biologics

Review

Gene Therapy for Hypertension, Atherosclerosis, and Familial
Hypercholesterolemia: The Old Concepts and the New Era

Nikolaos Evangelidis *

check for
updates

Citation: Evangelidis, N.; Evangelidis,
P. Gene Therapy for Hypertension,
Atherosclerosis, and Familial
Hypercholesterolemia: The Old
Concepts and the New Era. Biologics
2024, 4, 143-160. https://doi.org/
10.3390/biologics4020010

Academic Editor: Grzegorz Wegrzyn

Received: 29 February 2024
Revised: 13 April 2024
Accepted: 17 April 2024
Published: 19 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Paschalis Evangelidis

Medical School, Faculty of Health Sciences, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece;
pascevan@auth.gr
* Correspondence: evangeln@auth.gr

Abstract: Cardiovascular disease remains the main cause of mortality in the 21st century. Hyper-
tension, vessel atherosclerosis, and familial hypercholesterolemia (FH) are responsible for increased
mortality and morbidity in patients. Therapies for cardiovascular disease are based on drug treat-
ment options, but in the era of precision medicine, personalized treatments are being developed.
Studies have shown that these conditions have a strong genetic background, creating an opportunity
for the implementation of gene therapy for these diseases. Currently, gene therapy is not widely
used in clinical practice. Recent advances in this research field are making gene therapy a very
promising preventive and therapeutic tool for cardiovascular disease. Essential hypertension’s (EH)
pathophysiology is mostly based on the activation of both the sympathetic nervous system and
the renin angiotensin aldosterone system (RAAS), natriuretic peptide production, and endothelial
dysfunction. Plasmid DNA and viral vectors can be used, targeting the main mechanisms in the
pathogenesis of EH. Many preclinical studies have been developed across the years, presenting a
significant decrease in blood pressure. Nevertheless, no clinical studies have been developed studying
the implementation of gene therapy in EH. Atherosclerotic damage is caused by monogenic diseases
or is deteriorated by the activation of inflammation in the vessel wall. Gene therapy studies have
been developed in the pre- and clinical phases targeting the lipoprotein and cholesterol metabolism
and the inflammation of the vessels. FH is a common inherited metabolic disease associated with
high levels of cholesterol in the blood. Clinical trials of gene therapy have been developed and
presented optimistic results. In this review, the challenges of gene therapy for cardiovascular disease
are outlined. Nevertheless, more clinical trials are needed to be performed for the development of
convenient and safe drug schemes for our patients.

Keywords: cardiovascular disease; hypertension; atherosclerosis; familial hypercholesterolemia; gene
therapy; internal medicine

1. Introduction

Cardiovascular disease (CVD) remains the main cause of mortality worldwide [1].
More than one billion adults aged 19 to 79 have been diagnosed with hypertension, and
a major number of individuals remain undiagnosed [2]. More than 40% of hypertensives
are untreated, and that is associated with young age (age < 45 years), male sex, and
obstacles related to access to healthcare [3]. Thus, hypertension could be a target for gene
therapy because an increased percentage of hypertensives are non- or under-treated [4].
The progress in the field of gene therapy and the development of up-to-date vector systems
are making hypertension a possible therapeutic target of gene therapy [5]. Evidence from
clinical and pre-clinical studies has shown that hypertension disease has a strong genetic
background [6].

More than 50% of deaths in contemporary Western societies are the result of vessel
atherosclerosis [7]. Atherosclerosis is connected to an increased danger of cardiovascu-
lar incidents and increased morbidity and mortality [8]. Ischemic heart disease, stroke,
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peripheral artery disease, and chronic kidney disease (CKD) relate to atherosclerosis [9].
Atherosclerosis has a genetic background, making this disease a target for potential gene
therapy [10]. Atherosclerosis is the main pathophysiological finding in familial hypercholes-
terolemia (FH), a mendelian inherited disease [11]. Gene therapy is already implemented
in humans for FH and certain types of atherosclerosis damage, but not for hypertension.
Studies in humans and other species have been developed and presented in this review [12].

Proteins, viruses, DNA particles, or RNA particles can be used as vectors for gene
administration in gene therapy. Ex vivo gene therapy is implemented with patient’s cell
extraction and genetic modification and then returned to the patients. Adeno-associated
viruses (AAVs) and liposomes have been extensively utilized for gene administration at in
in vivo gene therapy [13]. In the era of precision medicine, gene therapeutics can be crucial
for the management of patients with CVD.

2. Materials and Methods

The main objective of this review was to present the current literature on gene therapy
for CVD, especially in essential hypertension (EH), vessel atherosclerosis, and FH. A search
of the literature in PubMed, Google Scholar, and Scopus was conducted to assemble the
current and past studies on the topic. The search process involved utilizing combinations
of MeSH terms. The inclusion criteria for the present review were peer-reviewed articles,
systematic reviews, randomized controlled trials (RCTs), clinical trials (CTs), and research
articles in humans and other species.

