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Abstract

:

The clinical manifestations of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection responsible for coronavirus disease 2019 (COVID-19) commonly include dyspnoea and fatigue, and they primarily involve the lungs. However, extra-pulmonary organ dysfunctions, particularly affecting the cardiovascular system, have also been observed following COVID-19 infection. In this context, several cardiac complications have been reported, including hypertension, thromboembolism, arrythmia and heart failure, with myocardial injury and myocarditis being the most frequent. These secondary myocardial inflammatory responses appear to be associated with a poorer disease course and increased mortality in patients with severe COVID-19. In addition, numerous episodes of myocarditis have been reported as a complication of COVID-19 mRNA vaccinations, especially in young adult males. Changes in the cell surface expression of angiotensin-converting enzyme 2 (ACE2) and direct injury to cardiomyocytes resulting from exaggerated immune responses to COVID-19 are just some of the mechanisms that may explain the pathogenesis of COVID-19-induced myocarditis. Here, we review the pathophysiological mechanisms underlying myocarditis associated with COVID-19 infection, with a particular focus on the involvement of ACE2 and Toll-like receptors (TLRs).
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1. Introduction


Characterised by infiltration of immunocompetent cells into the myocardium, cardiomyocyte degeneration and non-ischemic necrosis [1,2], myocarditis is clinically described as an inflammatory disease of the cardiac muscle, whose aetiology and histopathologic pattern are characterised by a vast heterogeneity [3]. This heterogeneity is also true of its clinical manifestations, which include chest pain, dyspnoea, arrythmias and acute coronary-syndrome-like symptoms [1]. Although myocarditis is usually self-limiting and normal cardiac function is often restored, in some cases, cardiogenic shock, chronic dilated cardiomyopathy, heart failure and sudden cardiac death (SCD) can occur [4]. Myocarditis-related SCD is often observed in young and active populations [5,6], and the consumption of performance enhancers has been reported to be one cause of myocardial inflammation in athletes [7].



While myocarditis continues to be underdiagnosed, its incidence is estimated to be between 10 and 20 cases per 100,000 individuals, with around 1.5 million cases reported worldwide annually [8,9]. The prevalence of myocardial inflammation varies according to ethnicities, gender and age, with young men showing a higher incidence rate [9,10].



Although both infectious and non-infectious agents can contribute to the aetiology of myocarditis, cardiotropic viral infections represent the most common cause [3]. Myocarditis is mainly attributable to enteroviruses, principally Coxsackievirus B3, but the list of viruses recognised as causative agents for myocardial inflammation has grown over the years and includes cytomegalovirus, adenoviruses, Parvovirus B19, Herpes Simplex viruses, Epstein-Barr virus, Hepatitis C virus, Influenza virus and Human Immunodeficiency Virus [11,12]. With the recent rapid spread of COVID-19, numerous cases of SARS-CoV-2-related myocarditis have now been described [13,14,15,16]. Severe acute respiratory syndrome coronavirus (SARS-CoV-1) and Middle East respiratory syndrome coronavirus (MERS-CoV) can also cause myocardial inflammation [17,18]. The pathogenetic mechanisms involved are similar to those previously described for Influenza viruses, leading to an autoimmune response and a cytokine storm [19]. Belonging to the same Coronaviridae family as MERS-CoV and SARS-CoV-1, SARS-CoV-2 has been suggested to cause inflammatory cardiomyopathy through similar mechanisms [18,19,20].



The exact pathophysiological aspects underlying COVID-19-induced myocarditis are, so far, not clearly characterised, and several additional hypotheses have been suggested, including direct myocardial injury following the interaction between SARS-CoV-2 and ACE2, downregulation of ACE2 and consequent overstimulation of the renin–angiotensin–aldosterone system (RAAS) [14,21]. Furthermore, hyperinflammatory status due to an overactivation of TLRs, T-cell mediated myocardial cytotoxicity and exaggerated cytokine production could also have a role in COVID-19-induced myocarditis [14,21,22,23]. Multiple episodes of myocarditis have also been observed following mRNA COVID-19 vaccination, especially in young men [24,25]. Molecular mimicry, exaggerated immune response to mRNA and dysregulation of the immune system are some of the mechanisms proposed to explain the development of myocarditis following mRNA COVID-19 vaccination [24,26].



Here, we reviewed the proposed pathogenetic mechanisms (e.g., direct virus-induced myocardial toxicity, hyperimmune events and exaggerated inflammatory response) involved in the development of myocardial injury after SARS-CoV-2 infection, with a specific focus on: (1) the role of cardiovascular factors, such as ACE2 and other elements of RAAS, and (2) components of the immune system, specifically TLRs. ACE2 is important because it serves both as a cell surface receptor for SARS-CoV-2 entry as well as playing a crucial role within the cardiovascular system, where it acts as a regulatory component of the RAAS, resulting in the fine control of blood pressure homeostasis and fluid-electrolyte balance [27,28,29]. TLRs are key receptors in the innate immune response to pathogens [30]. In addition to being expressed on immune cells, they are also expressed by vascular endothelial cells, cardiac fibroblasts, vascular smooth muscle cells and cardiomyocytes [31,32,33]. As a result, dysregulated TLR signalling has been associated with the development of cardiovascular diseases, such as atherosclerosis, congestive heart failure, ischaemia-reperfusion injury and viral myocarditis [31,33,34].




