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Digitalis 
Diuretics 
Aldosterone antagonists 
ACE inhibitors 
Beta blockers 
Angiotensin receptor neprilysin inhibitors (ARNIs) 
Angiotensin receptor blockers (ARBs) 
If channel blockers (ivabradine) 
SGLT2 inhibitors 
Myosin activators (omecamtiv mecarbil)

Protection from 
cardiomyocyte loss

Improvement of residual 
cardiac function

Generation of new 
cardiomyocytes

No drug or 
treatment

No drug or 
treatment

Prevention and therapy of heart failure



Recombinant proteins (e.g. cytokines, 
hormones, enzymes) 

Peptides  

Vaccines 

Monoclonal antibodies 

Nucleic acids (antisense, ncRNAs, mRNAs) 

Viral vectors for gene therapy and gene 
editing 

Cells and 3D tissue

Biologics

Advanced 
Therapies

Next generation cardiac therapies 
will be biologics



Small, non coding RNA (ncRNA) therapeutics

M. Giacca & A.M. Shah, 2022, Eur. Heart  J.



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2002 withdrawn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withdrawn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 small ncRNAs (2022)



The search for new therapeutic 
leads



The approach we like:

Based on selection or screening 
(not on educated guesses) 

Systematic (exhaustive) 
Functional (not phenotypic) 

In vivo (if possible)



High Throughput Screening Facility at the 
School of Cardiovascular Medicine & Sciences

Human/Mouse whole Genome siRNAs (~18,000 siRNAs) 
Human/Mouse synthetic microRNA mimics (2042 mature sequences, miRBase v. 19.0) 
Human miRCURY LNA inhibitors (1972 molecules) 
2 FDA/EMA-approved small molecule libraries (>3000 molecules) 
Mouse secreted factors (1198 cDNAs) Miguel Mano



ncRNAs for cardiac regeneration



Cardiac regeneration by 
transdifferentiation of fibroblasts to 

cardiomyocytes

ES-derived cardiomyocytes 
iPS-derived cardiomyocytes 

Engineered Heart Tissue

Cardiac 
regeneration by 
cardiomyocytes

Cardiac 
regeneration by 

stimulation of the 
endogenous 
capacity of 

cardiomyocytes to 
proliferate

Bone marrow stem cells 
Mesenchymal stromal cells 

Cardiospheres 
Adult cardiac stem cells 

Cardiac Progenitor Cells (CPCs)

Cardiac 
regeneration by 

stem cells

The holy grail of cardiac regeneration

National Geographic 
February 2007
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Human miRNAs increasing 
human and rodent 
cardiomyocyte proliferation



Sham
AAV6-Control
AAV6-miR-199a

40
LV

EF
 (%

)

80

70

60

50

ns

day 2 day 28

10556 9

MI: - + + + +

*

LV Ejection Fraction

# #

#

AAV6-miR-199a reduces infarct 
size and fibrosis and improves 
cardiac function in pigs 0 28

I/R
AAV6-miR-199a MRI MRI

2
Time (days)

Infarct size

0

LG
E s

ize
 (%

 LV
)

30

20

40

10

ns

day 2 day 28

1055 9

MI: + + + +

*

#

Infarct size Cardiac function

Gabisonia, K, et al. 2019. Nature 569, 418day 30

M
as

so
n’

s 
tr

ic
hr

om
e

AAV6-Control AAV6-miR-199a

0

Fi
br

os
is

 (%
)

40

30

20

10

*

day 30

88
MI: + +

Fibrosis in BZ

AAV6-Control
AAV6-miR-199a

Fibrosis in BZ

MI + AAV6-Control

MI + AAV6-miR-199a

30 days after MI and treatment



Small cell clusters in hearts 
injected with AAV6-miR-199a

GATA4 MyogeninKi-67

Highly proliferating, GATA4+, myogenin+ 

Early myoblast progenitors?