3. Gene Therapy for EH

The pathophysiology of EH is based both on increased peripheral resistance of vessels
and on increased cardiac output [14]. Studies in humans and other species have shown
that functional vasoconstriction and specific defects in vascular smooth muscle walls are
responsible for the total increase in peripheral resistance [15]. The increase in total cardiac
output is a result of shortages in renal sodium homeostasis [16]. Potential targets for EH
gene therapy are the renin angiotensin aldosterone system (RAAS), the B-1-adrenergic
receptors (31-Rs), the endothelial dysfunction mediated by nitric oxide (NO) decrease, and
other genes responsible for vasoconstriction or vasodilation. The main axis of gene therapy
in EH is presented in Figure 1.
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Figure 1. Basic targets of gene therapy in EH. AT1R: angiotensin II type receptor; ACE: angiotensin-
converting enzyme; 31-R: B-1-adrenergic receptor; MR: mineralocorticoid receptor; AT2R: angiotensin
I type 2 receptor; ANP: atrial natriuretic peptide; BNP: brain natriuretic peptide; eNOS: endothelial
nitric oxide synthase; and EH: essential hypertension.
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3.1. Targeting the RAAS

Activation of RAAS is one of the main mechanisms contributing to the pathophys-
iology of EH [17]. Angiotensinogen is produced from the liver and is converted to an-
giotensin I (Angl) under the influence of renin, a hormone produced from the kidney’s
juxtaglomerular cells (JGCs) [18]. Polymorphisms of angiotensinogen genes in humans or
other populations (variation between hypertensive and non-hypertensive individuals) have
been detected, showing that these genetic alterations are contributing to the pathogenesis
of EH [19-22]. Thus, angiotensinogen genes can be used as a therapeutic target for EH
using gene therapy. The angiotensin-converting enzyme (ACE) of renal and pulmonary
endothelium converts Angl to Angiotensin II (Angll). Angll has many cellular actions via
two receptors, the angiotensin I receptor (AT1R) and the angiotensin II receptor (AT2R) [23].
The linkage of Angll with AT1R results in constriction, inflammation, and fibrosis of pe-
ripheral vessel walls, while the linkage with AT2R vasodilates and promotes anti-fibrotic
and anti-inflammatory actions [24]. The genetic pathways for the production of AT1R and
AT2R have been studied as targets for genetic therapy for EH [25]. Thus, downregulation
of ATIR using different modes of gene therapy can contribute to lower grades of blood
pressure (BP) in patients with EH, while activation of AT2R promotes vasodilation and
reduces inflammation [26,27]. In the adrenal glands, especially the zona glomerulosa, a
high expression of AT1R has been reported. The connection of AnglI to AT1R in adrenals
results in aldosterone production [28]. The linkage of aldosterone to MR is responsible for
aldosterone’s cellular actions [29].

Gyurko et al. were one of the first research groups to use the method of AS-ODN:ss tar-
geting the AT1R and angiotensinogen messenger ribonucleic acid (mRNA) in spontaneously
hypertensive rats (SHRs). The antisense synthetic oligodeoxynucleotides (AS-ODNs) con-
tributed to lower BP levels (p < 0.005) and lower levels of Angll [30]. One year later, Philips
et al. presented the use of AS-ODNs targeting 5’ coding areas of angiotensinogen mRNA
and of ATR1 in vivo. Their study showed that AS-ODNs contributed to decreased levels
of Angll, reduced expression of AT1R, and lower levels of BP (p < 0.01) [31]. Wielbo et al.
conducted a study in SHRs that showed that direct brain administration of AS-ODNss is an
effective way to decrease BP compared to intravenous administration [32]. Studies have
been developed using liposomes for the administration of angiotensinogen mRNA's AS-
ODNS via the portal vein of SHRs, presenting a transient decrease in BP (one to four days)
and accordingly lower mRNA levels of angiotensinogen and AnglI [33,34]. Retroviruses
have been used as vectors for AS-ODN gene therapy. One such study was conducted by
Lu et al., showing successful downregulation of AT1-R in astroglia and neuronal cells [35].
Constant suspension of angiotensinogen mRNA synthesis can be promoted by AS-ODNs
against the precursor hormone angiotensinogen gene (AOGEN) in SHRs [36]. Other studies
have been developed showing that AS-ODNSs targeting AT1R can contribute to lower AP in
SHR [37-40]. Makino et al. reported that the administration of AS-ODNs is more effective
in the downregulation of RAAS compared to sense-ODNs [41].

