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Abstract

:

Cardiovascular diseases (CVDs) remain the leading cause of morbidity and mortality around the globe. To address this public health burden, innovative therapeutic agents are being developed to specifically target molecular and genetic markers. Various therapeutic modalities have been implemented, including vaccines, monoclonal or bispecific antibodies, and gene-based therapies. Such drugs precisely target the underlying disease pathophysiology, aiming at notable molecules such as lipid metabolism regulators, proinflammatory cytokines, and growth factors. This review focuses on the latest advancements in different targeted therapies. It provides an insightful overview of the current landscape of targeted cardiovascular therapies, highlighting promising strategies with potential to transform the treatment of CVDs into an era of precision medicine.
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1. Introduction


Cardiovascular diseases are the leading causes of disability and mortality, and their prevalence is globally on the rise [1]. The total CVD prevalence has almost doubled from nearly 271 million in 1990 to around 523 million in 2019, while the number of CVD deaths increased steadily from around 12.1 million in 1990 to 18.6 million in 2019. As a result, CVDs tend to impose a significant socioeconomic burden on the population due to their significant contribution to the rising expenses of health care [2]. The etiology of CVDs is complex and includes genetic factors and other risk factors such as hyperlipidemia, hypertension, diabetes, obesity, smoking, and immobility. The underlying pathogenesis and progression of nearly all CVDs are primarily of atherosclerotic origin, leading to the development of coronary artery disease, cerebrovascular disease, thromboembolism, and peripheral vascular disease, ultimately resulting in myocardial infarction (MI), cardiac arrhythmias, or stroke. The clinical spectrum of cardiovascular diseases ranges widely, from asymptomatic conditions like silent ischemia to more classical presentations such as anginal chest pain, which is indicative of MI or focal neurological deficits seen in acute cerebrovascular accidents [3]. While there has been a noticeable decrease in the age-adjusted rate and mortality associated with MI due to diagnostic and treatment advancements, the overall risk of heart disease remains considerable. In fact, the general population still faces a significant 50% risk of developing heart disease by the age of 45, underscoring the persistent threat posed by cardiovascular conditions despite medical progress [3].



In the past decade, significant advances have been made in the treatment of coronary artery disease (CAD) [4]. Depending on the extent, severity, and clinical presentation of CAD, the current treatments include medical, surgical, or a combination of the two approaches. Although the aim of diminishing the risk of cardiovascular events is attained in a considerable proportion of treated patients, there is substantial patient-to-patient variation in efficacy and adverse effects, as well as frequent treatment discontinuation [5,6]. Additionally, the absence of regenerative properties in cardiomyocytes can lead to chronic cardiac dysfunction and heart failure following cardiac events. It has been documented that almost 50% of patients who experience their first MI die within 5 years post-treatment [7]. Thus, there is an imperative need to develop novel accessible and effective methods for treating CVDs, such as decreasing the infarct size post-MI and promoting regeneration.



Rising collaborations between various scientific fields, such as biotechnology and tissue engineering, have resulted in the development of novel therapeutic strategies, including stem cells, nanotechnology, and other innovations [4]. Such approaches can help in the prevention and management of CVDs while considering patient genetics, lifestyle, biomarkers, and disease phenotypes [8]. More efforts are being directed toward developing targeted treatments that deliver individualized and efficient therapies by directly targeting and binding to faulty genes or proteins. In fact, this novel modality is being implemented in various medical fields including the field of oncology, where multitargeted and highly selective kinase inhibitors are being used to treat advanced and treatment-resistant malignancies [9]. In the cardiology field, targeted therapies are becoming key players in the current treatment regimens of CVDs. We review several targeted CVD therapies and assess the prospects for this evolving field.




2. Monoclonal Antibodies (mAbs)


Several mAbs have demonstrated their efficacy in treating several CVDs. Table 1 summarizes targets of mAbs used in the cardiovascular field.



2.1. Lipid-Modifying Antibodies


2.1.1. PSCK9-Targeted mAbs


Undoubtedly, statins have been the basis of lipid-lowering therapy for many years. However, despite extensive statin therapy, a considerable proportion of high-risk hypercholesterolemic individuals do not obtain satisfactory reductions in low-density lipoprotein cholesterol (LDL-C) to less than 70 mg/dL and continue to have a residual cholesterol risk [32]. Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a highly intriguing and extensively explored therapeutic target in several lipid-lowering approaches. It is mainly produced by the liver and binds to the low-density lipoprotein receptor (LDLR) on the surface of hepatocytes, causing it to degrade, inhibiting hepatic clearance of low-density lipoprotein (LDL), and increasing plasma LDL-c levels [33]. As a result, gain-of-function mutations in PCSK9 can lead to autosomal dominant hypercholesterolemia, whereas people with loss-of-function mutations in PCSK9 have around 7-fold lower LDL-c levels.



In response to the discovered mechanism, three monoclonal antibodies against PCSK9, evolocumab, alirocumab, and bococizumab, were developed [34]. In 2015, the Food and Drug Administration (FDA) and the European Medicines Agency (EMA) approved the use of evolocumab and alirocumab. Bococizumab was discontinued after its evaluation in the SPIRE-1 and SPIRE-2 studies, which showed a noticeable decrease in its hypolipemic effect after a few months due to the formation of antibodies against the drug molecule, along with frequent injection site reactions [12]. On the other hand, clinical trials conducted on evolocumab and alirocumab demonstrated favorable outcomes. In the FOURIER trial, a total of 27,564 statin-treated patients with atherosclerotic cardiovascular disease and LDL-c levels of 70 mg per deciliter or higher were randomly assigned to receive subcutaneous injections of evolocumab or placebo [10]. After a follow-up of 2.2 years, results demonstrated that evolocumab reduced LDL cholesterol levels to a median of 30 mg per deciliter and significantly decreased the risk of cardiovascular events. Currently, evolocumab (Repatha) is given as 140 mg [140 mg/mL] subcutaneously (for example in the right thigh) every 2 weeks or as three 140 mg subcutaneous injections (420 mg) once a month.



Similarly, the ODYSSEY OUTCOMES trial studied the effect of alirocumab on cardiovascular events [11]. The trial included 18,924 patients with a history of an acute coronary syndrome (ACS) 1 to 12 months earlier, with an LDL-c level of at least 70 mg per deciliter, a non-high-density lipoprotein cholesterol level of a minimum of 100 mg per deciliter, or an apolipoprotein B level of at least 80 mg per deciliter. All patients had been receiving a high-intensity or maximum-tolerated dose of statin therapy. After giving the patients alirocumab or matching placebo every 2 weeks for a follow-up period of 2.8 years, alirocumab proved to have a decreased risk of recurrent ischemic cardiovascular events. Importantly, both trials showed similar adverse events among patients receiving the mAbs vs. placebo, with the exception of local injection-site reactions, which were higher in the mAb groups. With the use of PCSK9 inhibitors in clinical practice, some of the most common reported side effects were myalgias (27.2%), back pain (12%), nasopharyngitis (9.3%), headache (9.2%), upper respiratory tract infections (9%), flu-like symptoms (7.5%), and joint pain (7%) [34,35].




2.1.2. ANGPTL3 Inhibitors


ANGPTL3 is a secreted glycoprotein principally produced in the liver. Early research conducted on ANGPTL3-deficient and ANGPTL3-overexpressing mice demonstrated that ANGPTL3 inhibits the activity of lipoprotein lipase (LPL), thus impairing the clearance of triglyceride-rich lipoproteins and increasing plasma triglyceride levels [36]. In a human-genetics sequencing study conducted with 58,335 participants, analysis showed that those who were heterozygous for ANGPTL3 loss-of-function variants had around 50% lower ANGPTL3 levels than noncarriers and a nearly 40% lower chance of coronary artery disease [37].



This remarkable impact of ANGPTL3 on lipid metabolism prompted interest in ANGPTL3 as a molecular target for preventing or treating dyslipidemia and CVDs. Preclinical studies in dyslipidemic mice and monkeys using evinacumab, a fully human mAb targeting ANGPTL3, showed that neutralization of ANGPTL3 reduces plasma triglycerides and LDL [38]. Similarly, human phase I and II clinical trials showed consistent favorable results [13,37]. These results were further confirmed in the phase III ELIPSE HoFH trial where 65 patients with homozygous familial hypercholesterolemia (HoFH), receiving stable lipid-lowering therapy, were randomized to receive an infusion of evinacumab or placebo. After 24 weeks, patients in the evinacumab group had a 47.1% relative decrease from baseline in the LDL-c level, whereas the placebo group’s LDL-c level increased by 1.9% [14]. Evinacumab, present under the trade name Evkeeza, was approved in 2021 by the FDA and EMA for use in patients >12 years old with HoFH [15].





2.2. Antithrombotic mAbs


The introduction of GP IIb/IIIa inhibitors has played a significant role in the daily practice and the treatment of MI. Abciximab, a Fab antibody fragment of chimeric human-mouse mAb 7E3, reversibly binds to platelet IIb/IIIa receptor sites, preventing platelet aggregation [39]. It blocks fibrinogen, von Willebrand factor, and other adhesive molecules from binding to GP IIb/IIIa receptors on activated platelets during clot formation. This dose-dependent inhibition creates an environment that resembles Glanzmann thrombasthenia, an autosomal recessive condition characterized by a natural decrease in GP IIB-IIIa receptors on the platelet surface.



Several studies have been carried out on the efficacy of using abciximab in patients with ST-elevation myocardial infarction (STEMI) undergoing percutaneous coronary intervention (PCI), and have proven its benefit as an adjunctive pharmacotherapy, with a greater degree of myocardial salvage and survival, but a higher risk of observed bleeding [16,17,18]. A recent meta-analysis was performed in 2022 to assess the short-time efficacy and safety of abciximab in 5008 patients with STEMI undergoing PCI with or without abciximab. The results revealed that abciximab could lead to a significant decrease in the risk of reinfarction, revascularization, and all-cause death at 6 months, but could increase the risk of minor bleeding and thrombocytopenia [19]. Other small-molecule GP IIb/IIIa inhibitors (eptifibatide, tirofiban) have been the subject of less research. Although they appear to have comparable outcomes with abciximab among STEMI patients undergoing primary PCI in terms of angiographic reperfusion, reinfarction, and 30-day mortality, more research is required to assess variations in other clinical endpoints [20,21].