2. ACE2 Biology and Physiological Functions


ACE2 has been recently reported to have a pivotal role in the pathogenesis of SARS-CoV-2-induced myocardial inflammation [35]. This transmembrane glycoprotein is widely expressed in the respiratory system but has also been detected in cardiomyocytes, endothelial cells, vascular smooth muscle cells and cardiac fibroblasts [36]. ACE2 is a monocarboxypeptidase whose catalytic site promotes the conversion of angiotensin II (Ang II), a prohypertensive and profibrotic peptide, into angiotensin (1-7) (Ang (1-7)), a vasodilatory and cardioprotective agent [37]. It, therefore, plays a pivotal role in the regulation of the RAAS [38]. A reduction in blood pressure or fluid homeostasis alterations initiate the activation of the RAAS via the release of renin from its inactive precursor in the juxtaglomerular apparatus [39,40]. The secretion of renin in the blood determines the conversion of angiotensinogen into angiotensin I (Ang I), which represents the inactive precursor of Ang II [29,39]. Angiotensin-converting enzyme (ACE), a carboxypeptidase mainly expressed in pulmonary and renal vascular endothelium, is then responsible for the conversion of Ang I into Ang II, interacting with angiotensin II type 1 (AT1) and type 2 (AT2) receptors; this mechanism is the major effector of the RAAS and produces vasoconstriction and a consequent increase in blood pressure [39,40]. ACE2 promotes the cleavage of Ang I and Ang II into angiotensin (1-9) (Ang (1-9)) and Ang (1-7), respectively [39]. By interacting with the Mas receptor (MasR), both these peptides exert vasoprotective and antiproliferative effects through the stimulation of nitric oxide production via Akt-dependent pathways, resulting in a fine endogenous counter-regulatory mechanism within the RAAS [41,42]. ACE2-mediated hydrolysis of Ang II to Ang-(1-7) and the activation of the ACE2/Ang II/Mas receptor axis antagonise the detrimental effects of ACE/Ang II/AT1 receptor axis, with beneficial outcomes on cardiovascular physiology and homeostasis [36,43]. Specifically, the ACE2/Ang II/Mas receptor axis-mediated cardioprotective effects include maintenance of endothelial function, suppression of reactive oxygen species (ROS) generation, enhanced atherosclerotic plaque stability, vasodilation, reduced salt and water retention, as well as inhibition of profibrotic and prohypertrophic mechanisms [44,45,46,47] (Figure 1).




3. Toll-like Receptors: Biology and Physiological Role


As a key component in innate and adaptive immune responses, TLRs have been recognised as pivotal elements in the pathogenesis of virus-induced myocarditis [33,48]. Belonging to the family of pattern recognition receptors, they respond both to damage- and pathogen-associated molecular patterns (DAMPs and PAMPs). PAMPs, including viral single-stranded (ss) RNA, double-stranded (ds) RNA, viral or bacterial DNA, lipopeptides, lipopolysaccharide and bacterial flagellin, represent the exogenous ligands of TLRs [49]. Molecules secreted or exposed by damaged tissues and dead cells (e.g., extracellular matrix components, cytosolic and nuclear proteins, plasma membrane components, heat-shock proteins) are defined as DAMPs and act as endogenous ligands for TLRs [50]. By recognizing PAMPs and endogenous pathogenic ligands, TLRs have a crucial role in the innate and adaptive immune responses [51].



TLRs consist of an N-terminal domain (NTD), which serves as binding site for TLR ligands, a transmembrane domain and a C-terminal domain (CTD), which is responsible for the interaction with adaptor molecules and the consequent activation of intracellular downstream signalling cascades [51]. The intracellular region of these receptors is characterised by the presence of the Toll/IL-1 receptor homologous domain (TIR), which, upon binding with adaptor molecules, initiates the signalling cascade within the cell [52,53]. In particular, the dimerised TIR domain on TLRs recognizes the TIR domain on distinct downstream adaptor molecules, which include MyD88 (myeloid differentiation primary-response protein 88), Mal (TIR domain-containing adaptor protein), TRIF (TIR domain-containing adaptor inducing IFN-β) and TRAM (TRIF-related adaptor molecule) [51,53]. Depending on the recruitment of either MyD88 or TRIF, two different intracellular pathways are activated, namely MyD88-dependent pathway (associated with an increased expression of proinflammatory cytokines) or TRIF-dependent pathway (culminating in an enhanced production of type I interferons) [51].



These transmembrane glycoprotein receptors, of which 10 subtypes have been identified (TLR1-10), are expressed not only on immune cells but have been detected also in the cardiovascular system [31]. In this context, protein expression of TLR2, TLR3, TLR4, TLR5, TLR7 and TLR9 has been confirmed in cardiomyocytes [31,54], where their activation has been shown to trigger myocardial recruitment of immune cells and the amplification of inflammatory response via the release of pro-inflammatory cytokines [12], thus suggesting a crucial involvement of their signalling pathways in the development of myocardial inflammation [33].




4. Virus-Induced Myocarditis and Its Pathophysiology


Although it is clear that viral myocarditis is the result of the interaction between a cardiotropic virus and the host immune system [1], the molecular pathogenetic events leading to the onset and progression of this disorder have not been clearly identified [5,55]. In this context, murine models have been proven to be an excellent experimental model to better characterise the pathophysiological mechanisms underlying virus-induced inflammatory cardiomyopathy [9,55]. Viral myocardial inflammation has been recognised as the result of three different phases: (1) an acute viral stage; (2) a subacute inflammatory stage; and (3) an immune-mediated phase. The final outcome may result in either resolution and subsequent recovery or chronic disease characterised by cardiac remodelling and cardiomyopathy [1,56].