For the first time, Lu et al. used adenoviruses as vectors for AS-ODN complementary
deoxyribonucleic acids (cDNAs) targeting the downregulation of the AT1R gene, proposing
an innovative solution route for EH’s gene therapy [42]. Tang and colleagues administered
AS-ODNs by AAVs. Their study showed that the greater the dose of AS-ODNs, the greater
the reduction in BP (22.5 +/— 5.2 mmHg) in rats compared with the control (p < 0.01) [43].
Pachori et al., using retrovirus as a vector, developed a prevention method for hypertension
in healthy rats using AS-ODNs against AT1R [44]. Kimura et al. developed a study in rats
and utilized AAV vectors for AS-ODNs against angiotensinogen synthesis. The application
of this technique contributed to lower levels of angiotensinogen (p < 0.01), systolic blood
pressure (SBP) (up to 23 mmHg), late onset of hypertension, and decreased left ventricular
hypertrophy (LVH) (p = 0.01) compared to controls [45]. A study by Katovich et al. noted
that AS-ODNSs targeting RAAS are an effective method for the treatment of insulin-resistant
hypertension [46]. ATIR downregulation decreases cardiac hypertrophy, as shown by
Pachori et al. [47].
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Reaves et al. conducted a study causing endothelial injury in rats, contributing to
hypertension onset. Developing AS-ODNs against AT1R, this study noted that gene
therapy decreases AP despite the endothelial injury [48]. Wang et al., using AAV vectors
for shRNA interference, targeted mineralocorticoid receptor (MR) downregulation. The
downregulation of the MR contributed to lower levels of BP compared to controls (p < 0.01).
Fan mutation is a genetic deficiency in PVN leading to lower levels of AT1R. Artificial
microribonucleic acid (amiRNA) induction in AAV vectors has been developed for the
administration of the Fan gene in PVN, resulting in upregulation of AT1R and a decrease in
BP compared to controls (p < 0.05) [49]. AAVs have been successfully used for siRNA gene
therapy for AT1R downregulation in the paraventricular nucleus (PVN) [50]. Repkova
et al. presented that a reduction of 20-30 mmHg in SBP can be implemented using titanium
dioxide (TiO2)-based nanocomposites with parts of ACE mRNA [51]. Sun et al. observed
that CRISPR/Cas9 (a deletion in the angiotensinogen gene) is responsible for lower BP
in SHR. With the administration of CRISPR/Cas9 with the AAV vector, BP remained at
lower levels compared to controls (p < 0.001) one year after administration [52]. CACNA1D
gene polymorphism is associated with hypertension in white adults and increased levels of
renin, making it a potential target for gene therapy in humans [53].

The upregulation of the AT2R gene with AAV vectors is contributing to the reduction
of neuronal effects generated from RAAS [54]. In Figure 2, the gene therapy approaches for
RAAS in hypertension are presented.
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Figure 2. Approaches developed targeting RAAS in hypertension. RAAS: renin angiotensin al-
dosterone system; AS-ODNSs: antisense synthetic oligodeoxynucleotides; shRNA: shRNA short
hairpin ribonucleic acid; Angl: angiotensin I; Angll: angiotensin II; ACE: angiotensin-converting

enzyme; TiO2: titanium dioxide; mRNA: messenger ribonucleic acid; AT1R: angiotensin I receptor;
AT2R: angiotensin II receptor; siRNA: small interfering ribonucleic acid; and MR: mineralocorticoid receptor.

3.2. Targeting the f1-Rs

1-Rs are mostly found in the heart, kidney, and fat tissue cells. $1-Rs are con-
nected with G-protein-coupled receptors [55]. Zhang et al. showed that AS-ODNs
against 31-R mRNA can be used as an agent for the downregulation of the receptor.
The above study reported a reduction in BP (38 4= 5 mmHg) compared to control rats [56].
Liang et al. presented a reduction up to 37 mmHg in hypertensive rats using AS-ODNs
against 31-R [57]. Data reported that the downstream of $1-R using AAV vector gene
therapy and shRNA is resulting in a reduction of SBP compared to controls in SHRs
(p <0.001) [58].
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3.3. Targeting Kallikrein