2.3. Inflammation-Modulating mAbs


2.3.1. IL-1 Inhibitors


It has now been conclusively proven that inflammation participates causally in CVDs and atherosclerosis and is especially important in the transition from stable to unstable plaques, which contribute to the clinical symptoms of the disease [40]. The IL-1 superfamily of cytokines and its receptors play a key role in the pathogenesis of CVDs by impairing endothelial cells’ ability to function normally, increasing oxidative stress, inducing the formation of procoagulant substances, and decreasing vasodilation, all of which can hasten atherosclerosis [41]. Several IL-1 receptor antagonists have been studied in clinical trials, summarized in Table 2.



Anakinra is the first FDA-approved recombinant human IL-1 receptor antagonist that competitively blocks IL-1 β and IL-1 α. It has a good safety profile and a short half-life of 4 to 6 h allowing better titration, but it needs to be administered daily via subcutaneous injection. This might create a problem for the patient, especially when accompanied by the drug’s injection-site reactions [42]. A previous pilot randomized controlled trial (RCT) involving 10 STEMI patients, who were randomized to receive 100 mg/day subcutaneous anakinra or placebo for 14 days in a double-blind manner, demonstrated that anakinra significantly improved left ventricular end-systolic and end-diastolic volume index, measured both by cardiac magnetic resonance imaging (CMR) and by echocardiography [23]. The results also showed a similar statistically significant difference in cardiac index changes among the groups, with less reduction in the anakinra group. However, there was no significant difference in left ventricle ejection fraction (EF), infarct size at late gadolinium enhancement, trans-mitral Doppler spectra and/or tissue Doppler spectra, and blood pressure among the two groups. Despite the significant limitation of the small sample size, the data pointed to anakinra’s advantageous effect on left ventricle remodeling [23]. In another phase II double-blind RCT, the VCUART3 trial, 99 STEMI patients were allocated to 2 weeks treatment with 100 mg anakinra once per day, 100 mg anakinra twice daily, or placebo, and revealed no difference between anakinra dose regimens, with a significant reduction in inflammation and high sensitivity CRP with the use of anakinra with no significant difference among the anakinra arms [22]. There was a similar dramatic reduction in death, heart failure incidence, death, and hospitalization for heart failure but no discernible impact of anakinra on left ventricle function [22]. Also, in the field of heart failure (HF), the recently published REDHART RCT studied the effect of anakinra vs. placebo on exercise capacity in 60 patients with recently decompensated systolic HF [24]. It revealed that IL-1 blockade improved peak aerobic exercise capacity by improving patient perceptions of dyspnea on exertion (DOE) and rating of perceived exertion (RPE). Patients receiving 12 weeks of anakinra experienced a time-dependent reduction in RPE and DOE values over time. However, there was no improvement in the main variables of cardio-pulmonary exercise testing including peak oxygen consumption (Vo2) and ventilatory efficiency (VE/Vco2 slope) in patients treated with anakinra [24].



In a similar manner, canakinumab is an approved human monoclonal antibody that targets the inflammatory pathway mediated by IL-1β. Unlike Anakinra, it has a lengthy elimination half-life of 26 days, making it particularly suitable for long-term use [43]. The CANTOS trial is a RCT that assigned 10,061 patients with MI and a high-sensitivity C-reactive protein (CRP) of 2 mg/L or more [25]. The study compared three dosages of subcutaneously administered canakinumab (50 mg, 150 mg, and 300 mg, given every three months) to placebo. After a median of 3.7 years of follow-up, canakinumab significantly decreased high-sensitivity CRP levels in comparison to baseline, but with no significant reduction from baseline in the LDL-c. Patients in the 150 mg group had a significant reduction by 15% compared to placebo in nonfatal MI, nonfatal stroke, and cardiovascular death, whereas canakinumab 50 mg and 300 mg did not demonstrate any superiority in those endpoints over placebo. In addition, the 150 mg canakinumab group had a decrease in hospitalization for urgent revascularization-requiring unstable angina by 17% compared to the placebo group [25]. These results suggest that an intermediate dose of canakinumab might provide cardiovascular protection in patients with CVDs. In the field of peripheral artery disease (PAD), a phase II RCT has indicated that canakinumab has not been shown to alter the progression of atherosclerotic plaque in the superficial femoral artery, but it can improve maximal and pain-free walking distance as early as 3 months following treatment [26]. More extensive research aimed at this endpoint will be necessary to demonstrate this conclusively.



Rilonacept is the final representative of this class of IL-1 blocking agents; it is a dimeric IL-1 recombinant receptor that binds IL-1α and IL-1β [44]. It is administered subcutaneously and has a half-life of around 26 days with the most common adverse events being injection-site reactions and infections of the upper respiratory tract. In a recent phase III RCT, which included 86 patients with recurrent pericarditis symptoms and with systemic inflammation, it was found that rilonacept could lead to a more significant reduction in pericarditis recurrence than placebo and could decrease pericarditis symptoms in recurrent episodes [27].




2.3.2. IL-6 Inhibitors


IL-6 is another inflammatory marker that plays a significant role in CVD. Elevated levels of IL-6 (≥5 ng/L) have been associated with an augmented risk of coronary artery disease [40]. A phase II RCT randomized 117 patients with non-ST-elevation myocardial infarction (NSTEMI) to receive placebo or tocilizumab, an IL-6 receptor-targeting mAb, before coronary angiography [28]. Results showed that tocilizumab had no safety issues and could reduce high-sensitivity CRP and decrease troponin release, thus suggesting its ability to attenuate the inflammatory response and the cardiac injury post-NSTEMI. A subsequent clinical trial involving 199 participants revealed that the administration of tocilizumab within 6 h of symptom onset in patients with STEMI resulted in a notable enhancement in myocardial salvage index, as measured by cardiac magnetic resonance imaging after 3 to 7 days [29]. This improvement was observed in comparison to the placebo group and suggested that tocilizumab could help in myocardial salvage, although no significant impact on the final infarct size was observed.



Other IL-6 inhibitors, sarilumab and ziltivekimab, have also been shown to decrease inflammation biomarkers, which are established cardiovascular risk factors [30,31]. However, more trials are needed to assess their safety and better predict cardiovascular outcomes.






3. Bispecific Antibodies (BsAbs)


After the advances in monoclonal antibodies, bispecific antibodies (BsAbs) have been established as revolutionizing therapies in the field of cancer immunotherapy [45]. They are recombinant molecules that exhibit the ability to concurrently bind two distinct targets through the integration of various binding domains of desired monoclonal antibodies into a single entity. BsAbs have also been implicated as promising therapeutic agents in CVDs in several studies.



One of the limitations of using hematopoietic stem cell (HSC) therapy in cardiac repair is the restricted migratory capacity of the stem cells to the target injured myocardial tissue. To address this restriction, Lee et al. conducted a study to investigate the potential of employing BsAbs to selectively target human CD34+ stem cells to infarcted cardiac tissue [46]. After injecting post-infarction mice with HSC pre-armed with a BsAb that recognizes both CD45 present on the stem cells and myosin light chain expressed by infarcted myocardium, enhancements in myocardial function were noted within 5 weeks. A similar recent study designed a BsAb by coupling anti-CD34 and an anti-cardiac myosin heavy chain to simultaneously target circulating CD34-positive cells and injured cardiac cells in a mouse model. Results also showed that the BsAb could reduce myocardial scarring and boost cardiac recovery [47]. However, the main disadvantage is that the targeted biomarkers are only expressed during myocardial injury.



In another recent study, researchers endeavored to recruit HSCs from the lungs to injured myocardial cells through inhalation therapy. The engineered BsAbs were specifically designed to target the CD34-positive HSC and CD42b receptors found on platelets, both of which are abundant in the lungs [48]. After inhalation, platelet-targeting BsAbs (PT-BsAb) could direct lung HSCs toward the damaged myocardial cells due to the inherent homing property of platelets. This novel therapy was safe and effective in increasing angio-myogenesis in the mouse model. This therapeutic concept is schematized in Figure 1.



As for the realm of vascular injuries, researchers have also attempted to enhance the regenerative vascular capacity by developing a BsAb that specifically targets two key components: the soluble platelet collagen receptor glycoprotein VI (GPVI) and the CD133 surface antigen found on endothelial progenitor cells (EPC) [49]. The bifunctional protein, GPVI-CD133, resulted in an enhancement in EPC recruitment both in pig vessels in vitro and in mice in vivo, leading to a subsequent augmentation in the regeneration of vascular lesions in the murine models.




4. Regulatory T-Cell Based Therapies


Regulatory T cells (Tregs) have been shown to play a key role in atherosclerosis inhibition [50]. After Webster et al. succeeded in expanding Tregs by administering interleukin (IL)-2 along with IL-2 mAb to mice [51], preclinical studies have used the IL-2/anti-IL-2 mAb treatment to expand Tregs and have demonstrated their efficacy in suppressing both the development of atherosclerosis as well as the advancement of developed atherosclerosis [52]. In mice with HF, increasing Tregs could also attenuate HF progression and decrease left and right ventricular hypertrophy and dysfunction [53]. An ongoing placebo-controlled phase I/II clinical trial aims to investigate the role of low-dose recombinant IL-2 in increasing Tregs, as well as its safety and efficacy in the setting of patients with ischemic heart disease and ACS [54]. The results of this trial may provide a promising therapeutic agent for clinical application.




5. Nucleic-Acid-Based Therapy


Gene therapy can be tremendously advantageous as it offers the possibility of editing and repairing disease-causing genes via novel and advanced tools such as the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated protein-9 (Cas9) or by introducing genes and nucleic acid molecules. To facilitate the delivery of therapeutic RNA or DNA molecules into host cells, various vectors can be used. Plasmids are among the first vectors employed in gene therapy and have demonstrated a high degree of safety, while exhibiting a low level of immunogenicity [55]. Extensive research has also been conducted on viral vectors over the course of several decades, including adenovirus (Ad), adeno-associated virus (AAV), and lentivirus [56]. To date, adenoviruses and AAVs are the viral vectors employed in cardiac clinical trials. Other methods of administration of such therapeutic agents also include direct delivery via injections. We review targeted RNA agents and focus on the advancements in this field.



