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Abstract In the past decade, there has been substantive progress in gene therapy across disease indications. However, despite multiple gene 
therapies being approved for clinical use, none have a cardiovascular indication. Several reasons for this have inhibited or delayed 
progress in the cardiovascular field. First, developing cardiovascular gene therapeutics represents a substantial technical challenge, 
particularly relating to identifying and building effective delivery systems for therapeutic cargo that will be sufficient to gain mean
ingful efficacy with acceptable safety for the patient. Second, for genetic disease, gene editing therapy of pathogenic variants is at a 
relatively early stage of development. Third, since this is a field in development, the optimal design of clinical trials of cardiovascular 
gene therapies is also evolving and requires expert attention. Despite this, recent and current clinical trials are charting new ground, 
gaining valuable new patient-focused information that provides critical new learning and bench-to-bedside iterative development 
that has been so successful in other disease areas. While most clinical trials currently focus on cardiac gene therapy, vascular ap
proaches are being developed, both genetic and common. We herein review the state-of-the-art in this rapidly progressing field of 
study. We consider gene therapy vector design, including transcriptional control, an area of incredible opportunity through engin
eering biology approaches to design, build, and test bespoke transcriptional units for expression of therapeutic cargo. Achieving 
progress in this exciting field will require close working between all stakeholders, including academic, clinical, industry, regulatory, 
and patient communities. Based on current progress, there is a 10-year horizon for bringing several cardiovascular gene therapies to 
licensing.
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Graphical Abstract

Clinical applications of gene therapy in the cardiovascular system. The opportunities range from genetic editing for cardiomyopathies to new approaches 
for regenerating the heart and treatment of vascular remodelling via gene augmentation or inhibition. Each application requires a bespoke approach to 
achieve appropriate clinical benefits for patients through delivery of therapeutic cargo and control overexpression of genetic medicines.
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1. Introduction
This review focuses on gene therapies that are being developed for cardio
vascular disease. Gene therapy is an advanced therapy medicinal product. 
Other advanced therapy approaches include cell-based patches, associated 
biomaterials, and RNA therapies that are being applied in the cardiovascu
lar setting and are covered in excellent recent reviews.1–4

In this article, we present a clinical perspective on gene therapy for car
diovascular disease. We describe the gaps between preclinical experimen
tal studies and clinical gene therapy for cardiovascular disease and highlight 
the solutions that are being developed. We additionally provide a brief his
torical perspective and summarize of the technologies currently available 
for gene delivery. With respect to diseases, heart failure is considered first 
and then vascular disease. Considering heart failure, the specific topics are 
(i) targeting pathways to treat heart failure, (ii) treating genetic cardiomy
opathies, and (iii) targeting cardiac regeneration. Considering vascular dis
ease, we discuss the opportunity for ex vivo vascular gene therapy, then 
gene editing technologies for the heart and vasculature. Approaches that 
are being developed to improve control of expression of the therapeutic 
transgene/cargo in gene therapies once in the cell are also discussed.

Gene therapy medicines are described by the European Medicines 
Agency as follows: ‘These [medicines] contain genes that lead to a therapeutic, 

prophylactic or diagnostic effect. They work by inserting “recombinant” genes 
into the body, usually to treat a variety of diseases, including genetic disorders, 
cancer or long-term diseases. A recombinant gene is a stretch of DNA that is 
created in the laboratory, bringing together DNA from different sources’. 
Historically, the first cardiovascular gene therapy publication was in 
1990, and this demonstrated the feasibility of gene delivery to the blood 
vessel,5 catalysing the field to pursue new approaches in monogenic disease 
and other complex cardiovascular diseases. There has been an intense effort 
to evolve efficient delivery systems that adequately allow gene manipulation 
for efficacy gain using advanced therapies. These include RNA therapies such 
as antisense oligonucleotides, N-acetylgalactosamine ligand-modified systems, 
short interfering RNA, and microRNA modification using lipid nanoparticles 
and viral vector systems including adenovirus- and adeno-associated virus 
(AAV)–based vectors. In the cardiovascular setting, the main modalities for 
gene therapy delivery are based on viral vectors, particularly recombinant 
adenovirus-based vectors, those based on adenovirus, AAV, and non-viral 
systems such as lipid nanoparticles. Attributes and limitations of each ap
proach are relevant. For example, AAV vectors have high affinity for muscle, 
including cardiac muscle, yet these vectors have limited capacity for cloning 
genes (approximately 4.7 kb of DNA). Adenovirus-based vectors have attri
butes including the ability to transfer genetic material to a broader range of 
cell types and a larger cloning capacity (up to 36 kb), yet can be more 
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immunogenic. The historical development of these technologies is covered in 
other reviews.6–9 In this article, we describe how gene delivery vectors are 
being used currently in the cardiovascular setting and what developments 
are enabling improvements in gene delivery that will have an impact on clinical 
translation.

Like other disease areas, advances in the field from experimental-to-clinical 
studies were rapid but challenges remained. They included limited options 
and efficacy of delivery systems in cardiovascular tissue, sometimes inad
equate knowledge of disease pathogenesis and limitations in the design of clin
ical trials. Major safety events in clinical trials of gene therapy disseminated the 
field in the late 1990s and early 2000s. One historical and high profile example 
is the tragic death of Jesse Gelsinger following adenovirus-based vector gene 
therapy infusion for ornithine transcarbamylase deficiency.10 Another key ex
ample was the induction of leukaemia following gene therapy for immuno
deficiency disease.11 This may be explained by the uncontrolled integration 
of genetic material into host DNA by retroviral-based vector systems.12

These serious adverse events moved the field to improve the methods 
for gene delivery in vivo and related safety monitoring as well as improved 
clinical trial design. New advances emerged for monogenic diseases such as 
haemophilia, ocular disease, neurological conditions, and childhood immu
nedeficienies.12–17 These developments re-invigorated the field, both aca
demically and commercially, and there are now over 20 Federal Drug 
Agency or European Medicines Agency approved genetic medicines. 
These advances led to renewed optimism for cardiovascular gene therapy.

2. Gene therapy to the myocardium
A major challenge for cardiac gene therapy is delivery modality. 
Non-selective systemic delivery of therapies for the heart is relatively sim
ple (and used widely in experimental studies) but requires high doses since 
much of the delivery vector disseminates throughout the body. This sys
temic approach necessitates a regimen of concomitant or on-demand im
munosuppression in humans to mitigate the antiviral host responses that 
are characteristic of AAV-mediated gene delivery regimens. The complica
tions from high-dose delivery of AAV vectors have been evident in muscu
lar dystrophy clinical trials where liver failure and immune reactions 
resulting in acute respiratory distress syndrome (ARDS) have, tragically, 
led to death.18,19 Severe but reversible adverse events (SAEs) have also 
been observed in cardiac gene therapy trials where systemic injection of 
AAV9 has been used highlighting key areas for caution on intravenous dos
ing for risk: benefit considerations for the patient.20,21 High-dose, systemic 
regimens of AAV9 therapy push the limits of manufacture and 
cost-of-goods concerns. In contrast, intracoronary AAV9 delivery requires 
much lower doses (∼20–100 times lower than intravenous) without the 
use of immunosuppressants. This can result in high expression with strong 
cardiac tropic vectors, such as the novel AAV called AAV2i8,22 which are 
discussed more below as this vector shows improved uptake into heart tis
sue. However, improvements in gene delivery vectors for more efficient 
cardiac gene delivery are needed.

Intracoronary delivery of gene therapy involves relatively simple cardiac 
catheterization, and this has been safely achieved in more than 300 patients 
with severe heart failure in the AAV1.SERCA2a trials.23,24 When consider
ing intracoronary versus intravenous delivery, the transgene, disease state, 
clinical trial design, and cost of goods all need to be taken into account. The 
critical step for clinical therapy development is demonstrating that the ap
proach delivers sufficient vector to the target tissue with the benefit being 
greater than the risk. With the future development of potentially more ef
ficient cardiac tropic vectors, including lipid nanoparticle-based systems 
and new AAV vectors, systemic and intracardiac delivery at low doses of 
vectors should be possible to facilitate clinical gene therapy development 
through improved delivery of gene therapy.

Considering new developments, Ishikawa et al. showed that using mech
anical support (such as the Impella device) can increase AAV myocardial 
uptake in the myocardium of swine models by 106-fold compared to intra
coronary delivery. Utilizing mechanical support for cardiac gene delivery 
offers a clinically applicable strategy.

2.1 Targeting heart failure
The population of patients suffering from heart failure is segmented into 
reduced ejection fraction (HFrEF) and preserved ejection fraction 
(HFpEF). For both HFrEF and HFpEF, there is an unmet clinical need for 
new therapies that heal or reverse cardiac damage.26

In HFrEF, the dominant vector for cardiac gene therapy has been AAV 
and the different types available, some of which have favourable virus up
take into muscle, including the myocardium (principally serotypes AAV1, 
AAV6, and AAV9). We discuss below the clinical data to date and the steps 
that are being taken to maximize this opportunity.

