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Abstract

:

Neurological disorders have been reported in a large number of coronavirus disease 2019 (COVID-19) patients, suggesting that this disease may have long-term adverse neurological consequences. COVID-19 occurs from infection by a positive-sense single-stranded RNA virus called severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The membrane fusion protein of SARS-CoV-2, the spike protein, binds to its human host receptor, angiotensin-converting enzyme 2 (ACE2), to initiate membrane fusion between the virus and host cell. The spike protein of SARS-CoV-2 contains the furin protease recognition site and its cleavage enhances the infectivity of this virus. The binding of SARS-CoV-2 to the ACE2 receptor has been shown to downregulate ACE2, thereby increasing the levels of pathogenic angiotensin II (Ang II). The furin protease cleaves between the S1 subunit of the spike protein with the binding domain toward ACE2 and the S2 subunit with the transmembrane domain that anchors to the viral membrane, and this activity releases the S1 subunit into the blood circulation. The released S1 subunit of the spike protein also binds to and downregulates ACE2, in turn increasing the level of Ang II. Considering that a viral particle contains many spike protein molecules, furin-dependent cleavage would release many free S1 protein molecules, each of which can downregulate ACE2, while infection with a viral particle only affects one ACE2 molecule. Therefore, the furin-dependent release of S1 protein would dramatically amplify the ability to downregulate ACE2 and produce Ang II. We hypothesize that this amplification mechanism that the virus possesses, but not the infection per se, is the major driving force behind COVID-19-associated neurological disorders.
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1. Introduction


Coronavirus disease 2019 (COVID-19) is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a positive-sense single-stranded RNA virus of the Coronaviridae family, and had a devastating impact worldwide. As of December 2023, there have been over 770 million recorded cases and almost 7 million deaths globally, although the actual numbers are believed to be higher. This pandemic has been one of the deadliest in history, making COVID-19 a leading cause of death [1]. While the pandemic has now officially been declared over, many still suffer from medical issues related to this virus, such as long COVID or post-acute sequelae of SARS-CoV-2 infection (PASC).



Emerging evidence suggests that although SARS-CoV-2 was initially thought to be primarily a respiratory illness, it has the ability to infiltrate the central nervous system, where it can cause a variety of impairments—from non-specific symptoms, such as confusion, anosmia, and anxiety [2,3,4], to serious long-term neurological complications, including cognitive impairments, cerebrovascular diseases, demyelinating pathologies, encephalopathy, stroke, etc. [5,6]. Problems affecting the central nervous system have been reported in more than ∼35.6% of total COVID-19 cases [7]. Additionally, hippocampal shrinkage, reduction in brain size, and neurodegeneration have been reported following SARS-CoV-2 infection [8,9]. Therefore, it is crucial to shed light on SARS-CoV-2 invasion and its impact on the central nervous system. SARS-CoV-2 has been shown to replicate in neuronal U251 cells, supporting the idea that the virus may play a part in the development of neurological lesions [10]. SARS-CoV-2 viral RNAs and proteins were found in anatomically diverse brain areas and cerebrospinal fluid, providing indications of SARS-CoV-2 neuroinvasion and neurotropism [11,12]. However, despite these findings, it is unknown whether the neurological impairments linked to SARS-CoV-2 are the result of direct viral and/or spike protein action or are instead a result of hypoxia, a surge of pro-inflammatory cytokines driven by infection, or vascular and blood–brain barrier abnormalities [13,14,15,16]. There are also reports showing that the SARS-CoV-2 proteome can be assembled into neurotoxic amyloids, causing neurological symptoms that appear after infection [17].



Evidence suggests that the malfunctioning of the renin–angiotensin system components in the brain contributes to the neurological symptoms of COVID-19 [18,19]. SARS-CoV-2 infects host cells through the interactions between the membrane fusion protein of the virus, the spike protein, and its human host receptor, angiotensin-converting enzyme 2 (ACE2) [20]. ACE2 physiologically functions to convert angiotensin II (Ang II) into angiotensin 1–7 (Ang 1–7) [21], thereby degrading Ang II. Ang II, a decapeptide that is produced from Ang I in the renin–angiotensin–aldosterone system, is the major vasoconstrictor and plays a crucial role in the development of many diseases, including neurological disorders.