5.1. Non-Coding RNA-Based Therapy


This therapeutic approach encompasses the use of non-coding RNA-based compounds. Specifically, their aim involves the imitation or suppression of DNA or RNA function in governing biological processes. Various technologies are employed for these methodologies, including aptamers, antisense oligonucleotides (ASOs), and RNA interference (RNAi), which is a biological process that involves the inhibition of specific genes or gene products. RNAi therapies include small interfering RNAs (siRNAs) and microRNA (miRNA) mimics or attenuation.



5.1.1. Antisense Oligonucleotides


ASOs are a class of modified single-stranded oligonucleotides that can target RNAs via their sequence-specific pattern, thus affecting their function. Mipomersen is an ASO drug that has been approved by the FDA for the treatment of HoFH, a genetic condition characterized by extremely high LDL-c levels, which increases the risk for CVD [57]. After the administration of mipomersen as a subcutaneous injection, it selectively targets apoB-100 mRNA, leading to its degradation. The decrease in the apoB-100 level leads to the ultimate decrease in LDL-c levels. However, due to the risk of adverse events such as elevated liver transaminases, its use is still limited [57].



Volanesorsen is another ASO drug that has been approved by the European Medicines Agency (EMA) for the treatment of Familial Chylomicronemia Syndrome (FCS), a rare genetic condition characterized by extremely elevated levels of triglycerides. Volanesorsen works by specifically targeting and inhibiting the expression of Apolipoprotein C-III (ApoC-III), a key protein involved in triglyceride regulation. This precision-targeted approach is typically reserved for patients with FCS who have not responded to conventional therapies, given the rarity and complexity of the disorder [58]. In a pooled analysis of RCTs in patients with severe hypertriglyceridemia, volanesorsen was found to be associated with a significant decrease in triglycerides, very low-density lipoprotein, and non-high-density lipoprotein cholesterol compared to placebo [59]. Thrombocytopenia is the main adverse effect of volanesorsen use. Therefore, the platelet count in patients using volanesorsen should be monitored weekly and kept >140,000/μL [58].



Casimersen, golodirsen, viltolarsen, and eteplirsen are other ASO drugs that have been approved for the treatment of Duchenne muscular dystrophy (DMD). These ASOs are designed to bind to specific regions of the DMD RNA, causing exon skipping during the splicing process [60]. This alteration in RNA splicing helps restore the correct reading frame in dystrophin protein production. Thus, these therapies enable the synthesis of a partially functional dystrophin protein.



Pelacarsen is an ASO drug that is still under study. Pelacarsen acts by targeting apolipoprotein(a) mRNA. A recent phase II trial in patients with CVD proves that pelacarsen directly decreases lipoprotein(a) (Lp(a)) cholesterol and mildly decreases LDL-c levels [61]. Ongoing and future studies might provide more evidence of its efficacy (NCT05900141, NCT05646381, NCT05305664, NCT04023552).




5.1.2. siRNA Therapy


siRNAs are a class of exogenous RNA molecules that can be used to selectively silence or downregulate the expression of specific genes.



Inclisiran is an approved synthetic siRNA-based therapeutic agent that closely mimics the activity of naturally occurring miRNA [62]. The mechanism of action of this drug involves specifically targeting and inhibiting the production of proprotein convertase subtilisin/kexin type 9 (PCSK9), resulting in lowered LDL cholesterol levels. It is intended for use in patients with primary hypercholesterolemia or mixed dyslipidemia who have not achieved adequate control through maximal statin dosage, with or without other lipid-lowering therapies (LLT) [62,63]. For patients who cannot tolerate statins or have medical reasons preventing their use, inclisiran can be used, either with or without other LLTs. What sets inclisiran apart is its dosing schedule, as it is administered as a twice-yearly subcutaneous injection, providing a convenient option for individuals who need long-term cholesterol management [62,63]. Currently, inclisiran (Leqvio) is given in a single-dose prefilled syringe (284 mg) initially, then after 3 months, and then every 6 months. The shelf life of the medication is 3 years, and no required post-injection-related safety monitoring is needed.



Olpasiran is a siRNA drug that inhibits the translation of Lp(a) mRNA in liver cells. During the phase I clinical trial, olpasiran exhibited a dose-dependent reduction in Lp(a) levels [64]. Administering a single dose of 9 mg or higher was well tolerated and resulted in a reduction of over 90% in the Lp(a) concentration in individuals with elevated levels, and this effect lasted for a duration of 3 to 6 months. Similarly, in the phase II OCEAN[a]-DOSE trial, olpasiran resulted in a significant and sustained decrease in Lp(a) levels in individuals with atherosclerotic CVD [65].



SLN-360 is also a siRNA that disrupts the production of Lp(a), and it is currently still under clinical development (NCT05537571, NCT04606602). SLN-360 has undergone a phase I clinical trial and has demonstrated its safety as well as its dose-dependent reduction in Lp-a levels [66]. Another siRNA drug candidate that targets Lp(a) levels, LY3819469, is likewise currently in the clinical development phase. The ongoing clinical trial aims to assess the pharmacokinetics and pharmacodynamics of LY3819469, as well as to evaluate its safety and tolerability (NCT04914546).



Zilebesiran is yet another siRNA potential therapeutic agent for the management of hypertension. Zilebesiran inhibits hepatic angiotensinogen mRNA, which in turn results in a decreased production of angiotensinogen, therefore theoretically reducing blood pressure [67]. A recent phase I trial in hypertensive patients assessed the safety and efficacy of zilebesiran as well as its pharmacokinetic properties [68]. The study showed that the administration of single subcutaneous doses of zilebesiran demonstrated dose-proportional reductions in both serum angiotensinogen levels and blood pressure. These reductions were sustained for up to 24 weeks. The most frequently observed adverse events were mild and temporary injection-site reactions. Future and ongoing phase II trials will better evaluate the efficacy of zilebesiran (NCT05103332).




5.1.3. miRNA Therapy


miRNA is a class of endogenous short non-coding RNAs that function as post-transcriptional moderators of gene expression [69]. They exert their regulatory effects by facilitating the degradation or decay of coding mRNAs, hence modulating protein synthesis, and affecting various body functions.



Evidence has shown that miRNAs regulate cardiomyocyte proliferation and regeneration [70]. Although using antisense oligonucleotides (ASOs) to inhibit these suppressive miRNAs has a limited role in promoting cardiac regeneration therapeutically, several research groups have reported positive outcomes through administering pro-proliferative miRNAs. By using AAV9 vectors, a sustained expression of exogenous miRNAs within the heart can be achieved. In MI mouse models, the introduction of miR-199a or miR-590a [71], miR-294 from the miR-302 superfamily [72], and miR-19a/19b from the miR-17~92 cluster [73], all delivered using AAV vectors, resulted in cardiac regeneration and the restoration of cardiac function.



However, sustained expression of pro-proliferative miRNAs from AAV vectors presents potential challenges. Firstly, there is no controlled regulation of miRNA expression since the vectors used can persist indefinitely. And secondly, within the transduced cells, there is a generation of both the intended miRNA strand and the miRNA originating from the complementary strand. This production can result in unintended adverse events over time, as demonstrated in recent experiments using miR-199a in pigs, which resulted in severe arrhythmias [74]. Transient administration of miRNA mimics seems promising in addressing these challenges. Single intracardiac doses of miR-199a-3p or miR-590-3p mimics injected into the heart of mice could persist for a minimum of 12 days, triggering cardiac repair and recovery [75].



As for angiogenesis, miRNA-92a, which blocks angiogenesis when overexpressed, serves as a potential therapeutic target [76]. In MI mouse models, inhibiting miRNA-92a could enhance vascularization [76]. Similar findings were demonstrated in a large animal model of pigs where this miRNA could protect against ischemia/reperfusion injury [77]. Furthermore, research has shown that targeting miRNA-92A could serve as a suitable therapeutic approach for addressing diabetes-associated cardiac microvascular dysfunction [78].



MRG-110 and CDR132L are miRNA-based therapies approved for testing in humans (NCT03603431, NCT04045405). The first study in humans using MRG-110, a synthetic agent that targets miRNA-92a, demonstrated that administering MRG-110 in healthy adults leads to a decrease in miR-92a levels and subsequent gene target de-repression in human peripheral blood cells [79]. The synthetic agent CDR132L inhibits miRNA-132, which plays a role in pathological myocardial remodeling by inhibiting genes such as SERCA2a. After preclinical studies showed that CD132L could restore SERCA2a function and prevent adverse cardiomyocyte remodeling [80], Taubel et al. completed the first human trial using this molecule. The phase Ib trial demonstrated CDR132L safety and efficacy in reducing miRNA-132 and in improving cardiac function by decreasing heart fibrosis [81].



Table 3 summarizes the main RNA-targeted therapies studied.






6. T-Cell Immunotherapy


Chimeric Antigen Receptor (CAR) T-cell therapy is a process in which a patient’s T-cells are genetically modified to carry a CAR antigen, as illustrated in Figure 2. This modification occurs outside the patient’s body through cell expansion, after which the cells are reintroduced into the patient [82]. In 2019, a groundbreaking approach utilized chimeric antigen receptor (CAR-T) cells to specifically target and eliminate cardiac fibroblasts expressing either ovalbumin peptide (OVA) or fibroblast activation protein alpha (FAP), both of which are prevalent in activated fibroblasts [83]. The introduction of CD8+ T cells with a chimeric antigen receptor against those antigens significantly reduced cardiac fibrosis and restored cardiac function in injured mice.



Although this approach was promising, it had some limitations. It required exogenous T cell modification and had limited control over the long-term persistence of modified CAR-T cells. A recent study conducted by the same research group has tackled these challenges by using lipid nanoparticles (LNPs) to deliver an mRNA construct, allowing for the endogenous transformation of T cells into FAP-targeting CAR-Ts (FAPCAR) [84]. This innovative method, involving the in vivo generation of CAR T cells, led to a reduction in fibrosis and the restoration of cardiac function following injury.