Several clinical trials involve interventions targeting intracellular calcium 
cycling abnormalities that characterize failing human cardiac myocytes.27

The cardiac sarcoplasmic reticulum (SR) calcium ATPase pump 
(SERCA2a) is deficient in terms of function and expression in heart failure 
associated with Duchenne muscular dystrophy (DMD) myopathy.28 As 
such, DMD has been targeted in experimental gene therapy studies which 
eventually led to clinical studies.24,29–31 Clinical trials targeting SERCA2a by 
delivering AAV1.SERCA2a via intracoronary infusion in patients with heart 
failure progressed to Phase 2b (∼250 patients), but failed to demonstrate 
therapeutic efficacy.32,33 In all these trials, AAV1.SERCA2a was delivered at 
a dose of 1013 virus genomes (vg) per patient and gene expression analysis 
of myocardial biopsies from study participants indicated that less than 1% 
of cardiomyocytes were transduced.32–34

Informed by this experience, there are three current clinical trials evalu
ating higher doses of AAV1.SERCA2a with the aim of enhancing myocardial 
vector uptake. The AAV doses are 3 × 1013 vg and 4.5 × 1013 vector gen
omes of AAV per patient in the heart failure with reduced ejection fraction 
(MUSIC-HFrEF), heart failure with preserved ejection fraction 
(MUSIC-HFpEF), and Duchenne muscular dystrophy cardiomyopathy 
(MUSIC-DMD) trials. Notably, in the MUSIC-HFpEF trial, patients will 
have measurements of pulmonary capillary wedge pressure at rest, during 
exercise and then in recovery and repeatedly assessed at baseline and 6 and 
12 months post gene transfer.35 MUSIC-DMD is a Phase 1b study, and the 
aim is to assess the safety and potential efficacy of AAV1.SERCA2a, admi
nistered as a one-time antegrade epicardial coronary artery infusion.35

Calcium cycling is also a target for gene therapy. A Phase 1 clinical trial in 
non-ischaemic cardiomyopathy involves a novel AAV2i8 capsid that deli
vers a constitutively active inhibitor (I-1c) of protein phosphatase 1 (I-1) 
via a single intracoronary infusion of the vector. The AAV2i8 capsid was 
designed by combining AAV2 and AAV8 by Asokan and Samulski22,36–38

to improve AAV-mediated gene delivery to the heart. Gene therapy up
take via the capsid has been evidenced by infectivity ∼1 vg/cardiac cell in 
a human left ventricular sample 13 months post gene transfer.22 More evi
dence will be needed to clarify whether myocardial uptake by this ap
proach is clinically beneficial. In a new development, a Phase 2 clinical 
trial of AAV2i8.I-1c at two doses vs. placebo (GENEPHIT) is currently un
der way.22

2.2 Targeting pathways to treat genetic 
cardiomyopathies
Genetic cardiomyopathies include sarcomeric, syndromic, inborn error of 
metabolism, storage, and other forms of myocardial disease, including 
transthyretin (TTR) amyloidosis (refer to Figure 1). Gene therapy strategies 
aimed at blocking TTR gene expression with CRISPR/Cas9 genome editing 
are being evaluated in ongoing clinical trials.39 In a follow-up study, a single 
dose of this therapy appeared to be safe and was associated with consistent 
and clear reductions in serum TTR levels.40 The authors stated that this in
duced evidence of limited disease progression throughout treatment, but 
lacked pivotal data in this Phase I, open-label trial. The ongoing Phase 3 
MAGNITUDE trial will likely provide key clinical data on efficacy.41 Even 
though the efficient targeting in cardiac amyloidosis has been to the liver, 
the effects on cardiac function have been encouraging, highlighting a novel 
liver–heart axis. Since liver uptake of gene therapy may be considerable, 
this liver–heart axis has potential for enhancing GalNAc or the liver tropic 
AAV-8 virus, as vehicles for cardiac effects.
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Inherited cardiomyopathies are obvious candidates for traditional gene 
therapy approaches (i.e. gene augmentation or inhibition) or gene editing 
(to correct the mutation) (Table 1). There are many examples of early 
phase clinical trials in this area, with safety being critical. Danon disease 
(LAMP2 deficiency) is an X-linked dominant lysosomal storage disease 
with a phenotype of cardiac hypertrophy in adolescent males who may 
eventually require heart transplantation. LAMP2B is a mediator of autop
hagy and its deficiency results in intracellular vacuoles, myofibrillar disarray, 
hypertrophy, and fibrosis in cardiac tissues. A dose-escalation Phase 1 clin
ical trial using intravenous delivery of AAV9.LAMP2B in patients with 
Danon disease was recently presented.42 Patients were followed for 24– 
54 months post injection. LAMP2 protein expression was increased and 
associated with beneficial effects on left ventricular mass index, preserva
tion of left ventricular ejection fraction, and cardiac biomarkers including 
troponin I and N-terminal pro-B-type natriuretic peptide.42 However, des
pite aggressive immunosuppression to mitigate responses to high-dose 
AAV, severe adverse events were observed in some of the patients treated.

Recently, the FDA approved the combined endpoints of LAMP2B ex
pression + LV mass reduction for a 12-patient pivotal trial for Danon dis
ease. This pivotal trial in cardiac gene therapy has completed enrolment 
and is awaiting follow-up. This clinical trial may represent a reference 
benchmark for future trials of trials in the field.

Second, arrhythmogenic right ventricular cardiomyopathy (ARVC) is 
caused by PKP2 pathogenic variants in 20–46% of cases where they are asso
ciated with increased risk of sudden cardiac death in those under 30 years of 
age. In experimental studies, AAV gene therapy of PKP2 has rescued models 
of ARVC secondary to PKP2 knockdowns or pathogenic variants. In another 
new development, a Phase 1 trial of AAV gene therapy of PKP2 in patients 
with ARVC secondary to PKP2 loss of function variants is ongoing.

Third, myosin heavy chain (MHC) variant-related cardiomyopathies are 
genetically associated with MYH6/7 or MYBPC3 variant. MYBPC3 patho
genic variants are the most common cause of hypertrophic cardiomyop
athy (HCM), accounting for about half of identified pathogenic 
variants.43–46 A Phase 1 trial delivering MYBPC3 in HCM has been initiated.

Figure 1 Illustration of gene therapy targets in cardiac myocytes. Different strategies to modify cardiomyocyte function converge on improving calcium handling 
and genetic mutations. Intracoronary delivery of AAV1.SERCA2a delivery is being tested in Phase 1/2a for the treatment HFrEF, HFpEF, and DMD cardiomyopathy 
and intracoronary of AAV2i8.I-1c has entered Phase 2 for the treatment of non-ischaemic cardiomyopathy. Intravenous delivery of AAV9.LAMP2b has completed 
enrolment in its pivotal trial in patients with Danon. Intravenous delivery of AAV9.PKP2 is in Phase 1 for ARVC while intravenous delivery of AAV.MYBPC3 for 
hypertrophic cardiomyopathy. SERCA2a, cardiac isoform of the sarcoplasmic reticulum calcium ATPase; SUMO1, small ubiquitin modifier 1; PLN, phospholam
ban; DWORF, dwarf open reading frame; S100A1, S100 calcium binding protein A1; PP1, protein phosphatase 1; I-1, inhibitor 1; I-1c, constitutively active form of 
I-1; GRK2, G protein-coupled receptor kinase 2; AC, adenylyl Cyclase; βARKCT, beta adrenergic receptor kinase carboxyl-terminus; MYBPC3, myosin binding 
protein C3; LAMP2B, lysosome associated membrane protein 2; PKP2, plakophilin-2; DP, desmoplakin; IF, intermediate filament; HFrEF, heart failure with reduced 
ejection fraction; HFpEF, heart failure with preserved ejection fraction; DMD, Duchenne muscular dystrophy.
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Finally, with RBM20-associated dilated cardiomyopathies (DCMs), pa
tients with pathogenic RBM20 pathogenic variants present at late stages 
of cardiac failure with debilitating symptoms along with ventricular arrhyth
mias. RBM20 pathogenic variants cluster within an arginine/serine-rich 
(RS-rich) domain, mediating nuclear localization.47–50 These variants induce 
RBM20 mis-localization to form abnormal ribonucleoprotein granules in 
the cytoplasm of cardiomyocytes and abnormal alternative splicing of car
diac genes, contributing to DCM. In experimental models, AAV gene ther
apy for gene editing of RBM20 pathogenic variants rescues cardiac 
dysfunction and decreases ventricular arrhythmias.49

Early observations of improved AAV delivery to human myocardium are 
encouraging, and ongoing work in progress will provide a rich learning re
source in the coming years.

2.3 Targeting cardiac regeneration
Gene therapy also has potential to improve heart function by stimulating 
the generation of new cardiac tissue (see Figure 2). Cardiomyocyte loss 
and lack of regeneration are features of HFrEF, especially following myo
cardial infarction (MI).

One strategy has focused on the activation of pathways that control car
diomyocyte proliferation during development. For example, in experimental 
studies, overexpression of Yes1 Associated Regulatory Protein (YAP), using 
an AAV9 vector51 or shRNA knockdown of Salvador Homolog 1 (SAV1), a 
co-factor of the YAP inhibitory kinase MST1/2 (Hippo in Drosophila) in 
mouse hearts with HF after MI,52 induces cardiac regeneration.53

A second regenerative medicine approach is to manipulate the cell cycle 
with gene therapy. Strategies include overexpressing positive cell cycle reg
ulators such as cyclin A2,54 the metabolic enzyme PKM2 using modified 
RNA,55 the simultaneous delivery of CDK1, CDK4, cyclin B1, and cyclin 
D1 using gene therapy56 or by indirectly targeting proliferation by admin
istering modified RNA coding for the metabolic enzyme PKM2.55 Several 
microRNA (miRNA) genes can also stimulate cardiomyocyte proliferation 
(reviewed in ref. Braga et al.57). In a mouse MI model, administration of 
miR-199a or miR-590a,58,59 miR-294, a member of the miR-302 superfam
ily,60 or miR-19a/19b61 provided experimental evidence of cardiac regen
eration and improvement of cardiac function. However, activity of these 
miRNAs should be controlled, as their prolonged activation using AAV 

vectors can lead to hyperproliferation and adverse outcomes, as observed 
for AAV6-miR-199a in pig models.62 These observations underscore the 
need to control the extent of gene expression in cardiovascular tissues. 
The concept of control of transgene transcription is discussed later.

Most clinical trials targeting improvements in cardiac vasculature, despite 
demonstrating safety and feasibility, have proven disappointing despite 
demonstrating safety and feasibility,63 thus highlighting the need for further 
innovation. One such approach is the development of an adenovirus-based 
approach called XC001 that is designed to increase myocardial expression 
of the predominant three VEGF isoforms following gene transfer. EXACT 
was a single-arm, multicentre, open-label clinical trial that enrolled 32 pa
tients with refractory angina to receive transepicardial delivery of virus. 
The preliminary findings from this study provide some support for the 
safety and efficacy (e.g. improvement in angina class) of this approach.64

However, the clinical significance should next be assessed in a future 
double-blind, placebo controlled trial that has adequate power to provide 
reliable information on safety and efficacy.

The cardiac lymphatic system may represent a novel target for gene ther
apy post-MI. Lymphatics in the heart myocardial fluid balance and immune cell 
homeostasis and lymphatic function can be impaired post-MI.65 Experimental 
studies of gene therapy for lymphatic vessels have shown a significant and 
prolonged expansion of lymphatic vessels post-MI.65 As a possible gene ther
apy, AAV-mediated delivery of VEGFC-C165, which specifically targets 
VEGFR3, improved experimental MI outcomes.66 The VEGF family plays crit
ical roles in development and maintenance of functional vascular and lymph
atic networks,67,68 and VEGF-C is also thought to act as mitogen for adult 
lymphatic endothelial cells69,70 as well as regulating post-natal angiogenesis.65

As such, gene therapeutic strategies to augment both vascular and lymphatic 
responses post-MI merit further evaluation (Figure 2). A strategy that com
bines targeted gene therapy for fibrosis and inflammation merits experimen
tal evaluation in the first instance (Figure 2).