The binding of the SARS-CoV-2 spike protein to ACE2 has been shown to activate multiple biologic mechanisms that result in the reduction of the expression of ACE2 in the plasma membrane, thereby decreasing the peptidase activity of ACE2 to convert Ang II to Ang 1–7, in turn increasing the levels of Ang II [22]. An increase in the level of Ang II activates the Ang II/Ang II receptor type 1 (AT1R) pathway, thereby accelerating pathogenic mechanisms including neurological complications and neurodegeneration [23,24]. It has been shown that the angiotensin-converting enzyme (ACE)/Ang II/AT1R axis is upregulated in neurodegenerative diseases, and causes oxidative stress, increased permeability of the blood–brain barrier, neuroinflammation, neurovascular dysfunction [25], and a reduction in cerebral blood flow, contributing to the development of Alzheimer’s disease [26]. Thus, medications that inhibit the renin–angiotensin system may reduce the risk of developing Alzheimer’s disease [26].



In the brain, the deleterious effects of the ACE/Ang II/AT1R pathway are counterbalanced by its alternative axes, which are ACE/Ang II/Ang II receptor type 2 (AT2R) and ACE2/Ang 1–7/Mas receptor, both of which have positive effects on cognition and memory. The counteracting and protective effects of the ACE2/Ang 1–7/AT2R and MAS receptor pathways are associated with the lowering of oxidative stress and inflammatory reactions, as well as vasodilation through the creation of nitric oxide and prostaglandins [27,28], in addition to antithrombotic effects and neuroprotection [29,30,31].



Neurological consequences seen in COVID-19 have also been linked to impaired neurotransmission in the central nervous system caused by SARS-CoV-2. Identifying the pathways of how SARS-CoV-2 affects the central nervous system should help develop effective treatment strategies and prevent its negative effects on neurocognition. We herein propose a novel mechanism in which spike protein-mediated effects may be amplified and contribute to COVID-19 associated neurological disorders.




2. The Hypothesis


Our hypothesis is that the furin protease-dependent cleavage of the SARS-CoV-2 spike protein and release of the circulating S1 subunit protein amplify ACE2 downregulation and subsequent Ang II production, thereby promoting neurological disorders seen in COVID-19 patients.



Panel (a) in Figure 1 depicts the binding of the spike protein to ACE2 to downregulate the ACE2 protein. The downregulation of ACE2 results in the reduced overall peptidase activity of this enzyme to degrade Ang II, thereby increasing the levels of Ang II, a major pathogenic mediator. Panel (b) of Figure 1 shows that it may be expected that the ratio of roughly one spike protein molecule of one SARS-CoV-2 viral particle interacts with one ACE2 molecule, resulting in downregulating one ACE2 molecule per viral particle. If many spike protein molecules of a given viral particle are cut by the furin protease and come off the virus, multiple (perhaps 50–100) free spike protein molecules are produced, which can result in the binding of multiple (50–100) ACE2 molecules per viral particle. This could result in 50–100 ACE2 molecules becoming downregulated. Panel (c) in Figure 1 shows that the amplification of ACE2 downregulation by furin-dependent cleavage of the spike protein forms free S1 protein that then dramatically increases the level of Ang II. Higher levels of Ang II are expected to produce more pathological conditions, including neurological damage. We propose that this furin-dependent amplification process contributes to the mechanism of COVID-19-associated neurological disorders.




3. Evaluation of the Hypothesis


This hypothesis follows up the previously described viral protein fragment theory of COVID-19 pathogenesis [32] which illustrated that, as humans are infected with SARS-CoV-2, the virus releases fragments of the spike protein that can target host cells without the rest of the viral component.



SARS-CoV-2 is a single-stranded RNA virus that attaches to the host cells through the interactions between the spike protein (the membrane fusion protein of this virus) and the host cell receptor ACE2, leading to the fusion of the viral and host cell membranes that allows the entry and subsequent replication of the virus. Although SARS-CoV-2 is a respiratory virus, other organs such as the brain are often affected, which raises questions about whether merely the infection and replication of the virus in the host cells alone are responsible for the pathologies associated with COVID-19.



