


RNA interference (RNAi)

Key breakthrough
dsRNA is the actual trigger of specific mRNA degradation, with the 
sequence of dsRNA determining which mRNA is degraded



The unc-22 gene encodes a myofilament protein. 
Decrease in unc-22 activity is known to produce 
severe twitching movements. 

Injected double-stranded RNA, but not single-
stranded RNA, induced the twitching phenotype in the 
progeny.

1) silencing was triggered by injected 
dsRNA, but weakly or not at all by 
sense or antisense single-stranded 
RNAs.

2) silencing was specific for an mRNA 
homologous to the dsRNA; other 
mRNAs were unaffected

3) the dsRNA had to correspond to the 
mature mRNA sequence; neither 
intron nor promoter sequences 
triggered a response. This indicated a 
post-transcriptional, cytoplasmic 
mechanism

4) the targeted mRNA was degraded
5) the dsRNA effect could spread 

between tissues and even to the 
progeny, suggesting a transmission 
of the effect between cells



RNA interference 
(RNAi)













Patisiran was the first RNAi therapeutic approved 
in the United States and Europe in August 2018 
(siRNA LNP against liver transthyretin)





Product (Commercial name; 
Developer/Manufacturer)

Length Modifications Vehicle Route of 
administration

Indication Target organ Target gene and mechanism Year of approval

Antisense oligonucleotides (ASOs)

Fomivirsen (Vitravene; Isis 
Pharmaceuticals, Novartis)

21-mer PS None Intravitreal CMV retinitis Eye CMV IE-2 mRNA 1998 (FDA), 1999 (EMA);  
2002 withdrawn

Mipomersen (Kynamro; Ionis 
Pharmaceuticals, Kastle Therapeutics)

20-mer PS, 2’-MOE, GapmeR None Subcutaneous Familiar hypercholesterolaemia (FH) Liver Apolipoprotein B (ApoB) mRNA 2013 (FDA); 2019 withdrawn

Nusinersen  (Spinraza; Ionis 
Pharmaceuticals, Biogen)

18-mer PS, 2’-MOE None Intrathecal Spinal muscular atrophy (SMA) SMN2 pre-mRNA splicing (exon 7 
inclusion)

2017 (EMA), 2016 (FDA)

Eteplirsen (Exondys 51, Sarepta 
Therapeutics)

30-mer PMO None Intravenous Duchenne muscular dystrophy (DMD) Skeletal 
muscle

Dystrophin pre-mRNA splicing (exon 
51 skipping)

2016 (FDA)

Inotersen  (Tesgedi; Ionis 
Pharmaceuticals, Akcea Therapeutics)

20-mer PS, 2’-MOE, GapmeR None Subcutaneous Hereditary transthyretin amyloidosis Liver Transthyretin (TTR) mRNA 2018 (EMA), 2018 (FDA)

Golodirsen  (Vyondys 53; Sarepta 
Therapeutics)

25-mer PMO None Intravenous Duchenne muscular dystrophy (DMD) Muscle Dystrophin pre-mRNA splicing (exon 
53 skipping)

2019 (FDA)

Viltolarsen  (Viltepso, NS Pharma) 21-mer PMO None Intravenous Duchenne muscular dystrophy (DMD) Muscle Dystrophin pre-mRNA splicing (exon 
53 skipping)

2020 (FDA)
2020 (EMA)

Volanesorsen (Waylivra; Ionis 
Pharmaceuticals, Akcea Therapeutics)

20-mer PS, 2’-MOE, GapmeR None Subcutaneous Familiar chylomicronaemia syndrome 
(FCS)

Liver Apolipoprotein C3 (ApoC3I) mRNA 2019 (EMA)

Casimersen (Amondys 45; Sarepta 
Therapeutics)

22-mer PMO None Intravenous Duchenne muscular dystrophy (DMD) Muscle Dystrophin pre-mRNA splicing (exon 
45 skipping)