3. Ex vivo vascular gene therapy
Ex vivo gene therapy is a novel approach for vein graft failure (see Figure 3). 
The surgical treatment of coronary and peripheral artery disease includes 
bypass conduits for coronary and lower limb peripheral artery bypass 
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Table 1 Hereditary cardiac indications leveraging AAV vectors

Disease Phenotype Overall 
prevalence

Causative 
gene

AAV Mode of 
delivery

Clinical trial

Danon X-linked recessive hypertrophic 

cardiomyopathy

15–30 k (US +  

EU)

LAMP2a AAV9 Intravenous Phase 1 completed with two 

high doses in adult and 

paediatric patients 
Pivotal Phase 2 started

Genetic hypertrophic 

cardiomyopathy

Severe hypertrophy of the walls 

of the ventricles

>500 k (US, 

total HCM)

MYBPC3b AAV9 Intravenous Phase 1 trial ongoing 

intravenous. High dose
Arrhythmogenic right 

ventricular 

cardiomyopathy (ARVC)

Arrhythmias and right 

ventricular dyskinesis. 

Majority due to PKP2 
mutations

∼100 K in US PKP2c AAVrh10 

AAVrh74

Intravenous Dose-escalation Phase 1 trial 

intravenous. High dose

Friedreich’s ataxia Autosomal Recessive 

neurological and muscular 
disorder affecting the heart

∼6000 in US FXNd AAVrh10 Intravenous Dose-escalation Phase 1 trial 

intravenous. High dose

Duchenne cardiomyopathy Autosomal dominant, LVEF <  
40%

∼25 000 in US SERCA2ae AAV1 Intracoronary Dose-escalation Phase 1 trial

aLAMP2: lysosomal associated membrane protein 2.
bMYBPC3: Myosin Binding Protein C3.
cPKP2: Plakophilin-2.
dFXN: frataxin.
eSERCA2a: cardiac isoform of the sarcoplasmic reticulum calcium ATPase.
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grafting applications, which largely still involve the use of autologous saphe
nous vein grafts. The success of surgery is limited by vein graft occlusion 
due to barotrauma and accelerated atherosclerosis. Thus, strategies to lim
it vascular damage in the early aftermath of vein grafting would, in theory, 
prevent long-term failure by blocking the development of vein graft ather
oma. A host of mechanisms could be targeted as there is a tremendous 
breadth of experimental research that has identified causal mechanisms.

One such approach nearing clinic is the use of adenoviral vectors to 
overexpress TIMP-3 delivered in this manner, which block adverse remod
elling induced my tissue injury. This has been shown in human saphenous 
vein tissue ex vivo and in pig grafts in vivo in experimental studies.71,72 A clear 
advantage of this approach is limiting the patient to exposure to the gene 
therapy vector system since the gene delivery occurs ex vivo and the excess 
vector can be washed from the graft before grafting. A first-in-human, 
placebo-controlled, dose-ranging clinical trial of Ad5TIMP3 gene therapy 
given ex vivo to saphenous vein immediately prior to aorto-coronary 

bypass grafting, PROTECT, is due to begin in the Golden Jubilee National 
Hospital (Glasgow, UK), to assess the safety and feasibility of this approach 
(clinical trial registration: ISRCTN43650325; https://www.isrctn.com/ 
ISRCTN43650325) (Figure 3).

4. Gene editing technologies for the 
heart and vasculature
Genome editing technologies enable the permanent modification of DNA se
quence in living cells and thus have the capacity to correct DNA mutations 
that cause cardiovascular disease. This process has been simplified by the dis
covery that CRISPR-Cas nucleases such as Cas9 can be readily programmed 
to edit specific DNA sites using a guide RNA (gRNA).73,74 In complex with 
the gRNA, the Cas9-gRNA ribonucleoprotein (RNP) scans DNA for a short 

Figure 2 Main targets for cardiac regeneration. (A) Cardiac injury results in cardiomyocyte loss, reactive fibroblasts activation, and tissue infiltration with 
inflammatory and immune cells. Myocardial regeneration requires de novo formation of cardiomyocytes. This process can be stimulated by the activation 
of one of the pro-proliferative pathways that can be active in these cells (e.g. Hippo pathway deactivation followed by Yap activation, or activation of 
Notch or beta-catenin), or by direct targeting of cell cycle regulators (e.g. overexpression of cyclin A), or by exploiting the RNA interference pathway by de
livering pro-proliferative miRNAs (e.g. miR-199a-3p, miR-302-3p, miR-1825 or others). (B) Beyond cardiomyocyte proliferation, myocardial regeneration re
quires and is regulated by formation of new blood and lymphatic vessels, modulation of the inflammatory response towards a regenerative state, and regulation 
of excessive fibrotic deposition.
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protospacer-adjacent motif (PAM) directly beside the gRNA binding region 
of the target site.73,75–77 The simplicity of re-targeting the Cas9 protein to 
these new sites via recoding the spacer of a gRNA enables precise changes 
to the genome. To overcome limitations in the breadth of editing caused 
by the requirement for the Cas9 protein to recognize a PAM, new Cas9 
and Cas12a proteins with vastly expanded targeting ranges that permit editing 
of previously inaccessible sequences have been developed.78–84

Beyond such traditional nuclease-based editing, cytosine base editors 
and adenine base editors (ABEs) enable the introduction of precise 
C-to-T and A-to-G changes, respectively.78,85–89 Finally, new CRISPR 
prime editors (PEs) permit the insertion of custom changes into the gen
ome by using a reverse transcriptase (RT) domain and a PE guide 
RNA.90–92 Collectively, genome editing holds significant breadth and 
promise as a gene therapy. However, additional considerations are rele
vant. First, the editing machinery required is relatively large genetically 
and pushes the cloning capacity of vectors such as AAV. Second, the off- 
target effects of gene editing technologies need in-depth assessment and 
quantification as these are lifelong treatment regimens and necessitate 
the safety assessment to inform risk-to-benefit analysis for the patient.

In the cardiovascular system, broad classes of diseases caused by mis
sense variants are preferred candidates for gene editing. The gene editors 

are applied to correct or to knock down pathogenic variants where thera
peutic effect relies on eliminating the mutant deleterious protein [e.g. 
ACTA2-related vasculopathy (see Figure 4)], CADASIL, COL4A1- and 
COL4A2-related vascular disorders, Loeys–Dietz syndrome, Myhre syn
drome, Marfan’s disease, and hereditary haemorrhagic telangiectasia or 
correction or exon-skipping strategies to restore loss-of-function variants 
[i.e. arterial calcification due to deficiency of CD73, generalized arterial cal
cification of infancy, pseudoxanthoma elasticum, X-linked recessive dis
eases such as DMD, X-linked Emery–Dreifuss muscular dystrophy 
(EDMD), Barth syndrome, and familial forms of hypercholesterolaemia]. 
These approaches must be coupled to existing gene delivery technology, 
and we provide exemplars for the heart, the liver [largely taking advantage 
of multi-valent N-acetylgalactosamine (GalNAc) targeting ligand technol
ogy], and the vasculature.

In cardiac disease, base editing shows efficiency in experimental models 
in correcting nonsense pathogenic variants in DMD mice.93 Systemic deliv
ery of AAV9-ABE-SpCas9-NG81 resulted in a near complete rescue of dys
trophin in mdx4cv mouse hearts.93 The off-target activities in both gene 
editing studies remained low.94 Chai et al.95 used CRISPR/Cas9-ABE to 
correct a pathogenic variant of hypertrophic cardiomyopathy, the 
β-myosin (MYH7) gene (c.1208 G>A: p.Arg403Gln). Intra-thoracic 

Figure 3 Ex vivo gene therapy during coronary artery bypass graft surgery to prevent late graft failure. During cardiac surgery, the harvested autologous 
saphenous vein is cannulated and infused with recombinant adenovirus to create a luminal dwell, in the absence of additional pressure to the vein. Gene transfer 
occurs in the next 30 min prior to washing the graft gently to remove excess adenovirus. Following grafting, the cells in the vein graft wall that are infected by 
the adenovirus will express the cloned gene, tissue inhibitor of metalloproteinase-3 (TIMP-3) that is secreted from those cells. Excess TIMP-3 acts to prevent 
extracellular matrix degradation by matrix metalloproteinase enzymes, leading to prevention of intimal hyperplasia. A forthcoming Phase 1 clinical trial in cor
onary artery bypass graft surgery (PROTECT, ISRCTN43650325) aims to assess the safety of this approach.
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injection of dual-AAV9 virus resulted in a dramatic reduction of hyper
trophy and fibrosis.

CRISPR-Cas base editors have also shown efficiency in ablating the ex
pression of PCSK9 (proprotein convertase subtilisin/kexin type 9) and re
ducing LDL cholesterol levels in the liver.39 The development of LDL 
receptor independent delivery using the GalNAC lipid nanoparticles tech
nology has enabled both delivery of genome editors to patients with intact 
LDL receptor activity as well as to those afflicted by homozygous familial 
hypercholesterolaemia. GalNAC lipid nanoparticles technology also in
creases the editing efficiency of hepatocytes with minimal editing in non- 
targeted tissues.96 Emerging results from clinical trials of in vivo liver editing 
for hereditary forms of hypercholesterolaemia also highlight the challenges 
of monitoring in vivo editing off-target effects97 which is a key factor in 
risk-to-benefit analysis.