Gabisonia, K, et al. 2019. Nature 569, 418



ncRNAs that increase AAV 
permissivity



Product Company Year Therapeutic gene Disease Vector Prevalence /
Incidence

Price (USD)

Glybera UniQure 2012 Lipoprotein lipase Lipoprotein lipase deficiency  (LPLD) AAV1 1:1,000,000 1M

Strimvelis GlaxoSmithKline 2016 Adenosine deaminase ADA-SCID RV 1:100,000 665K

Luxturna Spark Therapeutics 2017 RPE65 Leber’s congenital amaurosis (LCA) AAV2 <1:100,000 435K/eye

Zynteglo Bluebird Bio 2022 Beta globin Beta thalassaemia LV 1:100,000 2.8M

Zolgensma Novartis/Avexis 2019 SMN1 Spinal muscular atrophy (SMA) AAV9 1-2:100,000 2.1M

Hemgenix Behring 2022 Factor IX Haemophilia B AAV5 3.7:100,000 3.5M

Skysona Bluebird Bio 2022 ABCD1 X-linked adrenoleukodystrophy LV 5:100,000 3M

Libmeldy Orchard Therapeutics 2020E Arylsulfatase A (ARSA) Metachromatic leukodystrophy (MLD) LV 2.5-10:100,000 3.9M

Upstaza PTC Therapeutics 2022E AADC Aromatic L-amino acid decarboxylase deficiency AAV2 1.1:100,000

Roctavian BioMarin 2022E Factor VIII-SQ Haemophilia A AAV5 12:100,000 2.5M

Yescarta Kite Pharma/Gilead 2017 CAR-T (CD-19) Diffuse Large B-cell NHL LV 4:100,000 per year 373K

Kymriah Novartis 2017 CAR-T (CD-19) B-cell lymphoma LV 1.7:100,000 475K

Breyanzi Bristol Myers Squibb 2022 CAR-T (CD19) B-cell lymphoma LV 1,7:100,000/year 471K

Abecma Bristol Myers Squibb 2021 CAR-T (BCMA) Multiple myeloma LV 1-2:100,000/year 480K

Carvykti Janssen 2023 CAR-T (BCMA) Multiple myeloma LV 1-2:100,000/year 490K

Tecartus Kite Pharma 2020 CAR-T (CD-19) Mantle cell lymphoma LV 4-8/1M/year 373K

Adstiladrin Ferring 2023 Interferon alfa-2b Bladder cancer Ad 32:100,000/year ~200K

Imlygic Amgen/BioVex 2023 Oncolytic herpesvirus Melanoma Herpesvirus 25:100,000/year 65K

FDA/EMA approved gene therapy products

https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/approved-cellular-and-gene-therapy-products

https://www.genetherapynet.com/gene-therapy-products-on-the-market.html


https://www.pei.de/EN/medicinal-products/atmp/gene-therapy-medicinal-products/gene-therapy-node.html




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

Edoardo 
Schneider

AAV vectors for cardiomyocyte gene transfer



AAV9-ZsgGreen 
(Zoanthus green fluorescent 
protein)

IP injection @day 7 
5x1011 vg/mouse 

3 months post-injection 
1x108 - 1x109 vg/heart

Tibialis anterior

Diaphragm

Heart

AAV9-LacZ

 

Mouse heart 
transduction 
using AAV9 
vectors

AAV9-Luc



• Vector doses of 1E14 vg/kg or higher required for efficacy in neuromuscular 
diseases  

• One third of 1400 patients administered systemically with Zolgensma (AAV9 for 
SMA) have experienced at least one adverse event of hepatotoxicity 

• Four patients with X-linked my-tubular myopathy (XLMTM) died after receiving a 
vector dose of 3.5E14 vg/kg with signs of severe hepatotoxicity (Audientes) 

• High vector doses associated with thrombotic microangiopathy (TMA) in clinical 
trials for Danon disease (Rocket Pharma) and SMA (9 cases, one death), and with 
atypical haemolytic ureic syndrome (aHUS) associated with complement 
activation in two clinical trials for DMD. 

• Two cases of myocarditis in DMD Phase 3 clinical trial (Pfizer) 

• Risk of hepatocellular carcinoma (HCC) and dorsal root ganglia (DRG) toxicity 
in animal models of AAV gene therapy



Can we lower AAV doses by rendering cells 
more permissive?