Plasma and tissue kallikrein represent a potential antihypertensive gene therapy target.
Kallikrein is a hormone that is responsible for vasodilation at the cellular level [59]. Wang
et al. successfully developed somatic gene therapy using direct DNA administration
of the kallikrein gene to control BP in SHR [60]. Yayama et al. used AAV vectors to
deliver the human kallikrein gene to hypertensive rats. The kallikrein gene administration
resulted in a significant reduction in BP compared to controls (160 £ 5 vs. 186 + 7, n =6,
p <0.01) [61]. Intramuscular injection of the kallikrein gene is an effective way of lowering
BP in rats [62]. Using AAV as a vector, Dobrynski et al. administered the kallikrein gene to
deoxycorticosterone acetate-salt hypertensive rats (DOCA-HRs), resulting in a lower level
of BP compared to controls (172 £ 5 vs. 222 + 13 mm Hg, n = 6, p < 0.01) [63]. The study
of Zhao et al. in an insulin-resistant model of hypertension noted that the intravenous
administration of the kallikrein gene’s cDNA contributes to lower SBP rates and lower
levels of ATIR [64]. Wang et al. conducted a study in SHR, presenting a reduction in BP
using human kallikrein cDNA [65]. In SHRs, recombinant AAV vectors expressing human
kallikrein can result in a mean decrease of 12.6 mmHg in BP [66]. The safety of AAV vectors
in SHR was evaluated by Yan et al. [67].

Kallikrein therapeutics are not only restricted to the field of hypertension. Kallikrein
inhibition has been further implemented in the therapy of hereditary angioedema (HAE), a
disease caused by genetic alterations in the C1INH [68]. The BMN 311 HAE clinical trial
noted that the gene therapy of C1INH administration can prevent the onset of HAE [69].
The IONIS-PKKRXx is based on AS-ODN s inhibition of mutations observed in the HAE.
The study presented lower levels of kallikrein and a potential therapy for HAE [70]. The
NTLA-2002 clinical trial presented the implications of CRISPR/CAS9 KLKB1 gene therapy.
A dose-dependent decrease in kallikrein levels was observed in the patients who received
gene therapy [71]. Kallikrein administration has been implemented in the therapy of acute
ischemic stroke [72,73].

3.4. Targeting Nitric Oxide Synthetase (NOS)

NOS is an enzyme that contributes to NO synthesis in endothelial and smooth muscle
cells [74]. NO is responsible for the vasodilation of peripheral vessel walls [75]. The
pathophysiology of EH is partially based on a decrease in NO, leading to endothelial
dysfunction [76]. Chao et al. showed that direct endothelial nitric oxide synthetase (eNOS)
gene administration is an effective way to decrease BP compared to viral vectors in salt-
sensitive rats [77]. Miller et al. in SHR using AAV vectors administered the eNOS gene
to SHRs. The administration of the eNOS gene resulted in decreased BP compared to
controls (p = 0.007) [78]. eNOS AAYV vector gene therapy is effective for the prevention of
renovascular hypertension (eNOSAAV rats 121 + 3 vs. control 96 + 2 mm Hg, p < 0.01) [79].
Zhao et al. noted that eNOS cDNA gene therapy is effective in reducing BP in fructose-fed
rats [80]. The studies on NOS gene therapy are presented in Table 1.

Table 1. Studies and outcomes of NOS gene targeting in hypertension.

Study Method of Gene Administration Outcome Reference
Chao et al. eNOS gene direct administration Decrease in SBP and DBP [77]
Miller et al. eNOS gene via AAV vector Decrease in SBP and DBP [78]
Gava et al. eNOS gene via AAV vector Prevention of renovascular hypertension [79]
Zhao et al. eNOS cDNA Decrease in SBP and DBP in hyperglycemic rats [80]

eNOS: endothelial nitric oxide synthase; AAV: adeno-associated virus; cDNA: complementary deoxy ribonucleic
acid; SBP: systolic blood pressure; and DBP: diastolic blood pressure.

3.5. Targeting Atrial Natriuretic Peptide (ANP)

ANP is a hormone produced from cardiac atria, and its biological actions include
the promotion of natriuresis and diuresis, resulting in a reduction in blood volume and
BP [81]. Lin et al. showed that the administration of the ANP gene via an AAV vector
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offers a BP reduction in SHRs [82]. Skin gene therapy with the human ANP gene was
developed by Therrien et al. in SHRs. In rats receiving gene therapy, an increase in BP was
not observed [83].

3.6. Targeting Brain Natriuretic Peptide (BNP)

BNP is a hormone secreted from the atria and ventricles, and its biological functions
include peripheral vasodilation, resulting in a decrease in BP [84]. Catalloti et al. developed
AAV vectors for somatic gene therapy with the proBNP gene in rats. Their study showed
that BNP gene administration improves LVH and, when used for a long-term period, is
an efficient tool for SBP and diastolic blood pressure (DBP) reduction [85]. Tone et al.
presented a mean BP reduction of 15 mmHg in SHRs using BNP-AAV-mediated gene
therapy in SHRs [86].

3.7. Targeting Adrenomedullin (ADM)

ADM is a hormone that is characterized by anti-hypertensive actions [87]. A long-term
reduction in BP was observed in the study of Chao et al., reporting that the use of CMV
or RSV as vectors is effective for ADM gene transfer [88]. Zhang et al. showed that ADM
cDNA using cytomegalovirus (CMV) as a vector is resulting in BP reduction [89].