The SARS-CoV-2 spike protein is composed of two subunits: S1 and S2 (Figure 2). The S2 subunit contains the transmembrane domain (TM) and is anchored to the viral membrane. The S1 subunit of the spike protein sticks out of the viral particle and contains the receptor-binding domain (RBD) that interacts with the major host cell receptor of SARS-CoV-2, ACE2 [33,34]. During the virus entry to host cells, the spike protein is cleaved into S1 and S2 subunits mainly by transmembrane serine protease 2 (TMPRSS2) at the cell surface of lung epithelial cells. Proteolysis into S1 and S2 subunits by more ubiquitous enzymes such as the furin proprotein convertase also occurs and has been shown to enhance the infectivity of the SARS-CoV-2 virus [35].



In addition to ACE2 binding to the spike protein RBD of the intact virus to facilitate the viral entry, the S1 subunit of the spike protein can be cleaved off from the virus and released in the blood circulation by proteases such as furin. In fact, the circulating S1 protein has been detected in COVID-19 patients. Ogata et al. [36] used ultra-sensitive serial profiling Single-Molecule Array (Simoa) assays to quantitatively detect SARS-CoV-2 spike, the S1 subunit, and nucleocapsid antigens in the plasma of COVID-19 patients. The authors detected SARS-CoV-2 S1 and nucleocapsid antigens in 41 out of 64 COVID-19-positive patients. In a retrospective study of plasma samples collected from 63 patients in Boston, SARS-CoV-2 proteins including S1 spike protein were detected in the plasma of the majority of COVID-19 patients with long COVID conditions and were persistently detected at various time periods up to 12 months after diagnosis [37]. Further, widely used mRNA COVID-19 vaccines that encode for the full-length spike protein (S1 + S2) have also been shown to produce the circulating S1 protein [38,39,40]. Ogata et al. [38] again used the Single-Molecule Array (Simoa) assays to detect SARS-CoV-2 spike, the S1 subunit, and nucleocapsid proteins in the plasma of 13 mRNA–1273 vaccine recipients. Overall, 11 of 13 participants exhibited detectable levels of S1 subunit protein as early as one day after the first vaccine administration. The release of the S1 subunit of the spike protein from the COVID-19 vaccine could be due to furin-dependent cleavage of the S1 + S2 spike protein molecules that are expressed on the plasma membrane with the S1 side facing extracellularly after the administration of mRNA vaccines. Taking into consideration the experimental results showing that an intravenously injected S1 protein can easily cross the murine blood–brain barrier and enter the parenchymal tissue and interstitial fluid spaces of the brain [41], as well as its persistence in circulation long after infection, we can suggest that the circulating S1 is more likely to cause neurological complications than the virus itself.



The furin subtilisin-like eukaryotic endoprotease cleaves proteins at the consensus amino acid sequence Lys/Arg-Xn-Lys/Arg [42]. It is a protein with a calculated molecular weight of 87 kDa and was named furin because it was in the upstream region of an oncogene FES, thus becoming known as the FUR (FES Upstream Region). Since it cleaves basic amino acid motifs, it is also known as the paired basic amino acid-cleaving enzyme (PACE). It is ubiquitously expressed with high levels found in the salivary glands, liver, and bone marrow. Physiologically, it functions to exert proteolytic activation of various hormones, growth factors, receptors, adhesion molecules, and enzymes. Its proteolytic substrates also include proteins of various bacterial toxins and viruses, including human immunodeficiency virus (HIV) and dengue virus. In mammalian cells, furin accumulates in the Golgi, and it can traffic to the plasma membrane, while C terminal proteolytic cleavage separates the transmembrane domain from the catalytically active domain that could occur in the extracellular space [42]. Using the fluorogenic substrate boc-Arg-Val-Arg-Arg-MCA, Vidricaire et al. [43] detected the endoproteolytic activity of secreted furin in the media of BSC40 cells overexpressing furin. As furin can occur in the extracellular space, the circulating S1 may be produced from SARS-CoV-2 as well as from COVID-19 vaccines by this enzyme.



