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The treatment of disease using nucleic acids (DNA & RNA)
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Liver-directed gene therapy

 Affected organ in many inborn errors of
metabolism

* Fenestrated structure permits exposure
of hepatocytes to intravenously
delivered vector

* Hepatocytes are well suited for systemic
delivery of therapeutic proteins



Liver transplantation vs. Gene

therapy for genetic diseases

Liver transplantation: replacement of thousands
of genes with a whole donor organ to correct a
single gene defect

Gene therapy: targeted correction of the
disease-causing gene defect



Vectors for in vivo liver-

directed gene therap
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Human Adenovirus Serotype 5
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OTC deficiency clinical trial

 E1- and E4-deleted Ad5 infused into the right hepatic artery of
adults (18-52 yrs) with partial OTC deficiency

« Six cohorts: 2x10° vp/kg (n=3)
6x10° vp/kg (n=3)
2x10%0 vp/kg (n=3)
6x10%° vp/kg (n=4)

2x1011 vp/ko n=3
6x10 vp/ko n=2
Adverse effects: a self-limiting flu-like episode and transient

Increase in AST/ALT and thrombocytopenia in most subjects
expect the last subject who experienced lethal complications.

Raper et al. 2002



AAV vectors

From outside

Advantages

* Derive from a non-
pathogenic DNA virus

* Transduce efficiently non-
dividing, differentiated cells

* Dozens of serotypes

* Long-term transduction after
single vector administration

e Safe In humans

Disadvantage
* Limited cargo capacity
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Hemophilia

Severe < 1%
Moderate 1-5%
Mild >5%

Levels of 5-20% are likely to free patients from any
substantial need for clotting factor concentrates

Lofqvist et al. 1997



Hemophilia B gene therapy

(AAVS8) clinical trial

A single I.v. infusion of AAV-FIX in patients with
severe hemophilia B resulted in sustained (3.2 yrs)
dose-dependent increase In circulating FIX (1-6% of
normal)

In the high-dose group, FIX to 5.1% of normal

resulted in >90% reduction of bleeding episodes
and use of prophylactic FIX concentrate

Nathwani et al, 2011 and 2014



Liver-directed gene therapy clinical trials

Indication Therapeutic agent/route of administration CT Phase CT number
Haemophilia B AAV2-FOWT [Hepatic artery 110 00076557
AAVBsc-FOWT [iv infusion I 00979238
AAV5-coF9WT/iv infusion 110 02396342
AAV-SPARK100-F9Padua/iv infusion I/ 0284096
AAVBsc-FPadualfiv infusion 1 01687608
AAV5-coF9Padualiv infusion b 03489291
AAVS3-coF9Padua/iv infusion I/II 03369444
AAVrh10-coF9WT fiv infusion I 02613915
Haemophilia A AAV5-coBDDFB/iv infusion Al 02576795
AAVLK03-coBDDF3/iv infusion 1 03003533
AAVE-coBDDF8/iv infusion I 03061201
AAVE-coF8/iv infusion I 030018130
AAVhu37-coBDDF8/iv infusion I 03588299
AAVB-coBDDF8/iv infusion I 03370172
OTC deficiency Adeno-OTC/Hepatic artery I NCT00004498
Adeno-OTC/Intrahepatic injection I NCTD0D004386
AAVS-OTC (DTX301)fiv infusion i NCT02991144
Phenylketonuria AAVHSC15-PAH (HMI-102)/iv infusion I NCT03952156
AAV5-PAH (BMN 307 )/iv infusion 1 NCT04480567
Acute intermittent porphyria AAVS PBGD/iv infusion I NCT(02082860
siRNA ALAS1 (Givosiran)fsubcutaneous 110 NCT02452372
Methylmalonic acidemia NLP-RNA MMA (mRNA3927)/iv i NCT03810690
AAVLKO03-MMA integrativefiv infusion A1l NCTD4581785
Familial hypercholesterolemia autologous hepatocytes/retrovirus LDL iv I/II NCTD0004809
siRNA-PCSSC/subcutaneous 110 NCT02314442
AAVB-hLDLR/iv infusion i NCT02651675
Fabry AAV3S-aGLA/iv infusion Al NCT04040049
MPS type | AAVE-aGLAfIv infusion I NCT04046224
AAV4AD-C102-3GLA/iv infusion I NCT04519749
MPS type I AAV6-ZFN IDUA/iv infusion I NCT02702115
AAVE-ZFN IDS/iv infusion i NCT03041324
MPS type VI AAVB-hARSB/iv infusion i NCT03173521
Pompe disease AAVS-hGAA/iv infusion ] NCT04174105
AAVx-hGAA/iv infusion I NCT04093349
AAVB-hGAA/iv infusion 1l NCT03533673
Gangliosidosis GM1 AAVrh10-GLB1/iv infusion Al NCT04273269
AAVI-GLB1/iv infusion I NCT03952637
Danon disease AAVI-LAMP2B/iv infusion 110 NCT03882437
GSD1a AAVB-GEPC/iv infusion i NCT03517085
Von Gierke
Wilson's disease AAVX-ATP7B/iv infusion I/ NCT03520751
Crigler-Najjar AAVB-UGT1afiv infusion Al NCT03466463
AAVB-UGT1afiv infusion 1 NCT03223194
Primary hyperoxaluna type 1 siRNA HAO (Lumasiran)/subcutaneous 11l NCT04125472