3.8. Clinical Trials Developed Evaluating the Pharmacological Correspondence and Clinical
Characteristics Based on the Personal Gene Polymorphisms

The NCT02524873 trial examined the genes involved in the pathogenesis of EH in
adults. This study showed the interplay between gene polymorphisms and the correspon-
dence to pharmacological therapy [90]. The MDR1 gene polymorphism does not decrease
losartan concentration in plasma but offers a greater reduction in BP compared with the
presence of the polymorphism [91]. The RCG trial conducted a gene analysis in order
to evaluate the efficacy of the precision medicine approach (gene detection for drugs);
nevertheless, this trial’s results have not been published yet [92].

4. Gene Therapy for Atherosclerosis

Lipid metabolism includes the intake of dietary lipids by the gastrointestinal tract.
The intestine is associated with absorption and chylomicron formation. Chylomicrons
are transmitted in chylomicron remnants in portal circulation and transferred to the liver.
Apolipoprotein Al (ApoA-I) is a lipoprotein responsible for the cellular intake of cholesterol
and is a structural part of high-density lipoprotein (HDL) cholesterol. Apolipoprotein
A-I Milano (ApoA-IM) is a genetic variant of ApoA-I found in humans, and it has been
associated with potential cardioprotective actions [93]. Very low-density lipoprotein (VLDL)
is synthesized by the liver. VLDL particles release triglycerides (TGs) in circulation and
then transmit them to VLDL remnants. Low-density lipoprotein (LDL) is the final particle
of VLDL metabolism [94].

Atherosclerotic plaques are associated with a smaller artery diameter. Athero arteries
are characterized by endothelial damage, smooth muscle cell hyperactivation, differentia-
tion of macrophages, and increased inflammation in smooth muscle vessel cells. Impaired
lipid metabolism is associated with increased atherosclerotic lesions in the vessel wall [9].
Distinct mechanisms associated with atherosclerosis can be used as a potential target in
gene therapy.

4.1. Targeting Lipoprotein Metabolism

Pastzy et al. conducted a study using apolipoprotein E (ApoE)-deficient mice and
showed that ApoA-I gene therapy increases the levels of HDL and ApoA-I, offering a
potential cardioprotective action and promoting anti-atherogenic actions [95]. Soma’s et al.
study was implemented on rabbits and showed that the administration of the recombinant
ApoA-IM gene using liposomes offers an anti-atherogenic action and lowers the levels
of inflammation in the smooth muscle cell wall [96]. In the study by Tangirila et al., the
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ApoA-I gene was successfully administered by AAV vectors compared to controls (only
vector) (p < 0.001). This study noted that ApoA-I AAV administration elevates the levels of
HDL compared to controls (189 & 21 mg/dL vs. 123 & 8 mg/dL, p < 0.02) [97]. The study
by Ishiguro et al. in ApoE-deficient mice noted that human ApoA-I gene administration
with a retrovirus has effective anti-atherogenic actions (95% less atherosclerotic damage
compared to controls) [98]. Kitjama et al. aimed to determine the effect of ApoE gene
delivery in ApoE genetically deficient mice using different types of AAV vectors (AAV2,
AAV7, and AAVS). The combination of AAV2/AAV7 and AAV2/AAVS fully prevented
atherosclerosis [99].

In the study performed by Lebherz et al., ApoA-I AAV administration was more
efficacious versus ApoA-IM AAV administration (32% vs. 24% reduction in atherosclerotic
lesions) [100]. Evans and colleagues showed that intramuscular AAV ApoE administration
is safe for gene therapy but does not increase apoE plasma levels (remains < 15 ng/dL) [101].
Feng et al. conducted a study using ApoE transgenic mice using ApoA-I and ApoA-IM and
showed that ApoA-IM is not superior in atherosclerosis progression [102]. Vaesen et al.,
using AAVS vectors, noted that ApoA-I gene therapy is effective and offers an increase
in levels of ApoA-I (634 + 69 mg/dL) and HDL in mice [103]. Koorneef and colleagues
used shRNA ApoB knockdown and AAYV as a vector and showed that this method of gene
therapy can result in one single dose of a reduction in LDL cholesterol but stable levels of
HDL [104]. Sharma et al. developed a study using mice with a human APOAS5 mutation,
a genetic alteration connected with higher levels of triglycerides. Researchers used AAV
vectors to infuse the APOA-V gene (the normal action of APOA-V is to lower plasma
triglycerides). This study noted a significant effect on plasma LDL [105].