The S1 subunit of the spike proteins of both SARS-CoV-2, which caused COVID-19, and SARS-CoV, which caused severe acute respiratory syndrome (SARS), contains the RBD that binds to ACE2. Since the 2002 SARS outbreak, research has shown that the spike protein binding to its host cell receptor ACE2 results in the downregulation of ACE2, in turn increasing the major pathogenic mediator Ang II. In mice, Kuba et al. [44] reported in 2005 that SARS-CoV infection, as well as injection with the recombinant SARS-CoV spike protein, reduces ACE2 expression. Importantly, the authors showed that the worsening of acute lung failure in this infection is primarily caused by SARS-CoV spike protein-mediated ACE2 downregulation. In these mice, the spike protein increased Ang II, and the angiotensin receptor inhibitor losartan attenuated the spike protein-induced enhancement of lung injury. In HEK293 cells, the SARS-CoV spike protein RBD was found to be internalized together with ACE2 [45].



After the COVID-19 pandemic started, Bayati et al. [46] found that SARS-CoV-2 undergoes clathrin-mediated endocytosis in HEK293T cells. The SARS-CoV-2 infection downregulates ACE2 in Syrian golden hamsters and in cultured HEK293A cells transfected with ACE2 by inducing clathrin-dependent endocytosis and degradation in the lysosome [47]. Expression of GFP-tagged ACE2 in HEK293T cells also demonstrated the internalization of ACE2 in response to the recombinant RBD protein treatment [48]. Using structured illumination microscopy, endocytosis of the SARS-CoV-2 spike protein RBD–ACE2 complex was visualized in living cells [49]. These results provide evidence that the binding of the spike protein to ACE2 results in endocytosis-mediated internalization of the spike protein–ACE2 complex into the cells and the ultimate degradation of ACE2. Lei et al. [50] reported that Syrian hamsters infected with spike protein-expressing pseudovirus had reduced ACE2 protein expression in the lungs. Their experiments suggested a mechanism by which the spike protein increases redox stress, leading to AMPK deactivation, MDM2 upregulation, and ACE2 destabilization. In addition to the ACE2 protein downregulation mechanisms via spike protein-mediated internalization and degradation, Sui et al. [51] reported that the SARS-CoV-2 spike protein reduces the mRNA expression of ACE2 in primary cells of lung bronchoalveolar lavage from naïve rhesus macaques. An interesting study by Gao et al. [52] similarly suggested that the internalized SARS-CoV-2 spike protein activates intracellular signals to degrade ACE2 mRNA.



Consistent with these experimental findings, our immunohistochemical evaluations of human patients who died of COVID-19 showed reduced ACE2 protein expression by COVID-19 in patients both with and without Alzheimer’s disease (Figure 3). In the brains of patients without known neurological diseases, ACE2 protein expression was predominantly detected in capillary endothelium as shown in the pink stain (Panel (a)). Patients who died of COVID-19 showed downregulated ACE2 protein expression at a very low level (Panel (b)). Consistent with previously reported Western blotting and RT–PCR results obtained by our laboratory as well as others [53,54,55,56], ACE2 expression levels were higher in the brains of Alzheimer’s disease patients compared to controls as monitored by immunohistochemistry (Panel (c)). Even in Alzheimer’s brains, COVID-19 decreased the protein expression of ACE2, but only to a level that was higher than in the brains of COVID-19 patients without Alzheimer’s disease (Panel (d)). Thus, it can be speculated that COVID-19 decreases ACE2 expression in the brain via the actions of the spike protein, highlighting the importance of our hypothesis that furin would amplify the actions of the spike protein to downregulate ACE2.



3.1. Materials and Methods (Figure 3)


De-identified postmortem formalin-fixed paraffin-embedded human brain tissues obtained in Kyiv, Ukraine were cut into 5 μm thick sections. Slides were subjected to immunohistochemistry using an anti-ACE2 antibody (Rabbit Angiotensin Converting Enzyme 2 Monoclonal Antibody) purchased from MyBioSource (San Diego, CA, USA) and the Master Polymer Plus Detection System (Phosphatase and AP Chromogen) purchased from Vitro Master Diagnostica, Spain. Specimens were examined using a Leica BX 51 microscope, a Leica MC 190 digital camera, and the Leica LAS software (Leica Application Suite X 3.0.12) at a magnification of 400×.