In vasculopathies, most developments are at the experimental stage, for 
example, recent developments in experimental in vivo gene editing target
ing the ACTA2 vasculopathy multisystem smooth muscle dysfunction 

syndrome (MSMDS) using systemically injection of AAV vectors98 (see 
Figure 4). Hutchinson–Gilford progeria syndrome has also been targeted 
experimentally using base editing. Most cases of Hutchinson–Gilford pro
geria syndrome are caused by the c.1824 C>T de novo pathogenic variants 
in the LMNA gene, encoding lamin A/C proteins. As in many diseases 
caused by dominant-negative missense variants, one approach is to select
ively downregulate the mutant protein (allele) which could make the ther
apy more widely available. However, ameliorating disease progression is 
highly dependent on understanding several levels of gene regulation, adap
tive cellular mechanisms, and the biology or haplosufficiency of the specific 
protein. As example, in Hutchinson–Gilford progeria syndrome, the in
complete reduction of progerin and the concomitant reduction of lamin 
A protein showed a limited effect (25% increase in lifespan) and unintended 
consequences while normalization of DNA sequence by base editing re
sulted in up to 2.4-fold longer survival and was well tolerated.99

How will future approaches enhance the potential of gene editing in the 
cardiovascular system? Aside from improvement in delivery and control of 

Figure 4 Schematic representation of gene targeted correction using base editing for a severe SMC prototypical vascular disease multisystem smooth mus
cle dysfunction syndrome (MSMDS). Systemic intravenous delivery of CRISPR/Cas9 Nickase ABE using a dual AAV approach. In this, two AAVs are necessary 
due to the genome space limitations of AAV being insufficient for some gene editing machinery. This in turn requires both AAVs to be in the same cell in order 
to correct the most prevalent MSMDS variant of ACTA2 (the arginine 179 to histidine mutation). Following transduction of vascular smooth muscle cells in vivo 
but the AAVs, ABE restores healthy sequence and prevents/ameliorate cerebral arteriopathy.
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expression of gene editing machinery, the assessment of off-target 
mutagenesis, a critical concern in genome editing, has been dramatic
ally improved by the development of new methods for unbiased iden
tification of genome editing activity on and off target.100–105 Various 
measures, including engineered Cas9 variants with enhanced on/off- 
target specificity, optimized gRNA design, chemical modification of 

gRNAs, and co-administration of catalytically inactive guide RNAs, 
have been implemented.89,106–110 Potential deleterious effects such 
as large deletions, inversions at on-target sites, and integration of 
the AAV viral genome at Cas9-induced double-strand breaks highlight 
the need for comprehensive safety measures required by the regula
tory agencies.

Figure 5 Designs of synthetic promoters for cardiovascular gene therapy (A). Example cartoon designs of AAV. (i) Gene therapy promoters represent a 
typical generic gene therapy cassette design consisting of a promoter, a transgene, and poly A sequence. (ii) Gene therapy cassette with standard constitutive 
promoters CMV and EF1-alpha. (iii) Gene therapy cassette with a muscle specific promoter MHCK7 enabling genes to be expressed in cardiac muscle. 
(iv) Synthetics promoters consisting of combinations of cis regulatory elements (coloured bars) such as enhancer sequences upstream of a mini CMV promoter 
that can be screened for tissue specific regulation of a transgene. (B) Cartoon of a tetracycline OFF/ON system. In the tetracycline (tet) OFF system, tTA is a 
tetracycline controlled activator (green protein) created by fusing the protein tetR with the C-terminal domain of VP16 a transcriptional activation domain 
from herpes simplex virus. In the absence of tetracycline (yellow triangle), the tetR portion of tTA will bind to the TRE region consisting of a series of tet 
operator (tetO) sequences and the activation domain promotes expression. In the presence of tetracycline, tetracycline binds to tetR. This prevents tTA bind
ing to the tetO sequences resulting in reduced gene expression. In the tet ON system, tetR was mutated leading to the development of a reverse Tet repressor 
rTetR (red protein) which relies on the presence of tetracycline (yellow triangle) for induction, rather than repression. (C ) Cartoon showing aptazyme-based 
regulation of mRNA stability of a gene of interest (GOI). Ribozymes (illustrated in red) are self-cleaving RNAs and aptamers (illustrated in yellow) are RNAs 
that bind to specific ligands (illustrated by blue circles). When the two sequences are combined, they result in an aptazyme which is an RNA sequence whose 
cleavage is regulated by the presence or absence of a ligand. When an aptazyme is engineered into the untranslated region (UTR) of an mRNA depending on the 
conformation, it can act as either an ON switch or an OFF switch. In the ON conformation, the binding of the ligand inactivates the cleavage of the RNA and 
thus prevents RNA degradation allowing the protein to be expressed. In the OFF conformation, the binding of the ligand enables the ribozyme activity cleaving 
the RNA resulting in the degradation of the mRNA transcript decreasing protein expression of the gene of interest (GOI).
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5. Regulating expression of 
therapeutic genes
A key challenge for the clinical gene therapy is the control of transgene ex
pression (see Figure 5). On the one hand, overexpression can be detrimen
tal, but on the other hand, sufficient gene expression is needed to achieve 
efficacy. Use of promoters based on transcription in viral systems (such as 
cytomegalovirus) is commonplace and powerful, yet non-specific. 
Mammalian promoters and cell-specific promoters are also used to help 
control expression effectively. Each therapeutic indication likely requires 
a bespoke design to refine transcriptional activities to compartmentalize 
expression. For example, improving cardiomyocyte calcium handling in 
heart failure would require long-term and consistent expression of the 
therapeutic gene. Conversely, expression of a pro-regenerative gene in 
cardiomyocytes after MI would require precise control, likely short 
term, and then shut down. Here, we recap on current state-of-the-art 
and briefly highlight future opportunities that are likely to be incorporated 
into design of cardiovascular gene medicines.

Promoters are regulatory DNA elements located upstream of a gene 
coding region. Promoter activity is regulated by transcription factors 
(TFs) that recognize specific DNA elements at TF binding sites.111

‘Synthetic’ promoters (Figure 5A) can be built by bringing together TF bind
ing sites arrayed immediately upstream of a minimal promoter, which is re
quired to initiate transcription of the gene. TF binding activates the core 
promoter, driving transcription. This approach has been used to produce 
promoters that function specifically in various cell types, such as hepato
cytes, myocytes, and muscle.112–114 Identification and screening for syn
thetic promoters and enhancers involves building libraries of DNA parts 
(containing the TF binding sites) and screening for the desired activity. 
Long-range cis-regulatory elements (called ‘enhancers’) can provide the se
lectivity for a particular cell.115 Recent technological advances include map
ping of TFs using ChIPseq, enhancer chromatin markers such as H3K27 

acetylation,116 and chromatin accessibility (ATAC-seq)117 enabling the 
more efficient identification of cell type-specific DNA sequences.

What is being developed that can go beyond state-of-the-art? New ap
proaches have been developed to engineer ‘sense and respond’ circuits 
that recognize the specific disease state and precipitate a therapeutic re
sponse. Relevant cardiometabolic examples include insulin resistance,118

obesity,119 and hypertension120 (reviewed in Xie et al.121) where the pro
moter element responds to cues within the body with increased or de
creased expression of the therapeutic gene. Other systems have been 
developed to enable exogenous small molecule control of gene expres
sion which could potentially act as safety switches in control of thera
peutic expression levels. A classic example is the so called Tet-ON and 
Tet-OFF system that is responsive to doxycycline and enables induction 
or inhibition of transgene expression in response to drug addiction or re
moval, respectively.122 The advantage here is that technology could allow 
genes to be switched on or off in a repetitive and controlled manner by 
small molecule administration following gene therapy (Figure 5B). This 
might have particular benefit for gene therapies that instil growth, like 
pro-regenerative or pro-reparative therapies. Exogenous control of 
gene therapy expression can also be controlled by light123,124 and by 
acoustics,125 but their use in mainstream cardiovascular gene therapy 
has yet to be consolidated.

RNA-based regulatory devices are also an exciting alternative to protein- 
based systems (Figure 5C). A riboswitch is a regulatory section of mRNA 
located in either the 5′ or 3′ untranslated (UTR) region that specifically inter
acts with a trigger molecule resulting in a change in mRNA structure or sta
bility changing the level of production of the protein encoded by the mRNA. 
Riboswitches responding to various ligands including small molecules such as 
tetracycline, theophylline, and aminoglycosides have been designed. The use 
of riboswitch regulation has been reported for a range of mouse tissues, in
cluding the heart.126,127 These adaptions for transgene control are important 
components of clinically optimized gene therapy systems.

Figure 6 Creating effective research environments for development of gene therapy advanced medicinal products. Acceleration in the pace of development 
of cardiovascular gene therapy products requires the implementation of interdisciplinary ecosystems. Integrating diverse skill sets can ensure harmony across 
the preclinical-clinical testing pipeline and onwards towards product licensing and routine clinical care.

1852                                                                                                                                                                                               P.L. Musolino et al.



6. Conclusion
The first approved gene therapy medicine in the cardiovascular system is a 
promising goal. The field remains buoyant with many approaches being 
tested in clinical trials. Novel technologies are improving local and systemic 
delivery to the heart and vasculature, improving the potential efficacy and 
safety of existing approaches. Advances in gene editing are enabling im
provements in monogenic cardiovascular disease gene therapy. Refining 
control of gene transcription is informing the field as to how best optimize 
therapeutic gene expression. Improvements in the efficiency of dosing, 
safety, and efficacy and, potentially, lower costs are key priorities for fur
ther research and working in defined and focused interdisciplinary ecosys
tems across stakeholders will accelerate pace of development (Figure 6). In 
conclusion, there are genuine grounds for optimism that gene therapy will 
translate into benefits for patients within the decade.

Acknowledgements
We thank Pazhanichamy Kalailingam for his assistance on vascular gene ther
apy articles search and selection, Benjamin Kleinstiver for proofreading the 
gene editing section of the review, Georgios Krillis for the assistance with 
images, and Rosie Adam for the assistance with the manuscript preparation. 
A.H.B., M.G., and P.R.R. are co-directors of the Medical Research Council/ 
British Heart Foundation Centre for Research Excellence in Advanced 
Cardiac Therapies (REACT). P.L.M. reports grants to Massachusetts 
General Hospital from NIH for research on adrenoleukodystrophy, genetic 
vasculopathies, and extracellular matrix disorders. The University of 
Glasgow receives funding for research undertaken by Colin Berry through 
awards from the British Heart Foundation (RG/F/23/110104, FS/MBPhD/ 
22/28011, PG/19/28/34310, PG/18/52/33892) and Medical Research 
Council (MR/S018905/1). A.H.B. receives research funding related to gene 
therapy from the British Heart Foundation, United Kingdom Research 
Institute, and European Union. D.E.N. is supported by the British Heart 
Foundation (CH/09/002, RG/23/F/22/110093, RE/24/130012, SI/F/24/ 
21170016) and Medical Research Council (MR/Y008944/1, G0701127, 
MR/Z504658/1). P.R.R. is supported by the British Heart Foundation (CH/ 
11/1/28798, RG/F/20/110030), Medical Research Council (MR/Z504658/1, 
MR/T01074/1), Biotechnology and Biological Sciences Research Council 
(BB/Y003179/1), and Wellcome Trust (215116/Z/18/Z). M.B. is supported 
by the British Heart Foundation (SP/F/23/150051).