Viral invasion of cardiomyocytes, resulting from a receptor-mediated endocytosis of viral pathogen, defines the first acute phase of myocarditis [8]. This event results in a direct destruction of cell structures and consequent cardiomyocyte damage, which triggers the activation of humoral and cell-mediated immune responses, which represent the second phase of the disease [56]. The immune response is crucial for the attenuation of viral replication, but it may also have a role in enhancing viral entry, especially through mechanisms, such as molecular mimicry, increased expression of immune-cell-adhesion molecules or co-receptors and activation of immune signalling pathways (e.g., p56lck, Fyn and Abl), which alter the host cell cytoskeleton and, therefore, facilitating virus internalization [1,56,57,58]. The second stage can lead either to the resolution of viral infection with subsequent recovery or to a third phase, which develops as a result of extensive damage to cardiac muscle [4,5].



This third phase is characterised by a subacute and then chronic inflammatory state that results in additional destruction of cardiomyocytes and pathological fibrosis, leading to myocardial remodelling and eventual progression to dilated cardiomyopathy (DCM) [55]. Although the exact pathogenetic events underpinning virus-induced myocardial inflammation are still controversial, three plausible mechanisms have been proposed: (1) a myocardial injury induced directly by the viral pathogen; (2) immune-mediated myocardial damage; or (3) autoimmune reactions leading to cardiomyocyte destruction [12].



Direct virus-induced damage of myocardial cells has been observed in several in vitro and in vivo studies, which indicate that viral entry and replication in cardiomyocytes directly triggers the apoptosis of these cardiac cells and subsequent cardiac remodelling and DCM [12,59]. Although cardiomyocyte apoptosis is also triggered by cytokines and cytotoxic elements (e.g., perforins and ROS) as a result of sustained inflammation, these studies discriminated the virus-induced from inflammation-induced cardiomyocyte apoptosis by evaluating the amount of viral proteins in apoptotic myocytes and blood, as well as measuring active caspase 3 activity and using terminal deozynucleotidyl transferase deoxyuridine, triphosphate (dUTP) nick-end labelling (TUNEL) assay [59]. At least in the early stage of virus-induced myocardial injury, when the cardiomyocyte apoptotic rate was already extensive, the presence of inflammatory components in the myocardium was negligible. This supports the hypothesis that the apoptosis of cardiac cells and consequent myocardial damage are the result of a direct virus-mediated cytotoxic insult [59,60]. In addition, some viral proteases have been demonstrated to cleave dystrophin, a cytoskeletal protein crucial for myocyte function, causing a direct myocardial injury and reinforcing the hypothesis of direct virus-induced damage of the cardiac muscle [12,61].



An exaggerated immune response leading to myocardial injury represents the second proposed mechanism [12]. After entry into the myocardium, viral particles are recognised by TLRs expressed on antigen-presenting cells, resulting in the activation of the transcription factor nuclear factor kappa B (NF-kB) and subsequent transcription of proinflammatory cytokines, such as interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-12 (IL-12), tumour necrosis factor alpha (TNFα) and interferon gamma (IFN-γ) [12]. Such cytokines determine the recruitment of immune cells, namely antigen-specific T cells (CD8+ and CD4+) and B cells, into the infected myocardium, with the aim of eradicating the viral pathogen [62]. However, a sustained release and infiltration of proinflammatory cytokines and immune cells into the myocardium may lead to cardiomyocyte damage and subsequent myocardial dysfunction [12,57,63,64].



Finally, myocardial injury can result from an autoimmune response against virus-infected cardiomyocytes, which may be provoked either by antigenic mimicry between viral and myocyte epitopes or by exposure of cardiac antigens resulting from cardiomyocyte destruction [65,66]. This autoimmune scenario is also supported by the presence of increased levels of cardiac autoantibodies in patients with myocarditis and DCM, in particular autoantibodies against cardiac actin and myosin heavy chain, laminin and β-adrenoceptors [67,68,69,70,71], which may explain cardiomyocyte injury and the resultant myocardial dysfunction [72].




5. Role of Cardiovascular Factors (ACE2 and RAAS) in the Pathogenesis of COVID-19-Related Myocarditis


Since the recent SARS-CoV-2 outbreak, numerous cases of myocarditis have been reported as associated with this viral pathogen [35,73]. In the period from March 2020 to January 2021, COVID-19 patients, on average, were at a 15.7-times increased risk of myocarditis than those without the disease [74]. In addition, this virus-induced cardiovascular manifestation has been associated with adverse outcomes and a poorer prognosis in COVID-19 patients [75]. Although the exact pathophysiological events underlining this cardiovascular complication are not well known, the pathogenesis of COVID-19-induced myocardial inflammation has been proposed to be due to a combination of a direct virally induced cardiomyocyte damage, an overactive immune response to infected cardiac muscle cells and an overproduction of proinflammatory cytokines [14,21]. The similarity in SARS-CoV-2 infection with those induced by other coronaviruses, namely MERS-CoV and SARS-CoV-1, whose viral RNAs were detected in both animal and human heart samples, suggests that even the new member of the Coronaviridae family may possess cardiotropism, meaning that cardiovascular tissues are susceptible to SARS-CoV-2 infection [14]; SARS-CoV-2 tropism for myocardial cells might be an important determinant of COVID-19-related myocarditis and the viral persistence in the myocardium [76].