3.2. Results (Figure 3)


Immunohistochemistry analysis using the ACE2 antibody showed that control brains from individuals without neurological diseases exhibited ACE2 protein expression in the capillary endothelium as shown in pink staining (Figure 3a). Patients who died of COVID-19 showed dramatically downregulated ACE2 (Figure 3b). Alzheimer’s disease patients showed upregulated ACE2 protein expression in the brain (Figure 3c). COVID-19 also downregulated ACE2 protein expression in the brains of patients with Alzheimer’s disease (Figure 3d).





4. Consequences of the Hypothesis


Since the physiological function of ACE2 is to degrade Ang II [57], the loss of ACE2 results in increased Ang II and associated pathologies. ACE2 is a monocarboxypeptidase that is mainly expressed in vascular endothelial cells, although its expression in human neurons has also been reported. Xu and Lazartigues [58] showed the expression of ACE2 in human pluripotent stem cell-derived neurons by immunohistochemistry. ACE2 substrates have hydrophobic or basic residues at the C-terminal end, preceded by a Pro–X–Pro sequence, albeit having one proline residue is sufficient for ACE2 activity. Ang II is an octapeptide with the sequence Asp–Arg–Val–Tyr–Ile–His–Pro–Phe and a hydrophobic phenylalanine at the C-terminus, preceded by a proline residue. ACE2 cuts the C-terminal phenylalanine residue from the Asp–Arg–Val–Tyr–Ile–His–Pro that is Ang 1–7.



It has been shown that the Ang II levels in the plasma samples from SARS-CoV-2-infected patients in Shenzhen, China was markedly elevated [59]. Also, a study of 82 non-hypertensive patients in Wuhan, China by Wu et al. [60] showed that plasma Ang II level was higher in COVID-19 patients than non-COVID controls. A study of 30 patients hospitalized due to COVID-19 conducted at the Clinics Hospital at the University of Campinas in Brazil by Camargo et al. [61] showed that patients with critical COVID-19 had higher Ang II levels than patients presenting with severe COVID-19. In this study, levels of ACE, ACE2, Ang 1–7, and Ang 1–9 were found to be similar in the two groups. A study at Istanbul University—Cerrahpasa Hospital in Turkey by Ipekci et al. [62] showed that serum samples from COVID-19 patients had significantly lower ACE2 levels than controls and increased Ang II levels.



If the action of the spike protein to downregulate ACE2 only occurs via an intact virus, one may envision that one viral particle may downregulate one ACE2 protein molecule. It is thought that a coronavirus particle may contain about 50–100 trimers of spike proteins [63] based on an electron cryomicroscopy study performed on SARS-CoV by Neuman et al. [64], depending on whether the spike protein or ribonucleoprotein spacing is used to calculate the surface area of a spike unit cell. Thus, 50–100 spike protein molecules could be produced from one viral particle by furin proteolytic activity, amplifying the ability to downregulate ACE2 and produce Ang II 50–100-fold.



This hypothesis is important because it suggests that this amplification mechanism conferred by furin contributes to the pathogenesis of neurological and other complications seen in COVID-19. As this theory becomes proven, testing of furin inhibitors may benefit patients suffering from neurological and other disorders due to SARS-CoV-2 infection as well as COVID-19 vaccines.



Our pilot study in Kyiv, Ukraine suggested that 6 out of 40 (15%) patients over 75 years of age who died of COVID-19 had early signs of Alzheimer’s disease. Figure 4 shows representative histology images of a patient who died of Alzheimer’s disease with strong Tau expression and pronounced brain atrophy (Panel (a)), as well as a patient who died of COVID-19 with milder expression of Tau and less pronounced brain atrophy, perhaps indicating an early stage of the development of Alzheimer’s disease (Panel (b)). In the context of this hypothesis paper, these findings raise the question of whether the furin-mediated amplification of the spike protein/ACE2 binding results in enhanced downregulation of ACE2 expression and subsequent elevation of Ang II and whether these events may lead to the appearance of early pathogenic events for Alzheimer’s disease in some COVID-19 patients.