Conflict of interest: P.L.M. is a principal investigator for the 
Mucolipidosis Type IV Natural History Study and the Minoryx Nexus 
Trial on childhood cerebral adrenoleukodystrophy. She holds scientific re
search agreements with Angea Biotherapeutics, Astellas Pharma and 
Minoryx Therapeutics. She is/has acted as consultant for Minoryx, Ionis, 
Biogen, Vertex, bluebird bio, Atlas Ventures, and Borea Therapeutics. 
P.L.M. reports grants to Massachusetts General Hospital from NIH for re
search on adrenoleukodystrophy, genetic vasculopathies and extracellular 
matrix disorders. R.J.H. is a scientific cofounder of Medera, Nanocor, 
and VJBio. M.G. is founder, consultant, member of the board, and equity 
holder in Purespring Therapeutics, Forcefield Therapeutics and Heqet 
Therapeutics. C.B. is employed by the University of Glasgow which holds 
consultancy and research agreements for his work with Abbott Vascular, 
AskBio, AstraZeneca, Boehringer Ingelheim, CorFlow, Edwards Lifesciences, 
Merck, Servier, Novartis, XyloCor, and Zoll Medical. NIH grant 
R01NS117575, R01NS125353, RF1NS128217.

Data availability
No new data were generated or analysed in support of this research.

References
1. Dzau VJ, Hodgkinson CP. RNA therapeutics for the cardiovascular system. Circulation 

2024;149:707–716.
2. Hoang DM, Pham PT, Bach TQ, Ngo ATL, Nguyen QT, Phan TTK, Nguyen GH, Le PT, 

Hoang VT, Forsyth NR, Heke M. Stem cell-based therapy for human diseases. Signal 
Transduct Target Ther 2022;7:272.

3. Makhmudova U, Steinhagen-Thiessen E, Volpe M, Landmesser U. Advances in nucleic acid- 
targeted therapies for cardiovascular disease prevention. Cardiovasc Res 2024;120: 
1107–1125.

4. Zhang J, Bolli R, Garry DJ, Marbán E, Menasché P, Zimmermann W-H, Kamp TJ, Wu JC, 
Dzau VJ. Basic and translational research in cardiac repair and regeneration. J Am Coll 
Cardiol 2021;78:2092–2105.

5. Nabel EG, Plautz G, Nabel GJ. Site-specific gene expression in vivo by direct gene transfer 
into the arterial wall. Science 1990;249:1285–1288.

6. Li C, Samulski RJ. Engineering adeno-associated virus vectors for gene therapy. Nat Rev 
Genet 2020;21:255–272.

7. Wang D, Tai PWL, Gao G. Adeno-associated virus vector as a platform for gene therapy 
delivery. Nat Rev Drug Discov 2019;18:358–378.

8. Alonso-Padilla J, Papp T, Kaján GL, Benkő M, Havenga M, Lemckert A, Harrach B, Baker 
AH. Development of novel adenoviral vectors to overcome challenges observed with 
HAdV-5- based constructs. Mol Ther 2016;24:6–16.

9. Zu H, Gao D. Non-viral vectors in gene therapy: recent development, challenges, and pro
spects. AAPS J 2021;23:78.

10. Wilson JM. Lessons learned from the gene therapy trial for ornithine transcarbamylase de
ficiency. Mol Genet Metab 2009;96:151–157.

11. Fischer A, Hacein-Bey-Abina S, Cavazzana-Calvo M. Gene therapy for primary adaptive im
mune deficiencies. J Allergy Clin Immunol 2011;127:1356–1359.

12. Morgan RA, Gray D, Lomova A, Kohn DB. Hematopoietic stem cell gene therapy: progress 
and lessons learned. Cell Stem Cell 2017;21:574–590.

13. Au HKE, Isalan M, Mielcarek M. Gene therapy advances: a meta-analysis of AAV usage in 
clinical settings. Front Med (Lausanne) 2022;8:809118.

14. Herzog RW, Bricker-Anthony C. ASGCT 2023—gene therapy is becoming medicine. Mol 
Ther 2023;31:1859.

15. Drago D, McCombs C. Advancing cell and gene therapies: key takeaways from ASGCT’s 
5th annual policy summit. Mol Ther 2023;31:3121–3122.

16. Mendell JR, Al-Zaidy SA, Rodino-Klapac LR, Goodspeed K, Gray SJ, Kay CN, Boye SL, Boye 
SE, George LA, Salabarria S, Corti M, Byrne BJ, Tremblay JP. Current clinical applications of 
in vivo gene therapy with AAVs. Mol Ther 2021;29:464–488.

17. Bulcha JT, Wang Y, Ma H, Tai PWL, Gao G. Viral vector platforms within the gene therapy 
landscape. Signal Transduct Target Ther 2021;6:53.

18. Guillou J, de Pellegars A, Porcheret F, Fremeaux-Bacchi V, Allain-Launay E, Debord C, 
Denis M, Péréon Y, Barnérias C, Desguerre I, Roussey G, Mercier S. Fatal thrombotic mi
croangiopathy case following adeno-associated viral SMN gene therapy. Blood Adv 2022;6: 
4266–4270.

19. Lek A, Wong B, Keeler A, Blackwood M, Ma K, Huang S, Sylvia K, Batista AR, Artinian R, 
Kokoski D, Parajuli S, Putra J, Carreon CK, Lidov H, Woodman K, Pajusalu S, Spinazzola 
JM, Gallagher T, LaRovere J, Balderson D, Black L, Sutton K, Horgan R, Lek M, Flotte T. 
Death after high-dose rAAV9 gene therapy in a patient with Duchenne’s muscular dys
trophy. N Engl J Med 2023;389:1203–1210.

20. Greenberg B, Rossano J, Epstein S, Battiprolu P, Urey MA, Hong KN, Kahn AM, Waldron A, 
Eshraghian E, Ricks D, Yarabe P. Extended results from first-in-human clinical trial of 
RP-A501 (AAV9:LAMP2B) gene therapy treatment for Danon disease. Mol Ther 2022; 
30:12.

21. Manso AM, Hashem SI, Nelson BC, Gault E, Soto-Hermida A, Villarruel E, Brambatti M, 
Bogomolovas J, Bushway PJ, Chen C, Battiprolu P, Keravala A, Schwartz JD, Shah G, Gu 
Y, Dalton ND, Hammond K, Peterson K, Saftig P, Adler ED. Systemic AAV9.LAMP2B in
jection reverses metabolic and physiologic multiorgan dysfunction in a murine model of 
Danon disease. Sci Transl Med 2020;12:eaax1744.

22. Henry T, Chung E, Jay Traverse J, Reynolds K, Alvisi M, Ervin L, Krupa S, O’Callaghan M, 
Sadek H, Tretiakova A, High K. A first-in-human phase 1 clinical gene therapy trial for 
the treatment of heart failure using a novel re-engineered adeno- associated vector. J 
Mol Cell Cardiol 2022;30:14.

23. Greenberg B, Yaroshinsky A, Zsebo KM, Butler J, Felker GM, Voors AA, Rudy JJ, Wagner K, 
Hajjar RJ. Design of a phase 2b trial of intracoronary administration of AAV1/SERCA2a in pa
tients with advanced heart failure: the CUPID 2 trial (calcium up-regulation by percutaneous 
administration of gene therapy in cardiac disease phase 2b). JACC Heart Fail 2014;2:84–92.

24. Jessup M, Greenberg B, Mancini D, Cappola T, Pauly DF, Jaski B, Yaroshinsky A, Zsebo KM, 
Dittrich H, Hajjar RJ. Calcium upregulation by percutaneous administration of gene therapy 
in cardiac disease I. Calcium upregulation by percutaneous administration of gene therapy 
in cardiac disease (CUPID): a phase 2 trial of intracoronary gene therapy of sarcoplasmic 
reticulum Ca2+-ATPase in patients with advanced heart failure. Circulation 2011;124: 
304–313.

25. Mazurek R, Tharakan S, Mavropoulos SA, Singleton DT, Bikou O, Sakata T, Kariya T, Yamada 
K, Kohlbrenner E, Liang L, Ravichandran AJ. AAV delivery strategy with mechanical support 
for safe and efficacious cardiac gene transfer in swine. Nat Commun 2024;15:10450.

26. Virani SS, Alonso A, Aparicio HJ, Benjamin EJ, Bittencourt MS, Callaway CW, Carson AP, 
Chamberlain AM, Cheng S, Delling FN, Elkind MSV, Evenson KR, Ferguson JF, Gupta DK, 
Khan SS, Kissela BM, Knutson KL, Lee CD, Lewis TT, Liu J, Loop MS, Lutsey PL, Ma J, 
Mackey J, Martin SS, Matchar DB, Mussolino ME, Navaneethan SD, Perak AM, Roth GA, 
Samad Z, Satou GM, Schroeder EB, Shah SH, Shay CM, Stokes A, VanWagner LB, Wang 
NY, Tsao CW; American Heart Association Council on Epidemiology and Prevention 
Statistics Committee and Stroke Statistics Subcommittee. Heart disease and stroke 
statistics-2021 update: a report from the American Heart Association. Circulation 2021; 
143:e254–e743.

Gene therapy in cardiac and vascular diseases                                                                                                                                                         1853



27. Kho C, Lee A, Hajjar RJ. Altered sarcoplasmic reticulum calcium cycling–targets for heart 
failure therapy. Nat Rev Cardiol 2012;9:717–733.

28. Wasala NB, Yue Y, Lostal W, Wasala LP, Niranjan N, Hajjar RJ, Babu GJ, Duan D. Single 
SERCA2a therapy ameliorated dilated cardiomyopathy for 18 months in a mouse model 
of Duchenne muscular dystrophy. Mol Ther 2020;28:845–854.

29. del Monte F, Harding SE, Schmidt U, Matsui T, Kang ZB, Dec GW, Gwathmey JK, 
Rosenzweig A, Hajjar RJ. Restoration of contractile function in isolated cardiomyocytes 
from failing human hearts by gene transfer of SERCA2a. Circulation 1999;100:2308–2311.

30. Jaski BE, Jessup ML, Mancini DM, Cappola TP, Pauly DF, Greenberg B, Borow K, Dittrich H, 
Zsebo KM, Hajjar RJ. Calcium up-regulation by percutaneous administration of gene ther
apy in cardiac disease trial I. Calcium upregulation by percutaneous administration of gene 
therapy in cardiac disease (CUPID trial), a first-in-human phase 1/2 clinical trial. J Card Fail 
2009;15:171–181.