High-throughput screening of a whole genome 
siRNA and miRNA libraries for AAV transduction



AAV6-GFP in neonatal mouse cardiomyocytes

5 x 104 vg 5 x 105 vg

siRNA against an 
E3 ligase

siRNA against 
an endocytosis 
protein

Control

DAPI EGFP

Screenings for AAV transduction

siRNA against an 
endocytosis protein



ncRNAs that increase precise 
gene editing



Most common cause of heart failure in 
young individuals 

Current medical approaches do not differ 
significantly from generic treatment for 
heart failure 

Most frequent mode of inheritance is 
autosomal dominant, because of either 
loss-of-function (e.g. truncating variants) or 
gain-of-function (missense variants) 

Autosomal dominance and large size of the 
cDNA coding for the affected genes are 
severe obstacles to cDNA gene therapy

Cardiomyopathies with Mendelian inheritance



Genome Editing with CRISPR/Cas9



An assay to detect homology-directed repair

eGFP sequence

Reporter for Homologous Recombination
pCUBeGFP(Y66S)

CMV-Ub

ATG

TAC

TCC

+201 eGFP(Y66S)

TAA

pA

DNA template for correction
pGEM-T_Δ20eGFP

Δ20eGFP

TCG

TCG

CMV hSpCas9 sgRNAeGFP5huU6

Humanized S. pyogenes Cas9 (SpCas9)
px330-SpCas9
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HTS for miRNAs enhancing HDR



45 genes 

697 mRNAs downregulated 1056 mRNAs upregulated

siRNA screening

Transcriptomic analysis

Transfection of
mouse cardiomyocytes

>1.5-fold change

hsa-miR-520c-3p and miR-302d-3p

467
(top 70 down-

70

10
homologous recombination

2-

Effect of the top miR-302d-3p and miR-520c-3p common 
downregulated genes on HDR in cardiomyocytes



Cardiac delivery of RNA therapeutics



Nanocarriers for therapeutic ncRNA delivery
Approved

Investigational

From: Ventola, 2017



Stable Nucleic Acid-Lipid nanoParticles (SNALPs)

Huntington J, Pachauri M, Ali H and Giacca M. 2021. Curr Opin Genet Dev 70, 48



cTnT EdU DAPI

MC3-SNALP1 2.5:1 JSNALP2 2.5:1



New set of optimized UTRs

5’ alpha-globin-UTR  AES-mtRNR1 3’ UTRGFP

TAATACGACTCACTATAAG CAP 1 structure

TAATACGACTCACTATAAG

Prime editor  AES-mtRNR1 3’ UTR5’ alpha-globin-UTR

Plasmid linearization 

poly-A tail  
110 nt

Prime editor  AES-mtRNR1 3’ UTR5’ alpha-globin-UTR

poly-A tail  
110 ntIVT reaction: 

- T7 polymerase 

- Cap 1 analog (tri-link) 

- pseudouridine 

- PolyA-tail is already in the backbone

poly-A tail  
110 nt

DNA

RNA

U6 pegRNA
TTTTTTT

EVOPREQ

T7 
pro

m

e-pegRNA

TAATACGACTCACTATAGG

DNA

RNA

optimized UTRs MHY6 UTRs

Optimisation of in vitro transcription (IVT) for 
optimal mRNA translation in cardiomyocytes



SNALP3

4 hr 24 hr 48 hr

MC3 40%

DOPE 22%

Cholesterol 35%

C16 Ceramide 
PEG
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Josef Huntington

Transfection of 
GFP mRNA in 
mouse 
cardiomyocytes 
by SNALPs



Native GFP GFP DAPI

JSNALP9-GFP mRNA

Native GFP GFP DAPI



Pre-clinical human models



Giorgia Rizzari 
Florian Weinberger 

Thomas Eschenhagen 



AAV6-GFP 
(5x104 vg/cardiomyocyte - 72 hr)
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Sam Watson 



Routes for myocardial delivery

M Giacca & AM Shah, 2022, Eur Heart  J



Take home messages
Advanced therapies based on mRNAs and 
small ncRNAs 

Lead nucleic acid search through in vivo and 
in vitro systematic screenings 

Transient modification of cell properties 
using ncRNAs for proliferation, vector 
permissivity and precise gene editing 

Cardiac RNA delivery using lipid 
nanoparticles
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