Beyond its role as an antifibrotic, antihypertrophic and vasodilatory mediator of the cardiovascular peptide hormone system, ACE2 also acts as an entry receptor for SARS-CoV-2 [38]. As a result, this transmembrane protein has been suggested as a possible link between SARS-CoV-2-related immune response, inflammation and cardiovascular complications [77]. Indeed, SARS-CoV-2 viral RNA has been detected in autopsied hearts from infected patients [78]. In this context, the transmembrane serine protease 2 (TMPRSS2)-mediated cleavage of S1 subunit from SARS-CoV-2 spike protein promotes binding between the viral spike protein and ACE2, therefore, mediating SARS-CoV-2 internalisation [79] (Figure 2). SARS-CoV-2 spike protein is characterised by two subunits, namely S1 and S2 [80,81]. The proteolytic cleavage at the S1/S2 site by TMPRSS-2 is crucial for SARS-CoV-2 infection and allows for S1 that contains a receptor-binding domain (RBD) to bind to ACE2 on the host cell [81,82,83], whilst S2 initiates the fusion between viral and host cell membranes [81,84]. Once the virus has entered the cells, viral replication is promoted by SARS-CoV-2 nucleocapsid protein, which appears to have a role in inhibiting the formation of stress granules (SGs), non-membranous ribonucleoprotein assemblies, which, sequestering viral proteins, limit the replication of the virus [85]. As a result of impaired SG formation, SARS-CoV-2 evades antiviral host defence and the replication of its genome is then promoted [85].



TMPRSS2 is also responsible for the proteolysis of ACE2 [86,87]. ACE2 cleavage by TMPRSS2 has been suggested to further increase SARS-CoV-2 uptake, although the mechanism involved in the augmentation of viral entry mediated by TMPRSS2 is still unclear [86,87,88]. The formation of SARS-CoV-2/ACE2 complex permits virus to enter host cells via endocytosis, therefore, producing a downregulation in surface ACE2 and the consequent loss of its cardioprotective function, with profound effects on the cardiovascular system [43,77]. The resulting imbalance of RAAS in favour of ACE/Ang II/AT1 receptor axis promotes a sustained vasoconstrictive response, inflammation, hypertrophy, profibrotic status, as well as cardiac remodelling, leading to the myocardial impairment associated with SARS-CoV-2 infection [89].



SARS-CoV-2 also induces upregulation of a disintegrin and metalloprotease 17 (ADAM17), a protein belonging to the disintegrins and metalloproteinases family, which promotes a further reduction in membrane ACE2 expression by mediating its ectodomain shedding and the consequent release of a soluble form of ACE2 (sACE2), with a consequent accumulation of Ang II and overactivation of RAAS [89,90,91]. As a result, ADAM17-mediated release of the soluble form of ACE2 has been associated with an increased cardiovascular risk [77,92,93,94]. In addition, ADAM17-dependent proteolytic cleavage of ACE2 into a soluble form has also been found to have a role in further facilitating SARS-CoV-2 entry via AT1 receptors [95,96]. Indeed, it has been observed that sACE2, conserving the interaction site for SARS-CoV-2 spike protein, engages the virus, resulting in a complex that has been suggested to enter the cells via AT1 receptor-mediated endocytosis [95,97]. The same study revealed that sACE2 promotes SARS-CoV-2 cell entry by interacting also with vasopressin, therefore, forming an sACE2-viral spike protein–vasopressin complex, which elicits SARS-CoV-2 entry through binding with the arginine vasopressin receptor 1b (AVPR1B) receptor [95].



Disruption of the ACE2/Ang (1-7)/Mas receptor axis in COVID-19 patients, therefore, appears to be intimately involved in SARS-CoV-2-induced myocardial injury and this is supported by the decreased myocardial ACE2 expression detected in post-mortem heart samples [77,98].




6. Role of Immune System Components (Toll-like Receptors)


In addition to direct damage to the myocardium, SARS-CoV-2-induced myocarditis has been suggested to result from indirect effects on cardiac muscle induced by the immune system [99]. In this context, it is possible that antigen-presenting cells (APCs) process and deliver SARS-CoV-2 antigens to naïve T cells, which then become fully activated cytotoxic T cells (CD8+) [14]. However, at the present time, there is no direct evidence for this in COVID-19 patients. If this occurs, then heart-produced hepatocyte growth factor (HGF), interacting with the receptor tyrosine kinase c-MET expressed on naïve T lymphocytes, could induce T-cell cardiotropism and directly promote the recruitment of these activated T lymphocytes to the heart, where they would be able to evoke cell-mediated cytotoxicity and destruction of myocardial tissue [12,14,100]. Furthermore, the CD8+ cells that recognise SARS-CoV-2 antigen, processed and presented by major histocompatibility complex class I (MHC class I) on the surface of infected cardiomyocytes, may result in T-lymphocyte-mediated cytotoxicity and subsequent lysis of infected cardiomyocytes [12,14].