31. Kranias EG, Hajjar RJ. Modulation of cardiac contractility by the phospholamban/SERCA2a 
regulatome. Circ Res 2012;110:1646–1660.

32. Greenberg B, Butler J, Felker GM, Ponikowski P, Voors AA, Pogoda JM, Guerrero J, Hajjar 
RJ, Zsebo KM. Prevalence of AAV1 neutralizing antibodies and consequences for a clinical 
trial of gene transfer for advanced heart failure. Gene Ther 2016;23:313–319.

33. Hulot JS, Salem JE, Redheuil A, Collet JP, Varnous S, Jourdain P, Logeart D, Gandjbakhch E, 
Bernard C, Hatem SN, Isnard R, Cluzel P, Le Feuvre C, Leprince P, Hammoudi N, Lemoine 
FM, Klatzmann D, Vicaut E, Komajda M, Montalescot G, Lompré A-M, Hajjar RJ. Effect of 
intracoronary administration of AAV1/SERCA2a on ventricular remodelling in patients 
with advanced systolic heart failure: results from the AGENT-HF randomized phase 2 trial. 
Eur J Heart Fail 2017;19:1534–1541.

34. Hulot JS, Ishikawa K, Hajjar RJ. Gene therapy for the treatment of heart failure: promise 
postponed. Eur Heart J 2016;37:1651–1658.

35. Jaski B, Cheng R, Rudy J, Li RA, Hajjar RJ. A phase 1 clinical trial of high dose AAV1.SERCA2a 
in patients with heart failure: modulation of SERCA2a of intra- myocytic calcium trafficking 
in heart failure with reduced ejection fraction (MUSIC-HFrEF). Mol Ther 2024;31:3.

36. Asokan A, Conway JC, Phillips JL, Li C, Hegge J, Sinnott R, Yadav S, DiPrimio N, Nam H-J, 
Agbandje-McKenna M, McPhee S, Wolff J, Samulski RJ. Reengineering a receptor footprint 
of adeno-associated virus enables selective and systemic gene transfer to muscle. Nat 
Biotechnol 2010;28:79–82.

37. Ishikawa K, Fish KM, Tilemann L, Rapti K, Aguero J, Santos-Gallego CG, Lee A, Karakikes I, 
Xie C, Akar FG, Shimada YJ, Gwathmey JK, Asokan A, McPhee S, Samulski J, Samulski RJ, Sigg 
DC, Weber T, Kranias EG, Hajjar RJ. Cardiac I-1c overexpression with reengineered AAV 
improves cardiac function in swine ischemic heart failure. Mol Ther 2014;22:2038–2045.

38. Watanabe S, Ishikawa K, Fish K, Oh JG, Motloch LJ, Kohlbrenner E, Lee P, Xie C, Lee A, 
Liang L, Kho C, Leonardson L, McIntyre M, Wilson S, Samulski RJ, Kranias EG, Weber T, 
Akar FG, Hajjar RJ. Protein phosphatase inhibitor-1 gene therapy in a swine model of non
ischemic heart failure. J Am Coll Cardiol 2017;70:1744–1756.

39. Gillmore JD, Gane E, Taubel J, Kao J, Fontana M, Maitland ML, Seitzer J, O’Connell D, Walsh 
KR, Wood K, Phillips J, Xu Y, Amaral A, Boyd AP, Cehelsky JE, McKee MD, Schiermeier A, 
Harari O, Murphy A, Kyratsous CA, Zambrowicz B, Soltys R, Gutstein DE, Leonard J, 
Sepp-Lorenzino L, Lebwohl D. CRISPR-Cas9 in vivo gene editing for transthyretin amyloid
osis. N Engl J Med 2021;385:493–502.

40. Fontana M, Solomon SD, Kachadourian J, Walsh L, Rocha R, Lebwohl D, Smith D, Täubel J, 
Gane EJ, Pilebro B, Adams D, Razvi Y, Olbertz J, Haagensen A, Zhu P, Xu Y, Leung A, 
Sonderfan A, Gutstein DE, Gillmore JD. CRISPR-Cas9 gene editing with Nexiguran 
Ziclumeran for ATTR cardiomyopathy. N Engl J Med 2024;391:2231–2241.

41. Intella Therapeutics. MAGNITUDE: a Phase 3, Multinational, multicenter, randomized, 
double-blind, placebo-controlled study to evaluate the efficacy and safety of ntla-2001 in 
participants with transthyretin amyloidosis with cardiomyopathy (ATTR-CM). 
ClinicalTrials.gov ID NCT06128629. https://clinicaltrials.gov/study/NCT06128629 (17 
March 2025, date last accessed).

42. Greenberg B, Taylor M, Adler E, Colan S, Ricks D, Yarabe P, Battiprolu P, Shah G, Patel K, 
Coggins M. Phase 1 study of AAV9.LAMP2B gene therapy in Danon disease. N Engl J Med 
2024;392:972–983.

43. Barefield D, Kumar M, Gorham J, Seidman JG, Seidman CE, de Tombe PP, Sadayappan S. 
Haploinsufficiency of MYBPC3 exacerbates the development of hypertrophic cardiomyop
athy in heterozygous mice. J Mol Cell Cardiol 2015;79:234–243.

44. Behrens-Gawlik V, Mearini G, Gedicke-Hornung C, Richard P, Carrier L. MYBPC3 in 
hypertrophic cardiomyopathy: from mutation identification to RNA-based correction. 
Pflugers Arch 2014;466:215–223.

45. Bezzerides VJ, Prondzynski M, Carrier L, Pu WT. Gene therapy for inherited arrhythmias. 
Cardiovasc Res 2020;116:1635–1650.

46. Mearini G, Stimpel D, Geertz B, Weinberger F, Kramer E, Schlossarek S, Mourot-Filiatre J, 
Stoehr A, Dutsch A, Wijnker PJ, Braren I. Mybpc3 gene therapy for neonatal cardiomyop
athy enables long-term disease prevention in mice. Nat Commun 2014;5:5515.

47. Fenix AM, Miyaoka Y, Bertero A, Blue SM, Spindler MJ, Tan KKB, Perez-Bermejo JA, Chan 
AH, Mayerl SJ, Nguyen TD, Russell CR. Gain-of-function cardiomyopathic mutations in 
RBM20 rewire splicing regulation and re-distribute ribonucleoprotein granules within pro
cessing bodies. Nat Commun 2021;12:6324.

48. Koelemen J, Gotthardt M, Steinmetz LM, Meder B. RBM20-related cardiomyopathy: cur
rent understanding and future options. J Clin Med 2021;10:4101.

49. Nishiyama T, Zhang Y, Cui M, Li H, Sanchez-Ortiz E, McAnally JR, Tan W, Kim J, Chen K, Xu 
L. Precise genomic editing of pathogenic mutations in RBM20 rescues dilated cardiomyop
athy. Sci Transl Med 2022;14:eade1633.

50. Radke MH, Badillo-Lisakowski V, Britto-Borges T, Kubli DA, Juttner R, Parakkat P, Carballo 
JL, Hüttemeister J, Liss M, Hansen A, Dieterich C, Mullick AE, Gotthardt M. Therapeutic 
inhibition of RBM20 improves diastolic function in a murine heart failure model and human 
engineered heart tissue. Sci Transl Med 2021;13:eabe8952.

51. Lin Z, von Gise A, Zhou P, Gu F, Ma Q, Jiang J, Yau AL, Buck JN, Gouin KA, van Gorp PRR, 
Zhou B, Chen J, Seidman JG, Wang D-Z, Pu WT. Cardiac-specific YAP activation improves 
cardiac function and survival in an experimental murine MI model. Circ Res 2014;115:354–363.

52. Leach JP, Heallen T, Zhang M, Rahmani M, Morikawa Y, Hill MC, Segura A, Willerson JT, 
Martin JF. Hippo pathway deficiency reverses systolic heart failure after infarction. 
Nature 2017;550:260–264.

53. Liu S, Li K, Wagner Florencio L, Tang L, Heallen TR, Leach JP, Wang Y, Grisanti F, Willerson 
JT, Perin EC, Zhang S, Martin JF. Gene therapy knockdown of Hippo signaling induces car
diomyocyte renewal in pigs after myocardial infarction. Sci Transl Med 2021;13:eabd6892.

54. Shapiro SD, Ranjan AK, Kawase Y, Cheng RK, Kara RJ, Bhattacharya R, Guzman-Martinez 
G, Sanz J, Garcia MJ, Chaudhry HW. Cyclin A2 induces cardiac regeneration after myocar
dial infarction through cytokinesis of adult cardiomyocytes. Sci Transl Med 2014;6: 
224ra227.

55. Magadum A, Singh N, Kurian AA, Munir I, Mehmood T, Brown K, Sharkar MTK, Chepurko 
E, Sassi Y, Oh JG, Lee P, Santos CXC, Gaziel-Sovran A, Zhang G, Cai C-L, Kho C, Mayr M, 
Shah AM, Hajjar RJ, Zangi L. Pkm2 regulates cardiomyocyte cell cycle and promotes cardiac 
regeneration. Circulation 2020;141:1249–1265.

56. Mohamed TMA, Ang YS, Radzinsky E, Zhou P, Huang Y, Elfenbein A, Foley A, Magnitsky S 
Srivastava D. Regulation of cell cycle to stimulate adult cardiomyocyte proliferation and 
cardiac regeneration. Cell 2018;173:104–116.e12.

57. Braga L, Ali H, Secco I, Giacca M. Non-coding RNA therapeutics for cardiac regeneration. 
Cardiovasc Res 2021;117:674–693.

58. Eulalio A, Mano M, Dal Ferro M, Zentilin L, Sinagra G, Zacchigna S, Giacca M. Functional 
screening identifies miRNAs inducing cardiac regeneration. Nature 2012;492:376–381.

59. Lesizza P, Prosdocimo G, Martinelli V, Sinagra G, Zacchigna S, Giacca M. Single-dose intra
cardiac injection of pro-regenerative microRNAs improves cardiac function after myocar
dial infarction. Circ Res 2017;120:1298–1304.

60. Borden A, Kurian J, Nickoloff E, Yang Y, Troupes CD, Ibetti J, Lucchese AM, Gao E, Mohsin 
S, Koch WJ, Houser SR, Kishore R, Khan M. Transient Introduction of miR-294 in the heart 
promotes cardiomyocyte cell cycle reentry after injury. Circ Res 2019;125:14–25.