Tian and colleagues used the APOA-IM gene and administered it to mice using
AAV2 or AAVS vectors. The rats that received the APOA-IM gene presented a significant
reduction in atherosclerotic lesions of the aorta compared to controls (p < 0.01) [106].
Wacker et al. presented that APOI-A gene therapy in rabbits offers anti-atherogenic and
anti-inflammatory benefits (reduction in vascular cell adhesion molecule-1 (VCAM-1) by
36%, p =0.03) [107]. Bi et al. studied vein-graft atherosclerosis in fat-fed rabbits. Using AAV
as a vector for APOA-I gene administration, this study showed a reduction in cholesterol
compared to controls (p = 0.003) [108].

Gaudet et al., in their study, administered the lipoprotein lipase (LPL) gene using AAV
vectors to 14 adults with LPL deficiency and a previous medical history of pancreatitis
due to increased triglycerides. The study noted a more than 40% reduction in plasma
triglycerides and increased levels of LPL (long-term effect) [109,110]. The NCT00068133
trial evaluated the impact of gene therapy (VLTS-589) in peripheral atherosclerotic disease
by administering the gene of angiomatrix protein Del-1 in conjunction with poloxamer
188 with a plasmid vector. This study noted a significant clinical improvement in the
patients [111]. Gene therapy for critical lower limb ischemia (caused by atherosclerotic
CVD) has been studied in several studies, optimizing the results presented in most of
them [112-115]. The NCT06112327 in up to 15-year follow-up presented a reduction in
LDL-C in patients with atherosclerotic CVD [116].

4.2. Targeting Inflammation

Timp et al. conducted a study on ApoE gene-deficient mice and administered the
tissue metallopeptidase inhibitor-1 (TIMP-1) gene using AAV vectors. The main outcome
was the increase of collagen and elastin in the vessel wall and the decrease of inflammation
(a reduction of macrophage cells) [117]. Qian and colleagues showed that gene therapy
of neuronal nitric oxide synthase (nNos) with an AAV vector successfully lowers the
monocytes on the vessel wall [118]. Thusen et al. proved that systematic administration
of Intereukin-10 (IL-10) with AAV vectors is effective in atherosclerosis prevention [119].
Yoshioka reported that gene therapy of IL-10 successfully contributes to circulatory MCP-1
decrease and the suspension of B-Hydroxy B-Methylglutaryl-CoA (HMG-CoA) reductase,
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a molecule responsible for cholesterol synthesis [120]. Liu et al. and Namiki et al. reported
suspension of atherogenesis using IL-10 gene therapy [121,122].

Li et al., for the first time in their study, used the transforming growth factor beta (TGF-
() gene using AAV vectors in low-density lipoprotein receptor (LDLR)-deficient mice. This
study reports a reduction of reactive oxygen species (ROS) in vessel walls and a retraction
of inflammation compared to controls (p < 0.05) [123]. Khan et al. conducted a study in
which they used rats with a deficiency of LDLR and administered the human STAT3 gene
via an AAV8 vector. This study reports a suspension of atherogenesis in rats who received
gene therapy, showing that STAT3 has a potential cardioprotective action [124]. Cao and his
colleagues implemented a combining gene therapy of IL-10/STAT-3, but their study did not
offer a superior cardioprotective outcome compared to STAT-3 or IL-10 administration [125].
Vi et al. successfully showed that AAV vectors are an efficient vector for use in gene therapy
for vein graft atherosclerosis [126]. Figure 3 gives a short illustration on the approaches
that have been proposed as gene therapy for inflammation in atherosclerosis.

Inflammation

AAV
AAV
\"

AA

AAV
Figure 3. An overview of gene therapies approaches targeting inflammation in atherosclerotic vessels.
Apo-E: apolipoprotein E; AAV: adeno-associated virus; TIMP-1: tissue metallopeptidase inhibitor-1;

IL-10: interleukin-10; TGF-f3: transforming growth factor beta; ROS: reactive oxygen species; and
nNOS: neuronal nitric oxide synthase.

5. Gene Therapy for FH

Heterozygous (He) FH is presented in one of 250 births with levels of LDL cholesterol
above 190 mg/dL and onset between 30 and 60 years [127]. Homozygous (HoFH) is
characterized by the presence of two mutated genes, onset in childhood, and levels of LDL
cholesterol above 400 mg/dL. Mutations have been detected in LDLR (the most common)
and in proprotein convertase subtilisin/kexin type 9 (PCSK9) and are inherited with an
autosomal dominant type of inheritance [128]. A small percentage of FH clinical cases are
inherited with an autosomal recessive type of inheritance.