CD8+ cells are not only associated with a direct T-cell-mediated cytotoxic effect on myocardial cells but also with an amplified inflammatory response, known as a cytokine storm, which results in the overproduction of proinflammatory molecules, such as IL-6, IFN-γ and TNFα [14,101]. Such cytokines may indirectly cause myocardial dysfunction by promoting cardiomyocyte apoptosis, as well as the recruitment of immune cells to the infected myocardium [99,102]. The cytokines produced may also have a detrimental effect on ACE2 mRNA transcription, leading to decreased expression of ACE2, which, in turn, may be responsible for a deleterious increase in Ang II and loss of cardioprotection mediated by Ang (1-7)/mitochondrial assembly receptor (Ang (1-7)/MasR) axis [79] (Figure 1).



In the context of exaggerated immune activity, a specific class of receptors within the innate immune system, namely TLRs (see below), may also play a crucial role in the pathogenesis of myocarditis [23]. Indeed, the activation of the TLR4 signalling pathway following the interaction between this receptor and SARS-CoV-2 spike protein has been proposed to increase the expression of surface ACE2, therefore, promoting viral entry and contributing to the pathogenetic mechanisms of SARS-CoV-2-induced myocarditis [23,103]. Aberrant TLR signalling also promotes a hyperinflammatory status and an exaggerated immune response that further contributes to the pathophysiological aspects of SARS-CoV-2-induced myocarditis [23,33].



A role of TLR4 in SARS-CoV-2-induced myocarditis has been proposed since it binds with high affinity to the SARS-CoV-2 spike protein [23,104]. This might explain the hyperinflammatory status of cardiac muscle induced by SARS-CoV-2 as a result of both a prolonged immune response and an indirect effect on ACE2 surface expression [23]. The binding of SARS-CoV-2 spike protein to TLR4 results in the activation of an intracellular pathway characterised by the recruitment of the adapter molecules Toll/interleukin-1 receptor (TIR)-domain-containing adapter-inducing interferon β (TRIF) and TRIF-related adaptor molecule (TRAM), with the consequent production of type I interferons (IFNα and IFNβ), which are, in turn, responsible for promoting the expression of interferon-stimulated genes (ISGs) (Figure 3a) [23]. The TRIF-dependent signalling pathway is, indeed, associated with the activation of type I interferon response, crucial for its protective role in viral infection. Following SARS-CoV-2 infection, the interaction between viral particles and TLRs leads to the activation of the TRIF-dependent pathway and the consequent production of type I interferons, resulting in activation of the innate immune system [105,106,107]. Type I interferons bind the receptor complex consisting of interferon α and β receptor subunit 1 and 2 (IFNAR1/IFNAR2), leading to the activation of Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway. This promotes the expression of ISGs [108], which play an important role in the inhibition of viral transcription and replication [106,108]. Although the TLR-mediated production of ISGs has a protective effect against SARS-CoV-2 [108], the ISGs resulting from activation of the TLR4 pathway have been proposed to increase surface ACE2 expression, therefore, amplifying the ACE2-mediated pathways of myocardial inflammation [23,109]. In this context, ACE2 has been suggested to act as an ISG; therefore, the type I interferon-induced expression of ACE2 may further aggravate SARS-CoV-2 manifestations, including myocarditis [109,110].



Serum levels of SARS-CoV-2 viral elements and/or DAMPs released by host-infected and necrotic cells detected in COVID-19 patients may also activate the TLR4 pathway via the myeloid differentiation factor 88 (MyD88)-dependent pathway, which, resulting in an amplified proinflammatory response, may also have a role in SARS-CoV-2-induced myocarditis [23,106,111,112,113]. TLR4-promoted recruitment of MyD88 leads to the activation of IL-1 receptor-associated kinases (IRAK-1, -2 and -4), which are, in turn, responsible for the degradation of the inhibitory protein IκB (inhibitor of nuclear factor kappa B) via TRAF6/TAK1/TAB2 (TNF receptor-associated factor 6/transforming growth factor-β activated kinase 1/TGF-beta-activated kinase 1 binding protein 2) pathway [23,114]. This leads to subsequent nuclear translocation of nuclear factor-kappa B (NF-κB) transcription factor, resulting in the transcription of proinflammatory cytokines, such as TNFα, IL-6 and IL-1β (Figure 3b) [23,106].



Activation of the TLR4-induced NF-κB signalling pathway has also been associated with a decreased cardiomyocyte contractility [54]. The TLR4-mediated TRAF6/TAK1/TAB2 pathway is involved in the activation of several mitogen-activated protein kinases, namely extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinases (p38), which initiate the translocation of activator protein 1 (AP-1) into the nucleus and the consequent transcription of proinflammatory molecules [106]. TLR4 may, therefore, contribute to the myocardial injury observed in SARS-CoV-2-infected patients by increasing ACE2 expression in cardiomyocytes, pericytes and fibroblasts, inducing a hyperinflammatory status and/or promoting an important depression of cardiomyocyte contractility [23,54,115,116].