61. Gao F, Kataoka M, Liu N, Liang T, Huang ZP, Gu F, Ding J, Liu J, Zhang F, Ma Q, Wang Y. 
Therapeutic role of miR-19a/19b in cardiac regeneration and protection from myocardial 
infarction. Nat Commun 2019;10:1802.

62. Gabisonia K, Prosdocimo G, Aquaro GD, Carlucci L, Zentilin L, Secco I, Ali H, Braga L, 
Gorgodze N, Bernini F, Burchielli S, Collesi C, Zandonà L, Sinagra G, Piacenti M, 
Zacchigna S, Bussani R, Recchia FA, Giacca M. MicroRNA therapy stimulates uncontrolled 
cardiac repair after myocardial infarction in pigs. Nature 2019;569:418–422.

63. Ylä-Herttuala S, Bridges C, Katz MG, Korpisalo P. Angiogenic gene therapy in cardiovascu
lar diseases: dream or vision? Eur Heart J 2017;38:1365–1371.

64. Nakamura K, Henry TD, Traverse JH, Latter DA, Mokadam NA, Answini GA, Williams AR, 
Sun BC, Burke CR, Bakaeen FG, DiCarli MF. Angiogenic gene therapy for refractory angina: 
results of the EXACT phase 2 trial. Circ Cardiovasc Interv 2024;17:e014054.

65. Cooper STE, Lokman AB, Riley PR. Role of the lymphatics in cardiac disease. Arterioscler 
Thromb Vasc Biol 2024;44:1181–1190.

66. Houssari M, Dumesnil A, Tardif V, Kivelä R, Pizzinat N, Boukhalfa I, Godefroy D, Schapman 
D, Hemanthakumar KA, Bizou M, Henry J-P, Renet S, Riou G, Rondeaux J, Anouar Y, 
Adriouch S, Fraineau S, Alitalo K, Richard V, Mulder P, Brakenhielm E. Lymphatic and im
mune cell cross-talk regulates cardiac recovery after experimental myocardial infarction. 
Arterioscler Thromb Vasc Biol 2020;40:1722–1737.

67. Apte RS, Chen DS, Ferrara N. VEGF in signaling and disease: beyond discovery and devel
opment. Cell 2019;176:1248–1264.

68. Simons M, Gordon E, Claesson-Welsh L. Mechanisms and regulation of endothelial VEGF 
receptor signalling. Nat Rev Mol Cell Biol 2016;17:611–625.

69. Jeltsch M, Kaipainen A, Joukov V, Meng X, Lakso M, Rauvala H, Swartz M, Fukumura D, Jain 
RK, Alitalo K. Hyperplasia of lymphatic vessels in VEGF-C transgenic mice. Science 1997; 
276:1423–1425.

70. Oh SJ, Jeltsch MM, Birkenhäger R, McCarthy JE, Weich HA, Christ B, Alitalo K, Wilting J. 
VEGF and VEGF-C: specific induction of angiogenesis and lymphangiogenesis in the differ
entiated avian chorioallantoic membrane. Dev Biol 1997;188:96–109.

71. George SJ, Lloyd CT, Angelini GD, Newby AC, Baker AH. Inhibition of late vein graft neoin
tima formation in human and porcine models by adenovirus-mediated overexpression of 
tissue inhibitor of metalloproteinase-3. Circulation 2000;101:296–304.

72. George SJ, Wan S, Hu J, Macdonald R, Johnson JL, Baker AH. Sustained reduction of vein 
graft neointima formation by ex vivo TIMP-3 gene therapy. Circulation 2011;124: 
S135–S142.

73. Charpentier E. CRISPR-Cas9: how research on a bacterial RNA-guided mechanism opened 
new perspectives in biotechnology and biomedicine. EMBO Mol Med 2015;7:363–365.

74. Doudna JA, Charpentier E. The new frontier of genome engineering with CRISPR-Cas9. 
Science 2014;346:1258096.

75. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. A programmable 
dual-RNA–guided DNA endonuclease in adaptive bacterial immunity. Science 2012;337: 
816–821.

76. Sternberg SH, Redding S, Jinek M, Greene EC, Doudna JA. DNA interrogation by the 
CRISPR RNA-guided endonuclease Cas9. Nature 2014;507:62–67.

1854                                                                                                                                                                                               P.L. Musolino et al.

https://ClinicalTrials.gov
https://clinicaltrials.gov/study/NCT06128629


77. Gasiunas G, Barrangou R, Horvath P, Siksnys V. Cas9–crRNA ribonucleoprotein complex 
mediates specific DNA cleavage for adaptive immunity in bacteria. Proc Natl Acad Sci U S A 
2012;109:E2579–E2586.

78. Schmidheini L, Mathis N, Marquart KF, Rothgangl T, Kissling L, Böck D, Chanez C, Wang JP, 
Jinek M, Schwank G. Continuous directed evolution of a compact CjCas9 variant with 
broad PAM compatibility. Nat Chem Biol 2023;20:1–11.

79. Huang TP, Heins ZJ, Miller SM, Wong BG, Balivada PA, Wang T, Khalil AS, Liu DR. 
High-throughput continuous evolution of compact Cas9 variants targeting 
single-nucleotide-pyrimidine PAMs. Nat Biotechnol 2023;41:96–107.

80. Miller SM, Wang T, Randolph PB, Arbab M, Shen MW, Huang TP, Matuszek Z, Newby GA, 
Rees HA, Liu DR. Continuous evolution of SpCas9 variants compatible with non-G PAMs. 
Nat Biotechnol 2020;38:471–481.

81. Nishimasu H, Shi X, Ishiguro S, Gao L, Hirano S, Okazaki S, Noda T, Abudayyeh OO, 
Gootenberg JS, Mori H, Oura S, Holmes B, Tanaka M, Seki M, Hirano H, Aburatani H, 
Ishitani R, Ikawa M, Yachie N, Zhang F, Nureki O. Engineered CRISPR-Cas9 nuclease 
with expanded targeting space. Science 2018;361:1259–1262.

82. Walton RT, Christie KA, Whittaker MN, Kleinstiver BP. Unconstrained genome tar
geting with near-PAMless engineered CRISPR-Cas9 variants. Science 2020;368: 
290–296.

83. Kleinstiver BP, Prew MS, Tsai SQ, Nguyen NT, Topkar VV, Zheng Z, Joung JK. Broadening 
the targeting range of Staphylococcus aureus CRISPR-Cas9 by modifying PAM recognition. 
Nat Biotechnol 2015;33:1293–1298.

84. Kleinstiver BP, Prew MS, Tsai SQ, Topkar VV, Nguyen NT, Zheng Z, Gonzales APW, Li Z, 
Peterson RT, Yeh J-RJ, Aryee MJ, Joung JK. Engineered CRISPR-Cas9 nucleases with altered 
PAM specificities. Nature 2015;523:481–485.

85. Nishida K, Arazoe T, Yachie N, Banno S, Kakimoto M, Tabata M, Mochizuki M, Miyabe A, 
Araki M, Hara KY, Shimatani Z. Targeted nucleotide editing using hybrid prokaryotic and 
vertebrate adaptive immune systems. Science 2016;353:aaf8729.

86. Porto EM, Komor AC, Slaymaker IM, Yeo GW. Base editing: advances and therapeutic op
portunities. Nat Rev Drug Discov 2020;19:839–859.

87. Richter MF, Zhao KT, Eton E, Lapinaite A, Newby GA, Thuronyi BW, Wilson C, Koblan 
LW, Zeng J, Bauer DE, Doudna JA, Liu DR. Phage-assisted evolution of an adenine base 
editor with improved Cas domain compatibility and activity. Nat Biotechnol 2020;38: 
883–891.

88. Gaudelli NM, Komor AC, Rees HA, Packer MS, Badran AH, Bryson DI, Liu DR. 
Programmable base editing of A•T to G•C in genomic DNA without DNA cleavage. 
Nature 2017;551:464–471.

89. Gaudelli NM, Lam DK, Rees HA, Solá-Esteves NM, Barrera LA, Born DA, Edwards A, 
Gehrke JM, Lee S-J, Liquori AJ, Murray R, Packer MS, Rinaldi C, Slaymaker IM, Yen J, 
Young LE, Ciaramella G. Directed evolution of adenine base editors with increased activity 
and therapeutic application. Nat Biotechnol 2020;38:892–900.

90. Chen PJ, Hussmann JA, Yan J, Knipping F, Ravisankar P, Chen PF, Chen C, Nelson JW, 
Newby GA, Sahin M, Osborn MJ, Weissman JS, Adamson B, Liu DR. Enhanced prime edit
ing systems by manipulating cellular determinants of editing outcomes. Cell 2021;184: 
5635–5652.e29.

91. Chen PJ, Liu DR. Prime editing for precise and highly versatile genome manipulation. Nat 
Rev Genet 2023;24:161–177.

92. Anzalone AV, Randolph PB, Davis JR, Sousa AA, Koblan LW, Levy JM, Chen PJ, Wilson C, 
Newby GA, Raguram A, Liu DR. Search-and-replace genome editing without double- 
strand breaks or donor DNA. Nature 2019;576:149–157.

93. Xu L, Zhang C, Li H, Wang P, Gao Y, Mokadam NA, Raguram A, DeLaughter DM, Conner 
DA, Marsiglia JDC, Kohli S, Chmatal L, Page DC, Zabaleta N, Vandenberghe L, Liu DR, 
Seidman JG, Seidman C. Efficient precise in vivo base editing in adult dystrophic mice. 
Nat Commun 2021;12:3719.

94. Reichart D, Newby GA, Wakimoto H, Lun M, Gorham JM, Curran JJ, Raguram A, 
DeLaughter DM, Conner DA, Marsiglia JDC, Kohli S, Chmatal L, Page DC, Zabaleta N, 
Vandenberghe L, Liu DR, Seidman JG, Seidman C. Efficient in vivo genome editing prevents 
hypertrophic cardiomyopathy in mice. Nat Med 2023;29:412–421.

95. Chai AC, Cui M, Chemello F, Li H, Chen K, Tan W, Atmanli A, McAnally JR, Zhang Y, Xu L, 
Liu N, Bassel-Duby R, Olson EN. Base editing correction of hypertrophic cardiomyopathy 
in human cardiomyocytes and humanized mice. Nat Med 2023;29:401–411.

