in Rian sequences unigue to rodents
4) Highest frequency of HCC if administered during the newborn period
5) Strong promoter/enhancer combinations increase frequency

6) rAAV-associated HCC appears to be dose-dependent

7) Low frequency If administered in adult animals

8) No HCC following CNS-directed rAAV-mediated gene therapy



rAAV Integration

(recent findings)

1) Increased incidence of HCC in adult mice with non-alcoholic fatty liver
2) Rian-targeted construct — 100% penetrance
3) Non-targeted construct — 50% penetrance



rAAV Integration

(recent findings)

1) HCC development following CNS-directed rAAV-mediated gene therapy
2) Combination therapy (HSCT transplantation + small molecule drug)
3) ~95% penetrance in combination-treated Krabbe & WT mice




Targeted Sequence Capture

1) All tumors had rAAV integrations in the Rian locus
2) 4/10 tumors had rAAV integrations in candidate tumor suppressors, cancer-associated genes,
or genes that regulate cell growth or death



Conclusions

1) rAAV vectors can stably integrate into the mouse genome (<10%)

2) The vast majority of integrated vectors appear to be grossly rearranged

3) The Integration mechanism is unknown

4) Integration into the mouse Rian locus is associated with HCC

5) HCC formation appears to be dose dependent

6) Strong promoter/enhancer combinations increase HCC frequency

/)
8)
9)

_ow frequency of HCC in adult animals

_ow frequency of HCC following CNS-directed gene therapy

_iver injury (eg. NAFL) can exacerbate HCC phenotype

10)Adjunct therapies with mild oncogenic potential exacerbate HCC phenotype
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Additional Information

Recent round table discussion on rAAV integration

Sponsored by the American Society of Gene and Cell Therapy (ASGCT)

August 18, 2021

https://www.youtube.com/watch?v=L_4luK3fNUO
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