7. Myocarditis as a Consequence of mRNA COVID-19 Vaccination


Myocardial inflammation has also been reported after COVID-19 mRNA vaccination, particularly in young adult males, where the incidence rate of myocarditis after the second dose of COVID-19 mRNA vaccine was estimated to be approximately 12.6 cases per million doses [24,25]. The median time from second vaccination to symptom onset was 2 days, with 90% of myocarditis cases emerging within a week from the second dose [117]. Although the risk of myocarditis associated with SARS-CoV-2 infection is greater than that related to COVID-19 mRNA vaccines, with a 100-fold higher incidence following infection than that observed post-vaccination [22], understanding the exact pathophysiological mechanisms underpinning the development of this cardiovascular complication after COVID-19 mRNA vaccination would be beneficial for a better management of such a complication and for the identification of potential predisposing factors [118]. Autoimmunity mechanisms, molecular mimicry, cytokine storm and sex hormone differences represent the hypotheses proposed to justify the COVID-19 mRNA vaccination-induced myocardial inflammation [24,118]. This type of vaccine consists of mRNA molecules, characterised by a 5’ cap structure attached to a 5’ untranslated region (UTR), a SARS-CoV-2 spike protein coding sequence and a 3’ UTR terminated by a 3’ poly-A tail [119,120]. Once internalised into host cells, the endosome-entrapped mRNA is released into the cytosol, where it is translated by ribosomes into spike protein [121,122]. This newly formed antigenic protein is degraded by proteasomes into peptide epitopes, which are transferred into the endoplasmic reticulum (ER) to be incorporated into MHC class I [120]. The resulting MHC class I-antigenic peptide epitope complex is presented on the plasma membrane, where, once recognised by CD8+ T cells, can trigger an immune response [120,122]. The result of these events is the induction of an adaptive immune response able to recognise and neutralise the SARS-CoV-2 spike protein [122].



An important aspect of SARS-CoV-2 mRNA vaccines is the use of nucleoside-modified mRNA, which is crucial to minimise the innate immune response due to an indiscriminate activation of proinflammatory pathways [120,123,124]. Indeed, the replacement of proinflammatory nucleosides with chemically or naturally modified analogues prevents the activation of RNA-detecting TLRs and activation of type I interferon signalling, therefore, suppressing the recognition of such mRNA as pathogenic [124,125].



However, in some cases, an aberrant immune response to the mRNA vaccine may still occur, resulting, therefore, in exaggerated immunoinflammatory activity, which might have a role in COVID-19 mRNA vaccine-induced myocarditis [24,118]. According to this hypothesis, the mRNA molecules released in endosomes or cytosol from the vaccine, acting as a mimic of viral mRNA, might be recognised as PAMPs by TLRs (e.g., TLR7 and TLR8) prior to the translation, therefore, stimulating the production of type I interferons and proinflammatory cytokines, which, as mentioned above, may have a role in the development of myocardial inflammation [124,126]. Furthermore, increased levels of NK cells have been detected in a patient who developed myocarditis after COVID-19 mRNA vaccination, suggesting a role of these immune cells in mRNA vaccine-induced myocardial injury, even though is not clear if this increase is the cause of this cardiovascular complication or a response to limit such a pathological process [24,127,128].



Another possible pathophysiological mechanism underlying SARS-CoV-2 mRNA vaccine-related myocarditis could involve the production of cardiac autoantibodies directed against self-antigens, which may be essential for myocardial function (i.e., cardiac myosin) [24,66,118,129]. These have been observed in non-COVID-19-related myocarditis [13,66,68], and it remains possible that the resulting autoantibodies might cross react with cardiac α-myosin heavy chain (α-MHC) and β-myosin heavy chain (β-MHC), therefore, triggering an autoimmune response against these structural myocardial components, with the result of an impaired myocardial contraction and consequent cardiomyopathy [13,68,129]. In addition, it has been shown that autoantibodies against cardiac myosin can also affect cardiomyocyte function through a cross-interaction with β-adrenergic receptors on cardiac cells, as a consequence of molecular mimicry between these two cardiac antigens [130,131]. The cross-reaction between anti-cardiac myosin autoantibodies and β-adrenergic receptors, leading to the activation of cyclic adenosine monophosphate (cAMP)-dependent PKA (protein kinase A) [130,131], could contribute to cardiomyocyte apoptosis, cardiac remodelling and impaired myocardial function and contractility [132]. This cross-reactivity may play a role even in the pathogenesis of SARS-CoV-2 mRNA vaccine-induced myocarditis, reinforcing the hypothesis of an aberrant autoantibody-mediated immune response [13]. In the context of the cardiac autoantibody theory, the hypothesis that pre-existing autoimmune diseases might promote SARS-CoV-2 mRNA vaccine-induced myocardial injury has not been confirmed in patients [24,26]. Serological markers of autoimmune diseases (e.g., antinuclear antibody test and rheumatoid factor tests) were performed in individuals that developed myocarditis after receiving the SARS-CoV-2 mRNA vaccine, showing no current evidence of a link between myocardial damage and pre-existing autoimmune disorders [24,26].



Interestingly, SARS-CoV-2 mRNA vaccine-induced myocarditis may also be the result of an unintentional intravenous injection [133]. The comparison of the histopathologic features of cardiac tissue, serum levels and mRNA myocardial tissue expression of proinflammatory cytokines after intravenous or intramuscular injection of SARS-CoV-2 mRNA vaccine in mice revealed that, although a sustained increase in proinflammatory cytokines (i.e., IL-1β, IFN-β, IL-6 and TNF-α) in the group receiving intramuscular injection was observed, only the animals receiving the vaccine intravenously reported significant histopathological changes typical of myocarditis [133]. Compared with intramuscular administration, the intravenous route was also associated with increased cardiomyocyte degeneration and apoptosis, as well as myocardial infiltration of inflammatory cells and increased serum levels of troponin [133]. As a result of these findings in an animal model, a plausible correlation might exist between the accidental intravenous administration of SARS-CoV-2 mRNA vaccine and the development of myocardial injury [133].