2021 (FDA)

Small interfering RNAs (siRNAs)

Patisiran  (Onpattro; Anylam 
Pharmaceuticals)

21-nt ds 2’-O-Me SNALP 
LNP

Intravenous Hereditary transthyretin amyloidosis Liver Transthyretin mRNA 2018 (EMA), 2019 (FDA)

Givosiran  (Givlaari; Anylam 
Pharmaceuticals)

21-nt ds PS, 2’-O-Me, 2’-F, 
GalNAc-conjugated

None Subcutaneous Acute hepatic porphyria (AHP) Liver Delta aminolevulinic acid synthase 1 
(ALAS1) mRNA

2020 (EMA), 2019 (FDA)

Inclisiran (Leqvio; Novartis 
Pharmaceuticals)

22-nt ds PS, 2’-O-Me, 2’-F, 
GalNAc-conjugated

None Subcutaneous Primary hypercholesterolaemia or 
mixed dyslipidaemia

Liver Proprotein convertase 
subtilisin/kexi)n type 9 (PCSK9) 
mRNA

2020 (EMA)
2021 (FDA)

Lumasiran  (Oxlumo; Anylam 
Pharmaceuticals)

21-nt ds PS, 2’-O-Me, 2’-F, 
GalNAc-conjugated

None Subcutaneous Primary hyperoxaluria type 1 (PH1) Liver Hydroxyacid oxidase-1 (HAO1) 
mRNA

2020 (EMA), 2020 (FDA)

FDA/EMA approved ASOs and siRNAs (Jan 2022)



The plasma membrane is an unsurmountable 
barrier for nucleic acids





Size of nucleic 
acid delivery 

vehicles



AAV9-GFP (CMV promoter)
Adult (1 month old) C57BL/6 mice
15 days after administration
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Intracardiac
6.6x1010 v.g. in 30 µl

Intravenous (retro-orbital)
2.2x1011 v.g. in 100 µl

AAV vectors for cardiac gene transfer



Moderna
Pfizer/BioNTech
CureVac

Nature 580, 576-577 (2020)



Product Patisiran BNT162b2 (Pfizer-
BioNTech  COVID-19 
vaccine) 

mRNA-1273 (Moderna  
COVID-19 vaccine)

LNP technology SNALP SNALP SNALP

Therapeutic RNA Anti-TTR siRNA SARS-CoV-2 Spike 
modified mRNA

SARS-CoV-2 Spike 
modified mRNA

Ionizable lipids DLin-MC3-DMA ALC-0315 SM-102

Neutral lipids DSPC DSPC DSPC

Cholesterol Cholesterol Cholesterol

PEG lipids PEG2000-C-DMG PEG2000 PEG2000-C-DMG

Reference [46] [35] [34]

Stable Nucleic Acid-Lipid nanoParticles (SNALPs)



SNALP3

4 hr 24 hr 48 hr

MC3 40%

DOPE 22%

Cholesterol 35%

C16 Ceramide 
PEG 3%
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Josef Huntington

Transfection of 
GFP mRNA in 
mouse 
cardiomyocyte
s by SNALPs
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Intramyocardial delivery of JSNALP9-GFP

Sacrifice 24h 
after injection

Nano 31
Nano 33

30 kg
Heart  240 g

With:
Khatia Gabisonia
Fabio Recchia
Pisa, Italy



Anti-GFP-antibody 
647 nm filter (far red)
shown in green

Intramyocardial delivery of JSNALP9-ALC-GFP

Anti-a-actinin antibody
488 nm filter
Shown in red



Effect transient - no chronic therapy with long-term 
side effects
Can be easily stored and distributed
If coronary administration effective, can be 
administered by any interventional cardiologist. 
Alternatively, through endo-ventricular catheterisation or 
during bypass surgery or minithoracotomy
Drug development can recapitulate that of siRNAs  or 
mRNA SNALPs

LNP-miRNA therapy for cardiac regeneration