7. Nanoparticles for Drug Delivery


Nanoparticles (NPs) constitute a mode of drug delivery that aims to increase drug bioavailability, stability, and safety [85]. It is possible through the use of NPs to deliver the drug directly to the intended location by utilizing surface properties that enable targeted delivery. Optimally, a NP drug vehicle should possess the following characteristics: biodegradability, biocompatibility, stability, minimal or no immunogenicity, ability to undergo surface changes, ease of functionality, and the capacity to deliver and release encapsulated drugs at specific cellular targets [86]. NPs may be conjugated to targeted ligands such as small molecules, peptides, proteins, and antibodies that seek out cellular receptors to achieve directed drug delivery [87]. Furthermore, encapsulation within the NPs protects against unwanted alterations and degradation of the drug [88].



Nanotechnology has been applied to a far greater extent in cancer therapy than in CVD. Despite this, its utility in CVD is of immense importance as its possible therapeutic benefits are linked to the role of the cardiovascular system in blood circulation, perfusion, and thus organ function [87,89,90]. The application of this mode of treatment delivery has been applied to combat various cardiovascular diseases [88]. Figure 3 presents the advantages and limitations of NP use for targeted CVD therapy.



The most common cause of heart failure is myocardial infarction, and thus a targeted approach to the deleterious effects subsequent to myocardial ischemia is crucial to improving functionality and limiting injury to the myocardium following such an event [91]. Drug delivery systems (DDS) equipped with ligands capable of binding to cell-specific receptors or moieties that are overexpressed in pathophysiological settings mostly utilize enhanced permeability and retention (EPR)-mediated passive targeting to penetrate the tissue [92]. This passively targeted modality is promoted by the increased vascular permeability and reduced microvascular flow post-MI. Ligands such as sugars, peptides, folic acid, and antibodies are used to enhance the duration of stay of the drug and its uptake by cells. For instance, it is evident through experimentation on rats that NP-carried pitivastatin serves a protective role against reperfusion injury through the phosphatidylinositol 3-kinase protein kinase B (PI3K/Akt)-mediated pathway. This limits myocardial damage, apoptosis, and inflammation following acute myocardial infarction (AMI), all features that are absent when pitivastatin is given on its own [93]. Similarly, another study showed that irbesartan containing NP limited reperfusion injury and thus infarct size through a peroxisome proliferator-activated receptor (PPAR)γ agonistic effect and attenuation of the inflammatory response mediated via monocytes [94]. These effects were also lacking in controls. Furthermore, damage subdued following an AMI is believed to be in part due to the increased production of reactive oxygen species that influence myocardial remodeling. A major contributor to macrophage superoxide free radical production is NADPH oxidase 2 (NOX2). When NOX2 is inhibited via microRNA NP and small interfering RNA NP, there is an evident improvement in myocardial function as well as a reduction in infarct size in rat models [91,95].



Smart drug delivery can also be accomplished through active targeting, which involves directing the DDS to the desired location through biological components such as overexpressed receptors on the target cells [92]. Alternatively, external magnetic fields can be used to guide iron-containing carriers in the body. Active targeting NPs have been described in MI, utilizing fibrin as a target of conjugated moieties. Fibrin is increased in the infarcted zone of the heart, a feature that can be used to increase drug delivery. This was shown in the case of thymosin beta-4-encapsulated NPs, whose concentrations were increased in the infarcted area and resulted in enhanced angiogenesis, cardiac function, and survival [96]. Another example is that of angiotensin II type 1 receptor (AT1R) ligand incorporation into NP, which is increased in ischemic myocardial tissue. The targeting of AT1R with microRNA inhibitor-loaded NP has shown decreased cellular apoptosis and infarct size [97]. Also, platelet nano-vesicles embedded on the surface of stem cells have been shown to be retained to a greater degree within ischemic and damaged zones of the heart as well as in injured vessels. This may be attributed to platelet surface molecule adhesive properties [98].



Another interesting application of this delivery system is in T-cell-targeted lipid NPs that encapsulate messenger RNA. These NPs transform T lymphocytes transiently into anti-fibrotic CAR-T cells in vivo that reduce fibrosis and improve myocardial function in mice with heart failure [84]. NP technology extends to the innate immune system, where cardiac macrophage-targeting miRNA-21-encapsulated NPs induced a switch from a pro-inflammatory phenotype to a reparative one in an injured myocardium. This immunomodulation results in enhanced angiogenesis, reduced hypertrophy, cellular apoptosis, and fibrosis [99].



In the field of arrhythmia, an innovative ablation method uses NPs containing a cardiac-targeting peptide and photosensitizer to which laser illumination is imposed, and it induces localized, myocyte-specific ablation with 85% efficiency. This method limits avoidable collateral damage, as exemplified by intact fibroblasts near ablation. Furthermore, this targeted way of reverting into a sinus rhythm provides a means to ablation that is safer and averts some of the complications set by the more classical modes [100]. Additionally, several antiarrhythmic drugs have been coupled to NPs and have shown to be of therapeutic benefit, including liposomal amiodarone-loaded NPs, which show enhanced ischemic/perfused myocardial site selectivity and efficacy. Consequently, this has reduced mortality from lethal arrhythmias while avoiding the negative hemodynamic effects of amiodarone use in such patients [101,102].




8. Conclusions


In conclusion, targeted therapies represent groundbreaking and promising treatments in the field of CVD. Such advancements have paved the way for precision medicine approaches, holding great promise for a new era of tailored therapy in patients with CVDs. Unfortunately, it remains mandatory to overcome the possible disadvantages and limitations of such modalities. For instance, although mAbs, BsAbs, and CAR-T therapy offer highly specific therapeutic agents with no off-target events, they require a complex preparation procedure and are extremely high in cost [103]. The disadvantages of CAR-T therapy also include possible life-threatening toxicities such as cytokine release syndrome, which mandates the need to engineer less toxic therapy forms [104]. Gene-targeted therapies, on the other hand, are easy to prepare but can lead to several off-target events [103]. Newer therapeutic methods using NP formulations for efficient drug delivery into the heart tissue offer a very promising targeted therapy potential (Figure 3). However, clinical translation is required to study their full effects in the human body.



The expansion of precision medicine through future and ongoing research will help us overcome such difficulties, ultimately improving the approach to patient care. It is expected that targeted therapies will play a significant role in providing better patient outcomes and reduced disease burden due to their synergistic treatment effects. This includes the use of therapeutic antibodies that simultaneously target multiple pathological mechanisms implicated in CVDs, such as inflammation, oxidative stress, and endothelial dysfunction. Moreover, advancements in drug delivery technologies, such as the use of nanoparticles, will also affect the future of CVD therapies. From novel drug delivery systems capable of targeted drug delivery to specific cardiac tissues or cell types to sophisticated diagnostic tools that enable real-time monitoring of treatment response and disease progression, such innovations will lead to more personalized medical care in the field of CVD.







Author Contributions


Conceptualization, R.D., J.W. and M.M.R.; methodology, R.D., J.W. and M.M.R.; software, R.D. and J.W.; validation, R.D., J.W. and M.M.R.; formal analysis, R.D., J.W. and M.M.R.; investigation, R.D., J.W. and M.M.R.; resources, R.D., J.W. and M.M.R.; data curation, R.D., J.W. and M.M.R.; writing—original draft preparation, R.D., J.W. and M.M.R.; writing—review and editing, R.D., J.W. and M.M.R.; visualization, R.D., J.W. and M.M.R.; supervision, M.M.R.; project administration, M.M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Roth, G.A.; Mensah, G.A.; Johnson, C.O.; Addolorato, G.; Ammirati, E.; Baddour, L.M.; Barengo, N.C.; Beaton, A.Z.; Benjamin, E.J.; Benziger, C.P.; et al. Global Burden of Cardiovascular Diseases and Risk Factors, 1990–2019: Update From the GBD 2019 Study. J. Am. Coll. Cardiol. 2020, 76, 2982–3021. [Google Scholar] [CrossRef]

	



Flora, G.D.; Nayak, M.K. A Brief Review of Cardiovascular Diseases, Associated Risk Factors and Current Treatment Regimes. Curr. Pharm. Des. 2019, 25, 4063–4084. [Google Scholar] [CrossRef] [PubMed]

	



Olvera Lopez, E.; Ballard, B.D.; Jan, A. Cardiovascular Disease. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2024. [Google Scholar]

	



Kandaswamy, E.; Zuo, L. Recent Advances in Treatment of Coronary Artery Disease: Role of Science and Technology. Int. J. Mol. Sci. 2018, 19, 424. [Google Scholar] [CrossRef]

	



Fragasso, G.; Margonato, A.; Spoladore, R.; Lopaschuk, G.D. Metabolic effects of cardiovascular drugs. Trends Cardiovasc. Med. 2019, 29, 176–187. [Google Scholar] [CrossRef]

	



Vavlukis, M.; Vavlukis, A. Statins alone or in combination with ezetimibe or PCSK9 inhibitors in atherosclerotic cardiovascular disease protection. In Lipid Peroxidation Research; IntechOpen: London, UK, 2019; Volume 77. [Google Scholar]

	



Dvir, T.; Bauer, M.; Schroeder, A.; Tsui, J.H.; Anderson, D.G.; Langer, R.; Liao, R.; Kohane, D.S. Nanoparticles targeting the infarcted heart. Nano Lett. 2011, 11, 4411–4414. [Google Scholar] [CrossRef]

	



Leopold, J.A.; Loscalzo, J. Emerging Role of Precision Medicine in Cardiovascular Disease. Circ. Res. 2018, 122, 1302–1315. [Google Scholar] [CrossRef] [PubMed]

	



Bedard, P.L.; Hyman, D.M.; Davids, M.S.; Siu, L.L. Small molecules, big impact: 20 years of targeted therapy in oncology. Lancet 2020, 395, 1078–1088. [Google Scholar] [CrossRef]

	



Sabatine, M.S.; Giugliano, R.P.; Keech, A.C.; Honarpour, N.; Wiviott, S.D.; Murphy, S.A.; Kuder, J.F.; Wang, H.; Liu, T.; Wasserman, S.M.; et al. Evolocumab and Clinical Outcomes in Patients with Cardiovascular Disease. N. Engl. J. Med. 2017, 376, 1713–1722. [Google Scholar] [CrossRef] [PubMed]

	