5.1. Animal Models for FH Gene Therapy

Chowdbury et al. developed an animal rabbit model and used AAV vectors to transfer
the LDLR gene. Animals receiving the therapy had a total reduction of 30-50% of plasma
cholesterol [129]. Chen and colleagues using mice with Ho FH used AAV to administer the
very low-density lipoprotein (VLDLR) gene. Their study noted a 40% reduction in plasma
cholesterol and triglycerides [130]. Kankkoken et al., in their study of 24 rabbits with FH,
noted that LDLR gene therapy is effective in LDL reduction (in 2 years, 34 £ 10%) [131].
Kasim et al., using AAV8 vector gene therapy, administered the LDLR gene to rats with Ho
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FH. Their study showed an important decrease in plasma cholesterol [132]. The study by
Hibbit et al. shows that LDLR gene transfer is effective and increases the level of LDLR
in vivo [133]. Kasim et al., in their studies, evaluated that AAV8 LDLR administration is
very effective in LDL cholesterol reduction [134].

Somanthan and colleagues conducted a study using three different types of genes. The
study notes an increase in LDLR, lower levels of LDL cholesterol, and improved resistance
to PCKS9 [135]. Wang et al. used a new type of AAV vector in LDLR deficient mice. Their
study noted a 98% reduction in LDL cholesterol in male mice, and the effects lasted more
than 120 days [136]. Li et al. used exosomes as vectors for LDLR mRNA transfer in mice
with Ho FH. A significant reduction in LDL cholesterol was observed compared to controls
(p <0.05) [137].

5.2. FH Gene Therapy Studies in Humans

Grossman and colleagues reported the first case of ex vivo gene therapy for Ho FH
in a woman patient using a retrovirus for the administration of the LDLR gene [138]. A
mean reduction of 150 mg/dL was implemented in the first study for FH gene therapy
in 5 patients by Grossman et al. one year later from their first case report published [139].
Gaudet et al. successfully used AAV to administer the LPL gene to patients with LPL
deficiency, a subtype of FH [110]. The NCT02651675 trial conducted both in phase one and
phase two used AAVS to administer the LDLR gene in nine patients with Ho FH, but the
study did not have a clinically important effect on total lipids [140].

Exosome administration has been developed in the NCT05043181 trial. This study
used exosomes for the administration of LDLR mRNA in 30 patients, resulting in lower
levels of LDL cholesterol and triglycerides [141]. The NCT03400800 trial, with 1617 partic-
ipants, presents siRNA as a potential mechanism for PCSK9 mutations in FH, offering a
mean 50% reduction in LDL cholesterol [142]. The NCT03747224 trial used exosomes to
administer ribonucleic acid interference (RNAi0) for PCSK9 genetic alterations, offering a
42% reduction in LDL cholesterol [143]. Three NCTs used the siRNA technique targeting
Lp(a), offering reductions in Lp(a) and cardioprotective outcomes [144-146].

AS-ODNs have been used for FH gene therapy in different clinical trials. The NCT02900027
uses AS-ODNs to downregulate the APOC3 gene, offering a 73% mean reduction in APOC3
and 77% of triglycerides [147]. Two other gene therapies using AS-ODNs against the
APOCS3 gene presented a significant reduction in APOC3 and triglycerides [148,149]. A
short summary of clinical trials developed for FH gene therapy is presented in Table 2. An
overview of methods and targets for gene therapy in FH is presented in Figure 4.

Table 2. Clinical trials of gene therapy in FH.

Method of Gene

Trial Number Administration Target Effect Reference
FH

CT-AMT-011-01 AAV LPL Deficiency 40% decrease in TGs in three to 12 weeks [110]
NCT02651675 AAVS LDLR No clinical outcome [140]
NCT05043181 AAV LDLR Decrease in TC, TGs, LDL-C, and HDL-C [141]
NCT03400800 AAV PCSK9 A 50% decrease in LDL-C [142]
NCT03747224 AAV PCSK9 A 42% decrease in LDL-C [143]

. Dose-dependent decrease in Lp(a) 70% (300 mg) or

NCT04606602 SiRNA Lp(a) 80% (600 mg) [146]
NCT04270760 SiRNA Lp(a) Lower levels of Lp(a) [150]
NCT03626662 SiRNA Lp(a) A 76-91% decrease in Lp(a) levels [144]
NCT02900027 ASO ApoC3 A 93% decrease in ApoC3 [147]
NCT03385239 ASO ApoC3 Reduction in TG levels [148]
NCT02211209 ASO ApoC3 A decrease 84% of ApoC3 [149]

FH: familial hypercholesterolemia; AAV: adeno-associated virus; LPL: lipoprotein lipase; LDLR: low-density
lipoprotein receptor; TC: total cholesterol; TGs: triglycerides; LDL-C: low-density lipoprotein-cholesterol;
HDL-C: high-density lipoprotein-cholesterol; PCSK9: proprotein convertase subtilisin/kexin type 9;
SiRNA: small interfering ribonucleic acid; ASO: antisense oligonucleotide; and ApoC3: apolipoprotein C3.
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Figure 4. Gene therapy approaches in FH. FH: familial hypercholesterolemia; LDLR: low-
density lipoprotein receptor; LDL-C: low-density lipoprotein-cholesterol; ApoB: apolipoprotein B;
AAV: adeno-associated virus; PCKS9: proprotein convertase subtilisin/kexin type 9; siRNA: small
interfering ribonucleic acid; Lp(a): lipoprotein a; LPL: lipoprotein lipase; TGs: triglycerides;
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6. Limitations of the Clinical Implications of Gene Therapy