96. Kasiewicz LN, Biswas S, Beach A, Ren H, Dutta C, Mazzola AM, Rohde E, Chadwick A, 
Cheng C, Garcia SP, Iyer S, Matsumoto Y, Khera AV, Musunuru K, Kathiresan S, Malyala 
P, Rajeev KG, Bellinger AM. GalNAc-lipid nanoparticles enable non-LDLR dependent hep
atic delivery of a CRISPR base editing therapy. Nat Commun 2023;14:2776.

97. Aimo A, Castiglione V, Rapezzi C, Franzini M, Panichella G, Vergaro G, Gillmore J, Fontana 
M, Passino C, Emdin M. RNA-targeting and gene editing therapies for transthyretin amyl
oidosis. Nat Rev Cardiol 2022;19:655–667.

98. Alves CR, Das S, Krishnan V, Ha LL, Fox LR, Stutzman HE, Shamber CE, Kalailingam P, 
McCarthy S, Cardenas CL, Imai T, Mitra S, Yun S, Wood RK, Benning FMC, Lawton J, 
Kim N, Silverstein RA, da Silva JF, de la Cruz D, Richa R, Malhotra R, Chung DY, Chao 
LH, Tsai SQ, Maguire CA, Lindsay ME, Kleinstiver BP, Musolino PL. In vivo treatment of 
a severe vascular disease via a bespoke CRISPR-Cas9 base editor. bioRxiv [Preprint]. 
2024. doi: 10.1101/2024.11.11.621817.

99. Koblan LW, Erdos MR, Wilson C, Cabral WA, Levy JM, Xiong Z-M, Tavarez UL, Davison 
LM, Gete YG, Mao X, Newby GA, Doherty SP, Narisu N, Sheng Q, Krilow C, Lin CY, 
Gordon LB, Cao K, Collins FS, Brown JD, Liu DR. In vivo base editing rescues 
Hutchinson–Gilford progeria syndrome in mice. Nature 2021;589:608–614.

100. Turchiano G, Andrieux G, Klermund J, Blattner G, Pennucci V, el Gaz M, Monaco G, Poddar 
S, Mussolino C, Cornu TI, Boerries M, Cathomen T. Quantitative evaluation of chromo
somal rearrangements in gene-edited human stem cells by CAST-seq. Cell Stem Cell. 
2021;28:1136–1147.e1135.

101. Cameron P, Fuller CK, Donohoue PD, Jones BN, Thompson MS, Carter MM, Gradia S, 
Vidal B, Garner E, Slorach EM, Lau E, Banh LM, Lied AM, Edwards LS, Settle AH, 
Capurso D, Llaca V, Deschamps S, Cigan M, Young JK, May AP. Mapping the genomic land
scape of CRISPR–Cas9 cleavage. Nat Methods 2017;14:600–606.

102. Frock RL, Hu J, Meyers RM, Ho YJ, Kii E, Alt FW. Genome-wide detection of DNA double- 
stranded breaks induced by engineered nucleases. Nat Biotechnol 2015;33:179–186.

103. Yan WX, Mirzazadeh R, Garnerone S, Scott D, Schneider MW, Kallas T, Custodio J, 
Wernersson E, Li Y, Gao L, Federova Y. BLISS is a versatile and quantitative method for 
genome-wide profiling of DNA double-strand breaks. Nat Commun 2017;8:15058.

104. Tsai SQ, Zheng Z, Nguyen NT, Liebers M, Topkar VV, Thapar V, Wyvekens N, Khayter C, 
Iafrate AJ, Le Long P, Aryee MJ, Joung JK. GUIDE-seq enables genome-wide profiling of off- 
target cleavage by CRISPR-Cas nucleases. Nat Biotechnol 2015;33:187–197.

105. Lazzarotto CR, Nguyen NT, Tang X, Malagon-Lopez J, Guo JA, Aryee MJ, Joung JK, Tsai SQ. 
Defining CRISPR–Cas9 genome-wide nuclease activities with CIRCLE-seq. Nat Protoc 
2018;13:2615–2642.

106. Kim Y-h, Kim N, Okafor I, Choi S, Min S, Lee J, Bae S-M, Choi K, Choi J, Harihar V, Kim Y, 
Kim J-S, Kleinstiver BP, Lee JK, Ha T, Kim HH. Sniper2L is a high-fidelity Cas9 variant with 
high activity. Nat Chem Biol 2023;19:972–980.

107. Lee JK, Jeong E, Lee J, Jung M, Shin E, Kim Y-h, Lee K, Jung I, Kim D, Kim S, Kim JS. Directed 
evolution of CRISPR-Cas9 to increase its specificity. Nat Commun 2018;9:3048.

108. Vakulskas CA, Dever DP, Rettig GR, Turk R, Jacobi AM, Collingwood MA, Bode NM, 
McNeill MS, Yan S, Camarena J, Lee CM, Park SH, Wiebking V, Bak RO, Gomez-Ospina 
N, Pavel-Dinu M, Sun W, Bao G, Porteus MH, Behlke MA. A high-fidelity Cas9 mutant de
livered as a ribonucleoprotein complex enables efficient gene editing in human hematopoi
etic stem and progenitor cells. Nat Med 2018;24:1216–1224.

109. Hu JH, Miller SM, Geurts MH, Tang W, Chen L, Sun N, Zeina CM, Gao X, Rees HA, Lin Z, 
Liu DR. Evolved Cas9 variants with broad PAM compatibility and high DNA specificity. 
Nature 2018;556:57–63.

110. Kleinstiver BP, Pattanayak V, Prew MS, Tsai SQ, Nguyen NT, Zheng Z, Joung JK. 
High-fidelity CRISPR–Cas9 nucleases with no detectable genome-wide off-target effects. 
Nature 2016;529:490–495.

111. Levo M, Segal E. In pursuit of design principles of regulatory sequences. Nat Rev Genet 2014; 
15:453–468.

112. Han J, McLane B, Kim E-H, Yoon J-W, Jun H-S. Remission of diabetes by insulin gene ther
apy using a hepatocyte-specific and glucose-responsive synthetic promoter. Mol Ther 2011; 
19:470–478.

113. Jianwei D, Qianqian Z, Songcai L, Mingjun Z, Xiaohui R, Linlin H, Qingyan J, Yongliang Z. The 
combination of a synthetic promoter and a CMV promoter improves foreign gene expres
sion efficiency in myocytes. J Biotechnol 2012;158:91–96.

114. Sarcar S, Tulalamba W, Rincon M, Tipanee J, Pham H, Evens H, Boon D, Samara-Kuko E, 
Keyaerts M, Loperfido M, Berardi E. Next-generation muscle-directed gene therapy by in 
silico vector design. Nat Commun 2019;10:492.

115. Spitz F, Furlong EE. Transcription factors: from enhancer binding to developmental control. 
Nat Rev Genet 2012;13:613–626.

116. Saint-André V, Federation AJ, Lin CY, Abraham BJ, Reddy J, Lee TI, Bradner JE, Young RA. 
Models of human core transcriptional regulatory circuitries. Genome Res 2016;26:385–396.

117. Grandi FC, Modi H, Kampman L, Corces MR. Chromatin accessibility profiling by 
ATAC-seq. Nat Protoc 2022;17:1518–1552.

118. Ye H, Xie M, Xue S, Hamri GC-E, Yin J, Zulewski H, Fussenegger M. Self-adjusting synthetic 
gene circuit for correcting insulin resistance. Nat Biomed Eng 2016;1:0005.

119. Rössger K, Charpin-El-Hamri G, Fussenegger M. A closed-loop synthetic gene circuit for 
the treatment of diet-induced obesity in mice. Nat Commun 2013;4:2825.

120. Rössger K, Charpin-El Hamri G, Fussenegger M. Reward-based hypertension control by a 
synthetic brain–dopamine interface. Proc Natl Acad Sci U S A 2013;110:18150–18155.

121. Xie M, Viviani M, Fussenegger M. Engineering precision therapies: lessons and motivations 
from the clinic. Synth Biol 2021;6:ysaa024.

122. Gossen M, Bujard H. Tight control of gene expression in mammalian cells by 
tetracycline-responsive promoters. Proc Natl Acad Sci U S A 1992;89:5547–5551.

123. Zhao B, Wang Y, Tan X, Zheng X, Wang F, Ke K, Zhang C, Liao N, Dang Y, Shi Y, Zheng Y, 
Gao Y, Li Q, Liu X, Liu J. An optogenetic controllable T cell system for hepatocellular car
cinoma immunotherapy. Theranostics 2019;9:1837.

124. Chen R, Gore F, Nguyen Q-A, Ramakrishnan C, Patel S, Kim SH, Raffiee M, Kim YS, Hsueh 
B, Krook-Magnusson E, Soltesz I, Deisseroth K. Deep brain optogenetics without intracra
nial surgery. Nat Biotechnol 2021;39:161–164.

125. Maresca D, Lakshmanan A, Abedi M, Bar-Zion A, Farhadi A, Lu GJ, Szablowski JO, Wu D, 
Yoo S, Shapiro MG. Biomolecular ultrasound and sonogenetics. Annu Rev Chem Biomol Eng 
2018;9:229–252.

126. Strobel B, Düchs MJ, Blazevic D, Rechtsteiner P, Braun C, Baum-Kroker KS, Schmid B, 
Ciossek T, Gottschling D, Hartig JS, Kreuz S. A small-molecule-responsive riboswitch en
ables conditional induction of viral vector-mediated gene expression in mice. ACS Synth Biol 
2020;9:1292–1305.

127. Eriksson RA, Nieminen T, Galibert L, Peltola SK, Tikkanen P, Käyhty P, Leinonen HM, 
Oruetxebarria I, Lepola S, Valkama AJ, Lipponen EM. Optimized riboswitch-regulated 
AAV vector for VEGF-B gene therapy. Front Med (Lausanne) 2022;9:1052318.

Gene therapy in cardiac and vascular diseases                                                                                                                                                         1855


	Gene therapy in cardiac and vascular diseases: a review of approaches to treat genetic and common cardiovascular diseases with novel gene-based therapeutics
	1. Introduction
	2. Gene therapy to the myocardium
	2.1 Targeting heart failure
	2.2 Targeting pathways to treat genetic cardiomyopathies
	2.3 Targeting cardiac regeneration

	3. Ex vivo vascular gene therapy
	4. Gene editing technologies for the heart and vasculature
	5. Regulating expression of therapeutic genes
	6. Conclusion
	Acknowledgements
	References