Schwartz, G.G.; Steg, P.G.; Szarek, M.; Bhatt, D.L.; Bittner, V.A.; Diaz, R.; Edelberg, J.M.; Goodman, S.G.; Hanotin, C.; Harrington, R.A.; et al. Alirocumab and Cardiovascular Outcomes after Acute Coronary Syndrome. N. Engl. J. Med. 2018, 379, 2097–2107. [Google Scholar] [CrossRef]

	



Ridker, P.M.; Revkin, J.; Amarenco, P.; Brunell, R.; Curto, M.; Civeira, F.; Flather, M.; Glynn, R.J.; Gregoire, J.; Jukema, J.W.; et al. Cardiovascular Efficacy and Safety of Bococizumab in High-Risk Patients. N. Engl. J. Med. 2017, 376, 1527–1539. [Google Scholar] [CrossRef]

	



Gaudet, D.; Gipe, D.A.; Pordy, R.; Ahmad, Z.; Cuchel, M.; Shah, P.K.; Chyu, K.Y.; Sasiela, W.J.; Chan, K.C.; Brisson, D.; et al. ANGPTL3 Inhibition in Homozygous Familial Hypercholesterolemia. N. Engl. J. Med. 2017, 377, 296–297. [Google Scholar] [CrossRef] [PubMed]

	



Raal, F.J.; Rosenson, R.S.; Reeskamp, L.F.; Hovingh, G.K.; Kastelein, J.J.P.; Rubba, P.; Ali, S.; Banerjee, P.; Chan, K.C.; Gipe, D.A.; et al. Evinacumab for Homozygous Familial Hypercholesterolemia. N. Engl. J. Med. 2020, 383, 711–720. [Google Scholar] [CrossRef] [PubMed]

	



Sosnowska, B.; Adach, W.; Surma, S.; Rosenson, R.S.; Banach, M. Evinacumab, an ANGPTL3 Inhibitor, in the Treatment of Dyslipidemia. J. Clin. Med. 2022, 12, 168. [Google Scholar] [CrossRef] [PubMed]

	



Schömig, A.; Kastrati, A.; Dirschinger, J.; Mehilli, J.; Schricke, U.; Pache, J.; Martinoff, S.; Neumann, F.J.; Schwaiger, M. Coronary stenting plus platelet glycoprotein IIb/IIIa blockade compared with tissue plasminogen activator in acute myocardial infarction. Stent versus Thrombolysis for Occluded Coronary Arteries in Patients with Acute Myocardial Infarction Study Investigators. N. Engl. J. Med. 2000, 343, 385–391. [Google Scholar] [CrossRef] [PubMed]

	



De Luca, G.; Suryapranata, H.; Stone, G.W.; Antoniucci, D.; Tcheng, J.E.; Neumann, F.J.; Van de Werf, F.; Antman, E.M.; Topol, E.J. Abciximab as adjunctive therapy to reperfusion in acute ST-segment elevation myocardial infarction: A meta-analysis of randomized trials. JAMA 2005, 293, 1759–1765. [Google Scholar] [CrossRef] [PubMed]

	



Dziewierz, A.; Rakowski, T.; Dudek, D. Abciximab in the management of acute myocardial infarction with ST-segment elevation: Evidence-based treatment, current clinical use, and future perspectives. Ther. Clin. Risk Manag. 2014, 10, 567–576. [Google Scholar] [CrossRef] [PubMed]

	



Bai, N.; Niu, Y.; Ma, Y.; Shang, Y.S.; Zhong, P.Y.; Wang, Z.L. Evaluate Short-Term Outcomes of abciximab in ST-Segment Elevation Myocardial Infarction Patients Undergoing Percutaneous Coronary Intervention: A Meta-Analysis of Randomized Clinical Trials. J. Interv. Cardiol. 2022, 2022, 3911414. [Google Scholar] [CrossRef]

	



Zeymer, U. The role of eptifibatide in patients undergoing percutaneous coronary intervention. Expert Opin. Pharmacother. 2007, 8, 1147–1154. [Google Scholar] [CrossRef] [PubMed]

	



Gurm, H.S.; Tamhane, U.; Meier, P.; Grossman, P.M.; Chetcuti, S.; Bates, E.R. A comparison of abciximab and small-molecule glycoprotein IIb/IIIa inhibitors in patients undergoing primary percutaneous coronary intervention: A meta-analysis of contemporary randomized controlled trials. Circ. Cardiovasc. Interv. 2009, 2, 230–236. [Google Scholar] [CrossRef]

	



Abbate, A.; Trankle, C.R.; Buckley, L.F.; Lipinski, M.J.; Appleton, D.; Kadariya, D.; Canada, J.M.; Carbone, S.; Roberts, C.S.; Abouzaki, N.; et al. Interleukin-1 Blockade Inhibits the Acute Inflammatory Response in Patients with ST-Segment-Elevation Myocardial Infarction. J. Am. Heart Assoc. 2020, 9, e014941. [Google Scholar] [CrossRef]

	



Abbate, A.; Van Tassell, B.W.; Biondi-Zoccai, G.; Kontos, M.C.; Grizzard, J.D.; Spillman, D.W.; Oddi, C.; Roberts, C.S.; Melchior, R.D.; Mueller, G.H.; et al. Effects of interleukin-1 blockade with anakinra on adverse cardiac remodeling and heart failure after acute myocardial infarction [from the Virginia Commonwealth University-Anakinra Remodeling Trial (2) (VCU-ART2) pilot study]. Am. J. Cardiol. 2013, 111, 1394–1400. [Google Scholar] [CrossRef] [PubMed]

	



Mihalick, V.; Wohlford, G.; Talasaz, A.H.; Ho, A.J.; Kim, F.; Canada, J.M.; Carbone, S.; Kadariya, D.; Billingsley, H.; Trankle, C.; et al. Patient Perceptions of Exertion and Dyspnea With Interleukin-1 Blockade in Patients With Recently Decompensated Systolic Heart Failure. Am. J. Cardiol. 2022, 174, 61–67. [Google Scholar] [CrossRef] [PubMed]

	



Ridker, P.M.; Devalaraja, M.; Baeres, F.M.M.; Engelmann, M.D.M.; Hovingh, G.K.; Ivkovic, M.; Lo, L.; Kling, D.; Pergola, P.; Raj, D.; et al. IL-6 inhibition with ziltivekimab in patients at high atherosclerotic risk (RESCUE): A double-blind, randomised, placebo-controlled, phase 2 trial. Lancet 2021, 397, 2060–2069. [Google Scholar] [CrossRef] [PubMed]

	



Russell, K.S.; Yates, D.P.; Kramer, C.M.; Feller, A.; Mahling, P.; Colin, L.; Clough, T.; Wang, T.; LaPerna, L.; Patel, A.; et al. A randomized, placebo-controlled trial of canakinumab in patients with peripheral artery disease. Vasc. Med. 2019, 24, 414–421. [Google Scholar] [CrossRef] [PubMed]

	



Klein, A.L.; Imazio, M.; Cremer, P.; Brucato, A.; Abbate, A.; Fang, F.; Insalaco, A.; LeWinter, M.; Lewis, B.S.; Lin, D.; et al. Phase 3 Trial of Interleukin-1 Trap Rilonacept in Recurrent Pericarditis. N. Engl. J. Med. 2021, 384, 31–41. [Google Scholar] [CrossRef] [PubMed]

	



Kleveland, O.; Kunszt, G.; Bratlie, M.; Ueland, T.; Broch, K.; Holte, E.; Michelsen, A.E.; Bendz, B.; Amundsen, B.H.; Espevik, T.; et al. Effect of a single dose of the interleukin-6 receptor antagonist tocilizumab on inflammation and troponin T release in patients with non-ST-elevation myocardial infarction: A double-blind, randomized, placebo-controlled phase 2 trial. Eur. Heart J. 2016, 37, 2406–2413. [Google Scholar] [CrossRef] [PubMed]

	



Broch, K.; Anstensrud, A.K.; Woxholt, S.; Sharma, K.; Tollefsen, I.M.; Bendz, B.; Aakhus, S.; Ueland, T.; Amundsen, B.H.; Damas, J.K.; et al. Randomized Trial of Interleukin-6 Receptor Inhibition in Patients with Acute ST-Segment Elevation Myocardial Infarction. J. Am. Coll. Cardiol. 2021, 77, 1845–1855. [Google Scholar] [CrossRef] [PubMed]

	



Gabay, C.; Burmester, G.R.; Strand, V.; Msihid, J.; Zilberstein, M.; Kimura, T.; van Hoogstraten, H.; Boklage, S.H.; Sadeh, J.; Graham, N.M.H.; et al. Sarilumab and adalimumab differential effects on bone remodelling and cardiovascular risk biomarkers, and predictions of treatment outcomes. Arthritis Res. Ther. 2020, 22, 70. [Google Scholar] [CrossRef] [PubMed]

	



Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, J.G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.; Koenig, W.; Anker, S.D.; et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N. Engl. J. Med. 2017, 377, 1119–1131. [Google Scholar] [CrossRef]

	



Mora, S.; Wenger, N.K.; DeMicco, D.A.; Breazna, A.; Boekholdt, S.M.; Arsenault, B.J.; Deedwania, P.; Kastelein, J.J.; Waters, D.D. Determinants of residual risk in secondary prevention patients treated with high-versus low-dose statin therapy: The Treating to New Targets (TNT) study. Circulation 2012, 125, 1979–1987. [Google Scholar] [CrossRef]

	



Denis, M.; Marcinkiewicz, J.; Zaid, A.; Gauthier, D.; Poirier, S.; Lazure, C.; Seidah, N.G.; Prat, A. Gene inactivation of proprotein convertase subtilisin/kexin type 9 reduces atherosclerosis in mice. Circulation 2012, 125, 894–901. [Google Scholar] [CrossRef] [PubMed]

	



Grzesk, G.; Dorota, B.; Wolowiec, L.; Wolowiec, A.; Osiak, J.; Kozakiewicz, M.; Banach, J. Safety of PCSK9 inhibitors. Biomed. Pharmacother. 2022, 156, 113957. [Google Scholar] [CrossRef] [PubMed]

	



Blom, D.J.; Hala, T.; Bolognese, M.; Lillestol, M.J.; Toth, P.D.; Burgess, L.; Ceska, R.; Roth, E.; Koren, M.J.; Ballantyne, C.M.; et al. A 52-week placebo-controlled trial of evolocumab in hyperlipidemia. N. Engl. J. Med. 2014, 370, 1809–1819. [Google Scholar] [CrossRef] [PubMed]