Molecular mimicry between the viral spike protein and cardiac proteins represents another plausible pathogenetic event proposed to explain myocardial damage as a result of COVID-19 mRNA vaccination [118,128,134]. In this context, antibodies directed against SARS-CoV-2 spike protein may recognise and cross-react with structurally related cardiac contractile proteins, such as α-myosin heavy chain, triggering a non-specific innate immune reaction against these myocardial components, with the consequent development of myocarditis [24,134,135]. However, the investigation of plausible cross-reactivity between SARS-CoV-2 spike protein encoded in mRNA COVID-19 vaccines and auto-antigens associated with myocarditis resulted in no significant similarity between vaccine peptides and myocarditis-associated autoantigens, therefore, contradicting the hypothesis of a cross-reactive response as a mechanism responsible for myocardial inflammation induced by COVID-19 mRNA vaccination [136].



Finally, considering the higher incidence of COVID-19 mRNA vaccine-induced myocarditis in young adult males, a hormonal hypothesis has been proposed [24,118]. In this regard, the inhibitory effect on anti-inflammatory responses promoted by testosterone, as well as its effects on Th1 helper cells, may provide an additional cause of SARS-CoV-2 mRNA vaccine-induce myocarditis [24,118]. Indeed, sex hormone signalling has an important role in the modulation of the immunoinflammatory response and in the control of mitochondrial function, with consequential sex differences in the development of autoimmune myocarditis [137]. While high levels of oestrogens appear to have a cardioprotective effect by promoting mitochondrial fusion in cardiomyocytes and triggering the activation of both Th2 CD4+ T-cell and anti-inflammatory M2 macrophages, testosterone favours mitochondrial fission, leading to increased ROS production and the release of mitochondrial DAMPs [137]. The final result is the activation of nucleotide-binding and oligomerization domain (NOD) -, leucine-rich repeat (LRR) and pyrin domain-containing protein 3 (NLRP3) inflammasome, culminating in a proinflammatory immune response with the release of interleukin-1 beta (IL-1β) and interleukin-18 (IL-18) and the activation of both M1 macrophages and Th1 subset of CD4+ T cells [137,138]. Moreover, it has been observed that severe myocardial inflammation in male mice was associated with higher expression of TLR4, which might further contribute to increasing the levels of proinflammatory IL-1β and IL-18, in turn, responsible for cardiomyocyte apoptosis and contractile dysfunction [137,139]. Indeed, IL-1β has been shown to determine cardiomyocyte apoptosis through the activation of both caspase-independent pathways (via upregulation of endonuclease G) and caspase-dependent pathways (via the release of cytochrome C and subsequent activation of caspase 3), as well as via the inhibition of survivin, a member of the inhibitor of apoptosis protein family [140], while IL-18, by binding TLRs, triggers the MyD88 signalling axis, with the consequent activation of NF-κB and increased production of iNOS (inducible nitic oxide synthase), resulting in a reduced myocardial contractile function [141]. These sex differences in the modulation of inflammatory responses and mitochondrial dynamics might also have a role in the pathogenesis of SARS-CoV-2 mRNA vaccine-induced myocarditis, thus potentially explaining the higher incidence of this cardiovascular complication in the male population [118,128].



In conclusion, the link between the SARS-CoV-2 mRNA vaccine and myocardial injury has not been clearly identified. However, aberrant immunoinflammatory events, the development of cardiac autoantibodies and their cross-reaction with myocardial components, as well as unintentional intravenous injection and molecular mimicry between spike protein and cardiac contractile proteins, represent the most appealing mechanisms behind this cardiovascular manifestation induced by the SARS-CoV-2 mRNA vaccine. These events may be exacerbated by sex differences resulting in increased risk of myocardial impairment.




8. Conclusions and Future Directions


Several cases of myocarditis have been reported in SARS-CoV-2-infected patients and have been implicated with a poorer prognosis and disease course. The pathophysiological processes responsible for this myocardial injury are not yet fully elucidated, making the management and the prevention of such cardiovascular complication difficult and limited. A major role seems to be played by ACE2, whose SARS-CoV-2-mediated downregulation has profound effects on the cardiovascular system and, specifically, on myocardial tissue. In addition to a role of ACE2, it is also likely that Toll-like receptors promote further myocardial inflammation in COVID-19 patients. Damage of cardiac muscle has also been reported after SARS-CoV-2 mRNA vaccinations and this may also involve the activation of Toll-like receptors. Future studies are, therefore, needed to fully identify the pathogenetic mechanisms of post-infection and post-mRNA vaccination myocardial inflammation. A better understanding of these events will be essential, not only for an adequate management of the disease but also to identify a correct preventive approach to limit its manifestation.
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Abbreviations




	ACE2
	angiotensin-converting enzyme 2



	ADAM-17
	a disintegrin and metalloprotease 17



	Ang (1-7)
	angiotensin (1-7)



	Ang (1-9)
	angiotensin (1-9)