Since the first implication of gene therapy in 1990, many breakthrough advances
have been made [151]. Several pharmaceutical products have already contributed to the
therapy of multiple genetic conditions (e.g., cystic fibrosis, alpha-1 antitrypsin deficiency,
hemophilia, beta thalassemia, and sickle cell disease) [152]. In the field of CVD research,
many pre-clinical studies have been conducted, as presented in the current review. Never-
theless, a significant lack of clinical trials is observed, especially in the field of hypertension.

The viral vectors have been developed for gene administration, but toxicities have
been referred to in the literature. Immune-mediated reactions and the development of
neutralizing antibodies against AAVs are the two main implications of gene therapy ad-
ministered with viral vectors [153]. A limitation in the use of AAVs is their small packaging
capacity [154,155]. Medical research has come up with non-viral vectors, decreasing the
danger of immune-mediated or inflammatory reactions [156]. Moreover, the increased
prevalence of CVD and the significant cost of gene therapy are barriers to the massive
use of gene therapy in the field of CVD. The complex pathophysiology of CVD and the
non-fully known mechanisms leading to the disease onset remain obstacles to the wide use
of gene therapy in clinical practice [12]. The CRISPR delivery system has been associated
with numerous adverse events, such as off-target events (in more than 50% of cases referred
to in some studies), DNA damage, and immunotoxicity [157].

7. Conclusions

EH can potentially be treated using gene therapy, but organized RCTs are needed
in order to evaluate its safety and efficacy in human patients. The increased cost of gene
therapy and the significant number of hypertensive individuals make current gene therapy
techniques improbable for implementation. Models for atherosclerosis gene therapy have
been developed, and RCTs have already been implemented, leading CVD therapies into
a new era. Many clinical trials have been implemented in the field of FH, and promising
data have been published. In this review, the challenges of gene therapy for cardiovascular
disease are outlined.
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ACE Angiotensin-converting enzyme
AdeNOS  Ad-encoding endothelial nitric oxide synthase
ADM Adrenomedullin

AmiRNA  Artificial microribonucleic acid
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ANP Atrial natriuretic peptide
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AP Arterial pressure

ApoA-I Apolipoprotein Al
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APOA-V Apolipoprotein A-V

ApoB Apolipoprotein B
APOC3 Apolipoprotein C3
ApoE Apolipoprotein E
AS-ODNs  Antisense synthetic oligodeoxynucleotides
AT1IR Angiotensin II type 1 receptor
AT2R Angiotensin II type 2 receptor
BNP Brain natriuretic peptide
Cdna Complementary deoxyribonucleic acid
CMV Cytomegalovirus
CVD Cardiovascular disease
DBP Diastolic blood pressure
DOCA-HR  Deoxycorticosterone acetate-salt hypertensive rats
EH Essential hypertension
eNOS Endothelial nitric oxide synthase
FH Familial hypercholesterolemia
HDL High-density lipoprotein
He Heterozygous
HMG-CoA  B-Hydroxy B-Methylglutaryl-CoA
Ho Homozygous
IL-10 Intereukin-10
JGCs Juxtaglomerular cells
LDL Low-Density lipoprotein
LDLR Low-Density lipoprotein receptor
Lp(a) Lipoprotein a
LPL Lipoprotein lipase
LVH Left ventricular hypertrophy
MESH Medical subject headings
MR Mineralocorticoid receptor
mRNA Messenger ribonucleic acid
nNOS Neuronal nitric oxide synthase
NO Nitric oxide
NOS Nitric oxide synthetase
PCKS9 Proprotein convertase subtilisin/kexin type 9
PVN Paraventricular nucleus
RAAS Renin-angiotensin—aldosterone system
RNAi Ribonucleic acid interference
ROS Reactive oxygen species
RSV Rous sarcoma virus
SBP Systolic blood pressure
SHR Spontaneously hypertensive rats
shRNA Short hairpin ribonucleic acid
siRNA Small interfering ribonucleic acid
STAT3 Signal transducer and activator of transcription 3
TGF-p Transforming growth factor beta
TGs Triglycerides
TIMP-1 Tissue metallopeptidase inhibitor- 1
TiO2 Titanium dioxide
VCAM-1 Vascular cell adhesion molecule-1
VLDL Very low-density lipoprotein
1-Rs B-1-adrenergic receptors
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