	



Chen, P.Y.; Gao, W.Y.; Liou, J.W.; Lin, C.Y.; Wu, M.J.; Yen, J.H. Angiopoietin-Like Protein 3 (ANGPTL3) Modulates Lipoprotein Metabolism and Dyslipidemia. Int. J. Mol. Sci. 2021, 22, 7310. [Google Scholar] [CrossRef] [PubMed]

	



Dewey, F.E.; Gusarova, V.; Dunbar, R.L.; O’Dushlaine, C.; Schurmann, C.; Gottesman, O.; McCarthy, S.; Van Hout, C.V.; Bruse, S.; Dansky, H.M.; et al. Genetic and Pharmacologic Inactivation of ANGPTL3 and Cardiovascular Disease. N. Engl. J. Med. 2017, 377, 211–221. [Google Scholar] [CrossRef] [PubMed]

	



Gusarova, V.; Alexa, C.A.; Wang, Y.; Rafique, A.; Kim, J.H.; Buckler, D.; Mintah, I.J.; Shihanian, L.M.; Cohen, J.C.; Hobbs, H.H.; et al. ANGPTL3 blockade with a human monoclonal antibody reduces plasma lipids in dyslipidemic mice and monkeys. J. Lipid Res. 2015, 56, 1308–1317. [Google Scholar] [CrossRef]

	



Stoffer, K.; Bistas, K.G.; Reddy, V.; Shah, S. Abciximab. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023; Copyright © 2023. [Google Scholar]

	



Libby, P. Inflammation in atherosclerosis. Nature 2002, 420, 868–874. [Google Scholar] [CrossRef]

	



Gonzalez, L.; Rivera, K.; Andia, M.E.; Martinez Rodriguez, G. The IL-1 Family and Its Role in Atherosclerosis. Int. J. Mol. Sci. 2022, 24, 17. [Google Scholar] [CrossRef] [PubMed]

	



Kaiser, C.; Knight, A.; Nordström, D.; Pettersson, T.; Fransson, J.; Florin-Robertsson, E.; Pilström, B. Injection-site reactions upon Kineret (anakinra) administration: Experiences and explanations. Rheumatol. Int. 2012, 32, 295–299. [Google Scholar] [CrossRef]

	



Chakraborty, A.; Tannenbaum, S.; Rordorf, C.; Lowe, P.J.; Floch, D.; Gram, H.; Roy, S. Pharmacokinetic and pharmacodynamic properties of canakinumab, a human anti-interleukin-1beta monoclonal antibody. Clin. Pharmacokinet. 2012, 51, e1–e18. [Google Scholar] [CrossRef]

	



Wang, T.K.M.; Klein, A.L. Correction to: Rilonacept (Interleukin-1 Inhibition) for the Treatment of Pericarditis. Curr. Cardiol. Rep. 2022, 24, 31. [Google Scholar] [CrossRef] [PubMed]

	



Wei, J.; Yang, Y.; Wang, G.; Liu, M. Current landscape and future directions of bispecific antibodies in cancer immunotherapy. Front. Immunol. 2022, 13, 1035276. [Google Scholar] [CrossRef] [PubMed]

	



Lee, R.J.; Fang, Q.; Davol, P.A.; Gu, Y.; Sievers, R.E.; Grabert, R.C.; Gall, J.M.; Tsang, E.; Yee, M.S.; Fok, H.; et al. Antibody targeting of stem cells to infarcted myocardium. Stem Cells 2007, 25, 712–717. [Google Scholar] [CrossRef]

	



Huang, K.; Li, Z.; Su, T.; Shen, D.; Hu, S.; Cheng, K. Bispecific antibody therapy for effective cardiac repair through redirection of endogenous stem cells. Adv. Ther. 2019, 2, 1900009. [Google Scholar] [CrossRef]

	



Liu, M.; Lutz, H.; Zhu, D.; Huang, K.; Li, Z.; Dinh, P.C.; Gao, J.; Zhang, Y.; Cheng, K. Bispecific Antibody Inhalation Therapy for Redirecting Stem Cells from the Lungs to Repair Heart Injury. Adv. Sci. 2020, 8, 2002127. [Google Scholar] [CrossRef]

	



Langer, H.F.; von der Ruhr, J.W.; Daub, K.; Schoenberger, T.; Stellos, K.; May, A.E.; Schnell, H.; Gauss, A.; Hafner, R.; Lang, P.; et al. Capture of endothelial progenitor cells by a bispecific protein/monoclonal antibody molecule induces reendothelialization of vascular lesions. J. Mol. Med. 2010, 88, 687–699. [Google Scholar] [CrossRef]

	



Ait-Oufella, H.; Salomon, B.L.; Potteaux, S.; Robertson, A.K.; Gourdy, P.; Zoll, J.; Merval, R.; Esposito, B.; Cohen, J.L.; Fisson, S.; et al. Natural regulatory T cells control the development of atherosclerosis in mice. Nat. Med. 2006, 12, 178–180. [Google Scholar] [CrossRef] [PubMed]

	



Webster, K.E.; Walters, S.; Kohler, R.E.; Mrkvan, T.; Boyman, O.; Surh, C.D.; Grey, S.T.; Sprent, J. In vivo expansion of T reg cells with IL-2-mAb complexes: Induction of resistance to EAE and long-term acceptance of islet allografts without immunosuppression. J. Exp. Med. 2009, 206, 751–760. [Google Scholar] [CrossRef] [PubMed]

	



Dinh, T.N.; Kyaw, T.S.; Kanellakis, P.; To, K.; Tipping, P.; Toh, B.H.; Bobik, A.; Agrotis, A. Cytokine therapy with interleukin-2/anti-interleukin-2 monoclonal antibody complexes expands CD4+CD25+Foxp3+ regulatory T cells and attenuates development and progression of atherosclerosis. Circulation 2012, 126, 1256–1266. [Google Scholar] [CrossRef]

	



Wang, H.; Hou, L.; Kwak, D.; Fassett, J.; Xu, X.; Chen, A.; Chen, W.; Blazar, B.R.; Xu, Y.; Hall, J.L.; et al. Increasing Regulatory T Cells With Interleukin-2 and Interleukin-2 Antibody Complexes Attenuates Lung Inflammation and Heart Failure Progression. Hypertension 2016, 68, 114–122. [Google Scholar] [CrossRef]

	



Zhao, T.X.; Kostapanos, M.; Griffiths, C.; Arbon, E.L.; Hubsch, A.; Kaloyirou, F.; Helmy, J.; Hoole, S.P.; Rudd, J.H.F.; Wood, G.; et al. Low-dose interleukin-2 in patients with stable ischaemic heart disease and acute coronary syndromes (LILACS): Protocol and study rationale for a randomised, double-blind, placebo-controlled, phase I/II clinical trial. BMJ Open 2018, 8, e022452. [Google Scholar] [CrossRef] [PubMed]

	



Favaloro, L.; Diez, M.; Mendiz, O.; Janavel, G.V.; Valdivieso, L.; Ratto, R.; Garelli, G.; Salmo, F.; Criscuolo, M.; Bercovich, A. High-dose plasmid-mediated VEGF gene transfer is safe in patients with severe ischemic heart disease (Genesis-I). A phase I, open-label, two-year follow-up trial. Catheter. Cardiovasc. Interv. 2013, 82, 899–906. [Google Scholar] [CrossRef] [PubMed]

	



Merten, O.-W.; Gaillet, B. Viral vectors for gene therapy and gene modification approaches. Biochem. Eng. J. 2016, 108, 98–115. [Google Scholar] [CrossRef]

	



Chambergo-Michilot, D.; Alur, A.; Kulkarni, S.; Agarwala, A. Mipomersen in familial hypercholesterolemia: An update on health-related quality of life and patient-reported outcomes. Vasc. Health Risk Manag. 2022, 18, 73–80. [Google Scholar] [CrossRef] [PubMed]

	



Kolovou, G.; Kolovou, V.; Katsiki, N. Volanesorsen: A new era in the treatment of severe hypertriglyceridemia. J. Clin. Med. 2022, 11, 982. [Google Scholar] [CrossRef]

	



Calcaterra, I.; Lupoli, R.; Di Minno, A.; Di Minno, M.N.D. Volanesorsen to treat severe hypertriglyceridaemia: A pooled analysis of randomized controlled trials. Eur. J. Clin. Investig. 2022, 52, e13841. [Google Scholar] [CrossRef] [PubMed]

	



Saifullah; Motohashi, N.; Tsukahara, T.; Aoki, Y. Development of Therapeutic RNA Manipulation for Muscular Dystrophy. Front. Genome Ed. 2022, 4, 863651. [Google Scholar] [CrossRef]

	



Yeang, C.; Karwatowska-Prokopczuk, E.; Su, F.; Dinh, B.; Xia, S.; Witztum, J.L.; Tsimikas, S. Effect of Pelacarsen on Lipoprotein(a) Cholesterol and Corrected Low-Density Lipoprotein Cholesterol. J. Am. Coll. Cardiol. 2022, 79, 1035–1046. [Google Scholar] [CrossRef]

	



Lamb, Y.N. Inclisiran: First Approval. Drugs 2021, 81, 389–395. [Google Scholar] [CrossRef]

	



Frampton, J.E. Inclisiran: A Review in Hypercholesterolemia. Am. J. Cardiovasc. Drugs 2023, 23, 219–230. [Google Scholar] [CrossRef]

	



Koren, M.J.; Moriarty, P.M.; Baum, S.J.; Neutel, J.; Hernandez-Illas, M.; Weintraub, H.S.; Florio, M.; Kassahun, H.; Melquist, S.; Varrieur, T.; et al. Preclinical development and phase 1 trial of a novel siRNA targeting lipoprotein(a). Nat. Med. 2022, 28, 96–103. [Google Scholar] [CrossRef]

	



O’Donoghue, M.L.; Rosenson, R.S.; Gencer, B.; Lopez, J.A.G.; Lepor, N.E.; Baum, S.J.; Stout, E.; Gaudet, D.; Knusel, B.; Kuder, J.F.; et al. Small Interfering RNA to Reduce Lipoprotein(a) in Cardiovascular Disease. N. Engl. J. Med. 2022, 387, 1855–1864. [Google Scholar] [CrossRef] [PubMed]