	Ang II
	angiotensin II



	AP-1
	activator protein 1



	APCs
	antigen-presenting cells



	cAMP
	cyclic adenosine monophosphate



	CD4+
	helper T cells



	CD8+
	cytotoxic T cells



	COVID-19
	coronavirus disease 2019



	DAMPs
	damage-associated molecular patterns



	DCM
	dilated cardiomyopathy



	dsRNA
	double stranded RNA



	dUTP
	deoxyuridine, triphosphate



	ERK
	extracellular signal-regulated kinase



	IFNAR1
	interferon α and β receptor subunit 1



	IFNAR2
	interferon α and β receptor subunit 2



	IFNα
	interferon alpha



	IFNγ
	interferon gamma



	IL-1
	interleukin 1



	IL-12
	interleukin 12



	IL-18
	interleukin 18



	IL-1α
	interleukin 1 alpha



	IL-1β
	interleukin 1 beta



	IL-6
	interleukin 6



	iNOS
	inducible nitric oxide synthase



	ISGs
	interferon-stimulated genes



	IκB
	inhibitor of nuclear factor kappa B



	JAK
	Janus kinase



	JNK
	c-Jun N-terminal kinase



	LRR
	leucine-rich repeat



	MasR
	Mas receptor



	MERS-CoV
	Middle East respiratory syndrome coronavirus



	MHC class I
	major histocompatibility complex class I



	mRNA
	messenger ribonucleic acid



	MyD88
	myeloid differentiation factor 88



	NF-kB
	nuclear factor kappa B



	NK
	natural killer



	NLRP3
	NOD-, LRR- and pyrin domain-containing protein 3



	NOD
	nucleotide-binding and oligomerization domain



	p38
	p38 mitogen-activated protein kinases



	PAMPs
	pathogen-associated molecular patterns



	PKA
	protein kinase A



	RAAS
	renin-angiotensin-aldosterone system



	RBD
	receptor-binding domain



	ROS
	reactive oxygen species



	SARS-CoV-1
	severe acute respiratory syndrome coronavirus 1



	SARS-CoV-2
	severe acute respiratory syndrome coronavirus 2



	SCD
	sudden cardiac death



	SG
	stress granule



	ssRNA
	single stranded RNA



	STAT
	signal transducer and activator of transcription



	TAB2
	TGF-beta activated kinase 1 binding protein 2



	TAK1
	transforming growth factor-β activated kinase 1



	TIR
	Toll/IL-1 receptor homologous domain



	TLR
	Toll-like receptor



	TMPRSS2
	transmembrane serine protease 2



	TNFα
	tumour necrosis factor alpha



	TNFβ
	tumour necrosis factor beta



	TRAF6
	TNF receptor associated factor 6



	TRAM
	TRIF-related adaptor molecule



	TRIF
	TIR-domain-containing adapter-inducing interferon β



	TUNEL
	terminal deozynucleotidyl transferase dUTP nick end labelling



	UTR
	untranslated region



	α-MHC
	α-myosin heavy chain



	β-MHC
	β-myosin heavy chain
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Figure 1. Effect of ACE2 on the metabolism of angiotensin II and the cytoprotective effects of the metabolite angiotensin (1-7) in the heart via activation of the G-protein-coupled receptor MasR. ACE2 = angiotensin-conversing enzyme 2; AT1R = angiotensin II type 1 receptor; AT2R = angiotensin II type 2 receptor; MasR = Mas receptor Figure created with Biorender. 
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Figure 2. Proposed involvement of ACE2 in SARS-CoV-2-induced myocarditis. SARS-CoV-2 spike protein, after proteolytic activation by TMPRSS2, binds ACE2 on cardiomyocytes, enabling SARS-CoV-2 entry. Stress granule formation is then inhibited by intracellular SARS-CoV-2, leading to an increased viral replication and consequent amplified myocardial injury. ACE2 = angiotensin-converting enzyme; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; TMPRSS2 = transmembrane serine protease 2. Created with BioRender. 
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Figure 3. Proposed roles of TLR4 in SARS-CoV-2-induced myocarditis. Triggering a sustained immunoinflammatory response, this receptor may contribute to myocardial damage observed in COVID-19 patients via two different signalling pathways: (a) the interaction between SARS-CoV-2 and TLR4 determines the recruitment of TRIF and TRAM, resulting in the phosphorylation and consequent nuclear translocation of IRF3. This alternative pathway culminates in the production of type I interferons (IFNα and IFNβ), which might lead to an increased expression of surface ACE2 via ISGs, therefore, amplifying ACE2-induced myocardial damage; (b) the canonical pathway of TLR4, also known as MyD88-dependent pathway, promotes the recruitment and activation of IRAK 1/2/4, in turn, responsible for inducing the activation of TRAF6/TAB2/TAK1 cascade. The consequent phosphorylation-induced degradation of IκB and nuclear translocation of NF-kB results in the release of proinflammatory cytokines, which might have a role in SARS-CoV-2-induced myocarditis. As part of the TLR4 canonical pathway, the activation of MAPKK might also contribute to the increased transcription of proinflammatory cytokines via the phosphorylation of ERK, JNK and p38 and consequent nuclear translocation of AP-1. AP-1 = activator protein 1; ERK = extracellular signal-regulated kinase; IFNα = interferon alpha; IFNβ = interferon beta; IκB = inhibitor of nuclear factor kappa B; IRAK 1/2/4 = IL-1 receptor-associated kinases 1/2/4; IRF3 = interferon regulatory factor 3; ISGs = interferon-stimulated genes; JNK = c-Jun N-terminal kinase; MAPKK = mitogen-activated protein kinase kinase; NF-kB = nuclear factor kappa B; p38 = p38 mitogen-activated protein kinases; TAB2 = TGF-beta activated kinase 1 binding protein 2; TAK1 =transforming growth factor-β activated kinase 1; TRAM = TRIF-related adaptor molecule; TRAF6 = TNF receptor associated factor 6; TRIF = TIR-domain-containing adapter-inducing interferon β. Created with BioRender. 
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