Modified from Maestro
et al. 2021



Mucopolysaccharidosis type VI (MPS VI)

or Maroteaux-Lamy syndrome

1 in 100,000/300,000 live births
Autosomal recessive

Deficiency of ARSB

GAG accumulation

Multi-system disorder
ENT
Eye
Lung
Liver/spleen
Heart
Bone and cartilage
* No primary cognitive impairment




Multi-year (>7) ARSB expression

In MPSVI cats

AAV injection AAV8.TBG.FARSB 2x102 gc/kg

Serum ARSB (nmol/mL/hour)

Age (years)

Ferla et al, MTMCD 2020



Anti-AAV8 NAD
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Nineteen out 33 (58%) MPS VI patients negative for
anti-AAV8 NADb

Ferla et al. 2015



Enrolled Patients

ID Gende Age Genotype CRIM Clinical Follow up
r VEEE) severity (months)
001 M 29 p.Gly79Glu/ + + 42
p.Gly79Glu
002 M 16 p.Arg315*/ - +++ 39
€.899-1142del
003 M 13 p.Leu321Pro/ + ++ 36
p.Leu321Pro
004 F 16 p.Leu321Pro/ + ++ 34
p.Leu321Pro
005 M 14 p.Arg102Gly/ + +++ 30
del exon7-8
006 F 10 p.Argl97*/ + ++ 24
p.Arg315Gly
007 M 10 p.Gly79Vval/ + + 19
p.Asn480Tyr
008 F 10 p.Phe399Leu/ + + 15
p.Glu483Asp
009 F 5 p.Ala237Val/ + ++ 11

c.114-1G>C




 Well tolerated
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Serum active ARSB and uGAG
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High Dose
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Conclusions

* Infusion of AAV2/8-TBG-ARSB was safe and well tolerated

* In 4 out of 5 subjects with the low & intermediate doses,
serum active ARSB at ~10-25% of normal was not sufficient to
maintain uGAG at pre-gene therapy levels

« Serum active ARSB in subjects with the high dose (6x10%?
gc/kg) are 250% of activity and uGAG increase was modest

* No clinical worsening post-gene therapy in the high dose
cohort

* More clinical data are needed to establish efficacy

Brunetti-Pierri et al, NEJM evidence 2022



Open issues for AAV-mediated liver

gene therapy

* Anti-AAV Nab

 CTL immune-mediated response: what Is the
best approach: prophylaxis or monitoring +
Intervention?

* Need for early intervention
 Liver growth and loss of expression

* Risk of hepatocellular carcinoma (HCC)?



Pre-existing NAbs against AAV

« Capsid switching

« Plasmapheresis
 Rapamycin encapsulated particles

« Imlifidase (endopeptidase that degrades circulating 1gG)
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CTL immune response against AAV

transduced hepatocvtes
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« Atransient increase in serum ALT with concomitant loss of plasma FIX
detected in early AAV-mediated liver-directed gene therapy trial

* A short-term prednisolone treatment appears to resolve the increase in
serum ALT and to preserve FIX expression

« Open questions on corticosteroids: treatment or prophylaxis, timing,
dose? . ,
Manno et al. 2006; Nathwani et al. 2014



Liver growth and vector genome dilution

1000 + Non-human primate livers

7 days post-injection
Age @ AAV ‘\‘
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35 days post-injection
| Wang et al. 2011
45 days post-injection
Transgene loss in growing livers: issue for diseases requiring robust
transgene expression or early interventions in life




Challenges for gene delivery to

diseased livers

 Altered liver microarchitecture

* Monitoring AST/ALT for detection of CTL immune response
* Increased cell proliferation and vector genome loss

 |ncreased risks of HCC ?

Injured Liver
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AAV and genotoxicity

* Neonatal AAV injections associated with HCC as a long-term
complication in mice

* In mice AAV integrations into the Rian locus disrupt several
MIiRNAs and increase expression of Rtl1, a driver of HCC

« Asubset of human HCC harbors integrations of wild-type AAV

. A_dult mice Wlth chronlc_ liver rmaladuhhver A;\hvepy o HOC
disease and injected with

AAV developed HCC at high " "

frequency
AAV Gen

Fatty adult liver Th py

Chandler et al. 2015
Nault et al. 2015
Dalwadi et al 2021




Conclusions & Future Prospects

* Clinical studies are showing promising results with
AAV gene therapy

* Immune responses, long-term safety, higher
efficiency of liver gene transfer, gene transfer to
diseased livers and commercialization remain to be
addressed

« Strategies to overcome these obstacles are being
iInvestigated preclinically and clinically
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