	



Nissen, S.E.; Wolski, K.; Balog, C.; Swerdlow, D.I.; Scrimgeour, A.C.; Rambaran, C.; Wilson, R.J.; Boyce, M.; Ray, K.K.; Cho, L.; et al. Single Ascending Dose Study of a Short Interfering RNA Targeting Lipoprotein(a) Production in Individuals With Elevated Plasma Lipoprotein(a) Levels. JAMA 2022, 327, 1679–1687. [Google Scholar] [CrossRef]

	



Morgan, E.S.; Tami, Y.; Hu, K.; Brambatti, M.; Mullick, A.E.; Geary, R.S.; Bakris, G.L.; Tsimikas, S. Antisense inhibition of angiotensinogen with IONIS-AGT-LRx: Results of phase 1 and phase 2 studies. Basic Transl. Sci. 2021, 6, 485–496. [Google Scholar]

	



Desai, A.S.; Webb, D.J.; Taubel, J.; Casey, S.; Cheng, Y.; Robbie, G.J.; Foster, D.; Huang, S.A.; Rhyee, S.; Sweetser, M.T.; et al. Zilebesiran, an RNA Interference Therapeutic Agent for Hypertension. N. Engl. J. Med. 2023, 389, 228–238. [Google Scholar] [CrossRef] [PubMed]

	



Catalanotto, C.; Cogoni, C.; Zardo, G. MicroRNA in Control of Gene Expression: An Overview of Nuclear Functions. Int. J. Mol. Sci. 2016, 17, 1712. [Google Scholar] [CrossRef] [PubMed]

	



Braga, L.; Ali, H.; Secco, I.; Giacca, M. Non-coding RNA therapeutics for cardiac regeneration. Cardiovasc. Res. 2021, 117, 674–693. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Borden, A.; Kurian, J.; Nickoloff, E.; Yang, Y.; Troupes, C.D.; Ibetti, J.; Lucchese, A.M.; Gao, E.; Mohsin, S.; Koch, W.J.; et al. Transient Introduction of miR-294 in the Heart Promotes Cardiomyocyte Cell Cycle Reentry After Injury. Circ. Res. 2019, 125, 14–25. [Google Scholar] [CrossRef]

	



Gao, F.; Kataoka, M.; Liu, N.; Liang, T.; Huang, Z.P.; Gu, F.; Ding, J.; Liu, J.; Zhang, F.; Ma, Q.; et al. Therapeutic role of miR-19a/19b in cardiac regeneration and protection from myocardial infarction. Nat. Commun. 2019, 10, 1802. [Google Scholar] [CrossRef]

	



Gabisonia, K.; Prosdocimo, G.; Aquaro, G.D.; Carlucci, L.; Zentilin, L.; Secco, I.; Ali, H.; Braga, L.; Gorgodze, N.; Bernini, F.; et al. MicroRNA therapy stimulates uncontrolled cardiac repair after myocardial infarction in pigs. Nature 2019, 569, 418–422. [Google Scholar] [CrossRef] [PubMed]

	



Lesizza, P.; Prosdocimo, G.; Martinelli, V.; Sinagra, G.; Zacchigna, S.; Giacca, M. Single-Dose Intracardiac Injection of Pro-Regenerative MicroRNAs Improves Cardiac Function After Myocardial Infarction. Circ. Res. 2017, 120, 1298–1304. [Google Scholar] [CrossRef] [PubMed]

	



Bonauer, A.; Carmona, G.; Iwasaki, M.; Mione, M.; Koyanagi, M.; Fischer, A.; Burchfield, J.; Fox, H.; Doebele, C.; Ohtani, K.; et al. MicroRNA-92a controls angiogenesis and functional recovery of ischemic tissues in mice. Science 2009, 324, 1710–1713. [Google Scholar] [CrossRef]

	



Hinkel, R.; Penzkofer, D.; Zuhlke, S.; Fischer, A.; Husada, W.; Xu, Q.F.; Baloch, E.; van Rooij, E.; Zeiher, A.M.; Kupatt, C.; et al. Inhibition of microRNA-92a protects against ischemia/reperfusion injury in a large-animal model. Circulation 2013, 128, 1066–1075. [Google Scholar] [CrossRef]

	



Samak, M.; Kaltenborn, D.; Kues, A.; Le Noble, F.; Hinkel, R.; Germena, G. Micro-RNA 92a as a therapeutic target for Cardiac Microvascular Dysfunction in Diabetes. Biomedicines 2021, 10, 58. [Google Scholar] [CrossRef] [PubMed]

	



Abplanalp, W.T.; Fischer, A.; John, D.; Zeiher, A.M.; Gosgnach, W.; Darville, H.; Montgomery, R.; Pestano, L.; Allee, G.; Paty, I.; et al. Efficiency and Target Derepression of Anti-miR-92a: Results of a First in Human Study. Nucleic Acid Ther. 2020, 30, 335–345. [Google Scholar] [CrossRef] [PubMed]

	



Foinquinos, A.; Batkai, S.; Genschel, C.; Viereck, J.; Rump, S.; Gyongyosi, M.; Traxler, D.; Riesenhuber, M.; Spannbauer, A.; Lukovic, D.; et al. Preclinical development of a miR-132 inhibitor for heart failure treatment. Nat. Commun. 2020, 11, 633. [Google Scholar] [CrossRef] [PubMed]

	



Taubel, J.; Hauke, W.; Rump, S.; Viereck, J.; Batkai, S.; Poetzsch, J.; Rode, L.; Weigt, H.; Genschel, C.; Lorch, U.; et al. Novel antisense therapy targeting microRNA-132 in patients with heart failure: Results of a first-in-human Phase 1b randomized, double-blind, placebo-controlled study. Eur. Heart J. 2021, 42, 178–188. [Google Scholar] [CrossRef] [PubMed]

	



Miliotou, A.N.; Papadopoulou, L.C. CAR T-cell Therapy: A New Era in Cancer Immunotherapy. Curr. Pharm. Biotechnol. 2018, 19, 5–18. [Google Scholar] [CrossRef]

	



Aghajanian, H.; Kimura, T.; Rurik, J.G.; Hancock, A.S.; Leibowitz, M.S.; Li, L.; Scholler, J.; Monslow, J.; Lo, A.; Han, W.; et al. Targeting cardiac fibrosis with engineered T cells. Nature 2019, 573, 430–433. [Google Scholar] [CrossRef]

	



Rurik, J.G.; Tombacz, I.; Yadegari, A.; Mendez Fernandez, P.O.; Shewale, S.V.; Li, L.; Kimura, T.; Soliman, O.Y.; Papp, T.E.; Tam, Y.K.; et al. CAR T cells produced in vivo to treat cardiac injury. Science 2022, 375, 91–96. [Google Scholar] [CrossRef] [PubMed]

	



Soumya, R.S.; Raghu, K.G. Recent advances on nanoparticle-based therapies for cardiovascular diseases. J. Cardiol. 2023, 81, 10–18. [Google Scholar] [CrossRef] [PubMed]

	



Yu, X.; Trase, I.; Ren, M.; Duval, K.; Guo, X.; Chen, Z. Design of nanoparticle-based carriers for targeted drug delivery. J. Nanomater. 2016, 2016, 1087250. [Google Scholar] [CrossRef] [PubMed]

	



Davis, M.E.; Chen, Z.G.; Shin, D.M. Nanoparticle therapeutics: An emerging treatment modality for cancer. Nat. Rev. Drug Discov. 2008, 7, 771–782. [Google Scholar] [CrossRef] [PubMed]

	



Rhee, J.-W.; Wu, J.C. Advances in nanotechnology for the management of coronary artery disease. Trends Cardiovasc. Med. 2013, 23, 39–45. [Google Scholar] [CrossRef] [PubMed]

	



Dizaj, S.M.; Rad, A.A.; Safaei, N.; Salatin, S.; Ahmadian, E.; Sharifi, S.; Vahed, S.Z.; Lotfipour, F.; Shahi, S. The application of nanomaterials in cardiovascular diseases: A review on drugs and devices. J. Pharm. Pharm. Sci. 2019, 22, 501–515. [Google Scholar] [CrossRef]

	



Smith, B.R.; Edelman, E.R. Nanomedicines for cardiovascular disease. Nat. Cardiovasc. Res. 2023, 2, 351–367. [Google Scholar] [CrossRef]

	



Yang, J.; Brown, M.E.; Zhang, H.; Martinez, M.; Zhao, Z.; Bhutani, S.; Yin, S.; Trac, D.; Xi, J.J.; Davis, M.E. High-throughput screening identifies microRNAs that target Nox2 and improve function after acute myocardial infarction. Am. J. Physiol. Heart Circ. Physiol. 2017, 312, H1002–H1012. [Google Scholar] [CrossRef] [PubMed]

	



Karam, M.; Fahs, D.; Maatouk, B.; Safi, B.; Jaffa, A.A.; Mhanna, R. Polymeric nanoparticles in the diagnosis and treatment of myocardial infarction: Challenges and future prospects. Mater. Today Bio 2022, 14, 100249. [Google Scholar] [CrossRef]

	



Nagaoka, K.; Matoba, T.; Mao, Y.; Nakano, Y.; Ikeda, G.; Egusa, S.; Tokutome, M.; Nagahama, R.; Nakano, K.; Sunagawa, K.; et al. A New Therapeutic Modality for Acute Myocardial Infarction: Nanoparticle-Mediated Delivery of Pitavastatin Induces Cardioprotection from Ischemia-Reperfusion Injury via Activation of PI3K/Akt Pathway and Anti-Inflammation in a Rat Model. PLoS ONE 2015, 10, e0132451. [Google Scholar] [CrossRef]

	



Nakano, Y.; Matoba, T.; Tokutome, M.; Funamoto, D.; Katsuki, S.; Ikeda, G.; Nagaoka, K.; Ishikita, A.; Nakano, K.; Koga, J.-i. Nanoparticle-mediated delivery of irbesartan induces cardioprotection from myocardial ischemia-reperfusion injury by antagonizing monocyte-mediated inflammation. Sci. Rep. 2016, 6, 29601. [Google Scholar] [CrossRef]

	



Somasuntharam, I.; Boopathy, A.V.; Khan, R.S.; Martinez, M.D.; Brown, M.E.; Murthy, N.; Davis, M.E. Delivery of Nox2-NADPH oxidase siRNA with polyketal nanoparticles for improving cardiac function following myocardial infarction. Biomaterials 2013, 34, 7790–7798. [Google Scholar] [CrossRef]

	



Huang, Z.; Song, Y.; Pang, Z.; Zhang, B.; Yang, H.; Shi, H.; Chen, J.; Gong, H.; Qian, J.; Ge, J. Targeted delivery of thymosin beta 4 to the injured myocardium using CREKA-conjugated nanoparticles. Int. J. Nanomed. 2017, 12, 3023–3036. [Google Scholar] [CrossRef] [PubMed]

	



Xue, X.; Shi, X.; Dong, H.; You, S.; Cao, H.; Wang, K.; Wen, Y.; Shi, D.; He, B.; Li, Y. Delivery of microRNA-1 inhibitor by dendrimer-based nanovector: An early targeting therapy for myocardial infarction in mice. Nanomedicine 2018, 14, 619–631. [Google Scholar] [CrossRef] [PubMed]

	



Tang, J.; Su, T.; Huang, K.; Dinh, P.U.; Wang, Z.; Vandergriff, A.; Hensley, M.T.; Cores, J.; Allen, T.; Li, T.; et al. Targeted repair of heart injury by stem cells fused with platelet nanovesicles. Nat. Biomed. Eng. 2018, 2, 17–26. [Google Scholar] [CrossRef]

	



Bejerano, T.; Etzion, S.; Elyagon, S.; Etzion, Y.; Cohen, S. Nanoparticle Delivery of miRNA-21 Mimic to Cardiac Macrophages Improves Myocardial Remodeling after Myocardial Infarction. Nano Lett. 2018, 18, 5885–5891. [Google Scholar] [CrossRef] [PubMed]

	



Avula, U.M.; Yoon, H.K.; Lee, C.H.; Kaur, K.; Ramirez, R.J.; Takemoto, Y.; Ennis, S.R.; Morady, F.; Herron, T.; Berenfeld, O.; et al. Cell-selective arrhythmia ablation for photomodulation of heart rhythm. Sci. Transl. Med. 2015, 7, 311ra172. [Google Scholar] [CrossRef]

	



Takahama, H.; Shigematsu, H.; Asai, T.; Matsuzaki, T.; Sanada, S.; Fu, H.Y.; Okuda, K.; Yamato, M.; Asanuma, H.; Asano, Y.; et al. Liposomal amiodarone augments anti-arrhythmic effects and reduces hemodynamic adverse effects in an ischemia/reperfusion rat model. Cardiovasc. Drugs Ther. 2013, 27, 125–132. [Google Scholar] [CrossRef]

	



Omidian, H.; Babanejad, N.; Cubeddu, L.X. Nanosystems in Cardiovascular Medicine: Advancements, Applications, and Future Perspectives. Pharmaceutics 2023, 15, 1935. [Google Scholar] [CrossRef]

	



Xu, M.; Song, J. Targeted Therapy in Cardiovascular Disease: A Precision Therapy Era. Front. Pharmacol. 2021, 12, 623674. [Google Scholar] [CrossRef]

	



Sterner, R.C.; Sterner, R.M. CAR-T cell therapy: Current limitations and potential strategies. Blood Cancer J. 2021, 11, 69. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 16 00461 g001] 





Figure 1. Therapeutic concept of PT-BsAb role in heart repair. Parts of the figure were drawn by using pictures from Servier Medical Art (http://smart.servier.com/, accessed on 14 December 2023), licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/, accessed on 14 December 2023). 
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Figure 2. Therapeutic concept of Chimeric Antigen Receptor (CAR) T-cell therapy. Parts of the figure were drawn by using pictures from Servier Medical Art (http://smart.servier.com/, accessed on 14 December 2023), licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/, accessed on 14 December 2023). 
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Figure 3. Advantages and disadvantages of nanoparticle use for targeted drug delivery. 
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Table 1. Monoclonal Antibody Targets in CVD therapies.
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Monoclonal Antibody Targets

	
Drugs

	
Trial References






	
PSCK9-targeted mAbs

	
Evolocumab

	
[10]




	
Alirocumab

	
[11]




	
Bococizumab

	
[12]




	
ANGPTL3 Inhibitors

	
Evinacumab

	
[13,14,15]




	
GP IIb/IIIa Inhibitors

	
Abciximab

	
[16,17,18,19]




	
Eptifibatide

	
[20]




	
Tirofiban

	
[21]




	
IL-1 Inhibitors

	
Anakinra

	
[22,23,24]




	
Canakinumab

	
[25,26]




	
Rilonacept

	
[27]




	
IL-6 Inhibitors

	
Tocilizumab

	
[28,29]




	
Sarilumab

	
[30]




	
Ziltivekimab

	
[31]











 





Table 2. IL-1 antagonists.
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IL-1 Antagonist

	
Half-Life

	
Clinical Trial

	
Intervention

	
Results






	
Anakinra

	
4–6 h

	
Phase II

	
100 mg/day subcutaneous anakinra vs. placebo for 2 weeks in 10 STEMI patients

	
Significant improvement in the left ventricular end-systolic and end-diastolic volume index. Similar statistically significant differences in cardiac index changes among the groups. No significant difference in left ventricle ejection fraction among the 2 groups [23].




	
Phase II

	
100 mg anakinra once per day, 100 mg anakinra twice daily, or placebo for 2 weeks in 99 STEMI patients

	
Significant reduction in inflammation, death, heart failure incidence, death, and hospitalization for heart failure in anakinra groups. No discernible impact on left ventricle function and ejection fraction [22].




	
Phase II/III

	
100 mg anakinra for 12 weeks or anakinra for 2 weeks followed by placebo for 10 weeks vs. placebo for 12 weeks in 60 patients with decompensated systolic HF

	
Improved peak aerobic exercise capacity, patient perceptions of dyspnea on exertion (DOE), and rating of perceived exertion (RPE). No improvement in peak oxygen consumption (Vo2) and ventilatory efficiency (VE/Vco2 slope) [24].




	
Canakinumab

	
26 days

	
Phase III

	
Three dosages (50 mg, 150 mg, 300 mg) vs. placebo, administered every three months in a total of 10,061 patients with previous MI high-CRP level of 2 mg/L or more with a median follow-up of 3.7 years

	
Significant reduction in high-sensitivity CRP levels, significant reduction in nonfatal MI, nonfatal stroke, cardiovascular death, and urgent revascularization-requiring unstable angina (150 mg group) [25].




	
Phase II

	
Canakinumab subcutaneous dose of 150 mg for 12 months vs. placebo in 38 patients with symptomatic peripheral artery disease

	
No alteration in atherosclerotic plaque progression in superficial femoral artery; improved maximal and pain-free walking distance after 3 months of treatment with canakinumab vs. placebo [26].




	
Rilonacept

	
26 days

	
Phase III

	
Rilonacept as a loading dose of 320 mg followed by maintenance doses of 160 mg once weekly vs. placebo were given over 12 weeks in 86 patients with recurrent pericarditis symptoms and systemic inflammation, evidenced by high CRP-levels

	
Significant reduction in pericarditis recurrence and pericarditis symptoms in recurrent episodes in the rilonacept patient group compared to placebo [27].











 





Table 3. RNA-based therapy.
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	Therapeutic

Approach
	Target
	Drug/Agent
	Trials
	Results





	Non-coding RNA:

ASO
	ApoB-100
	Mipomersen
	Approved
	Decreased apoB-100 mRNA, resulting in decreased LDL-c levels in patients with homozygous familial hypercholesterolemia [57]



	Non-coding RNA:

ASO
	ApoC-III
	Volanesorsen
	Approved
	Inhibition of ApoC-III expression and reduction in triglycerides in patients with Familial Chylomicronemia Syndrome [58]



	Non-coding RNA:

ASO
	Specific regions of the DMD RNA
	Casimersen, Golodirsen, Viltolarsen, and Eteplirsen
	Approved
	Synthesis of a partially functional dystrophin protein by exon skipping during the splicing process [60]



	Non-coding RNA:

ASO
	Apolipoprotein(a) mRNA
	Pelacarsen
	Phase II Trial
	Pelacarsen decreases lipoprotein(a) [61]



	Non-coding RNA: siRNA
	PCSK9
	Inclisiran
	Approved
	Inhibition of PCSK9 expression with lowered LDL cholesterol levels [62]



	Non-coding RNA: siRNA
	Lp(a)
	Olpasiran
	Phase I Trial,

Phase II OCEAN[a]-DOSE Trial
	Safety demonstrated; dose-dependent reduction in Lp(a) levels [64]; sustained decrease in Lp(a) levels [65]



	Non-coding RNA: siRNA
	Lp(a)
	SLN-360
	Phase I Trial
	Safety demonstrated; dose-dependent reduction in Lp(a) levels [66]



	Non-coding RNA: siRNA
	Lp(a)
	LY3819469
	Ongoing Phase 1 Trial
	No results yet published (NCT04914546)



	Non-coding RNA: siRNA
	Angiotensinogen mRNA
	Zilebesiran
	Phase I Trial
	Safety demonstrated; dose-dependent reduction in angiotensinogen levels, and decrease in blood pressure [68]



	Non-coding RNA:

miRNA
	miR-199a, miR-590a, miR-294, and miR-19a/19b
	miR-199a, miR-590a, miR-294, and miR-19a/19b introduced via AAV vectors
	Animal models
	Cardiac regeneration and the restoration of cardiac function [71,72,73]



	Non-coding RNA:

miRNA
	miR-199a, miR-590-3p
	miR-199a and miR-590-3p mimics
	Animal models
	Cardiac repair and recovery [75]



	Non-coding RNA:

miRNA
	miR-92a
	MRG-110
	Phase I Trial
	Safety demonstrated; decrease in miR-92a levels, potential angiogenic therapeutic benefit [79]



	Non-coding RNA:

miRNA
	miR-132
	CDR132L
	Phase I Trial
	Safety demonstrated; decrease in miR-132 levels, improved cardiac function by decreasing heart fibrosis [81]
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