4.1. Materials and Methods (Figure 4)


De-identified postmortem formalin-fixed paraffin-embedded human brain tissues obtained in Kyiv, Ukraine were cut into 5 μm thick sections. Slides were subjected to immunohistochemistry using the Tinto Tau antibody (purchased from Bio SB) and the Master Polymer Plus Detection System. Specimens were examined using a Leica BX 51 microscope, a Leica MC 190 digital camera, and the Leica LAS software at a magnification of 400×.




4.2. Results (Figure 4)


Panel (a) of Figure 4 shows an immunohistochemistry image of a patient who died of Alzheimer’s disease with pronounced expression of Tau (forming Tau tangles or deposits) and significant brain atrophy. Panel (b) of Figure 4 shows the immunohistochemistry image of a patient who died of COVID-19 with early-stage Alzheimer’s disease, weaker expression of Tau (less amounts of deposits), and less brain atrophy.





5. Alternative to the Stated Hypothesis


In Section 2 “The Hypothesis”, we provided a specific hypothesis based on ample reports in the literature describing that one major action of the spike protein is to downregulate ACE2. Thus, so far, we have focused our discussion on the actions of Ang II that would be expected to be increased as a consequence of ACE2 downregulation. However, the major thesis of this hypothesis paper is that the cleavage of spike protein molecules from the viral particle would amplify the actions of the spike protein by possibly 50–100 times, as described above. In addition to downregulating ACE2, the spike protein could elicit other biological actions, which would also be amplified through furin-dependent production of the S1 protein (Figure 5).



We describe above the possibility that the levels of Ang II are increased because of spike protein-mediated ACE2 downregulation based on several published reports supporting the role of Ang II in the pathogenesis of neurological diseases. However, there are reports refuting the role of Ang II in neurological disorders. The RADAR Trial, a double-blind, randomized, placebo-controlled, phase 2 trial concluded that 12 months’ treatment with losartan (an AT1R Ang II receptor blocker) was not effective in reducing the rate of brain atrophy in Alzheimer’s patients [65]. In mouse models of Alzheimer’s disease, the reduction in ACE2 levels and activity and increased Ang II did not exacerbate Alzheimer’s disease pathology [66]. Furthermore, while it is widely thought that AT1R mediates the pathogenesis of Alzheimer’s disease [67], Ang II can activate AT1R and AT2R, which could exert opposite biological effects.



Contrary to the widely reported concept that the spike protein downregulates ACE2, Aboudounya and Heads [68] proposed a signaling pathway in which the SARS-CoV-2 spike protein increases ACE2 expression, based on findings that the spike protein activates Toll-like receptor 4 [69,70]. We have also described the spike protein-activated cell signaling processes that may elicit biological responses independent of Ang II [71]. Further, the SARS-CoV-2 spike protein can cause blood–brain barrier and neuronal dysfunction either directly or via the activation of mast cells and microglia in the brain [72]. It should also be noted that the S1 subunit of the SARS-CoV-2 spike protein possesses, in addition to the RBD, the N-terminal extracellular domain (ECD) and the CendR domain. AXL receptor tyrosine kinase has been reported to bind to ECD [73] and neuropilin 1 binds to CendR [74,75]. Thus, the furin-dependent production of a number of free S1 protein molecules could amplify the actions of these factors as well.




6. Conclusions


This hypothesis paper presents a novel concept that the cleavage of the spike protein S1 subunit from the intact SARS-CoV-2 virus by proteases such as furin can result in a higher number of S1 protein molecules that can target ACE2 and/or other receptors in various tissues. The efficiency of such free S1 proteins in targeting ACE2 and other spike protein-binding proteins is expected to be 50–100 times higher than the intact spike proteins bound to the SARS-CoV-2 viral particles. Since spike protein/ACE2 interactions are known to downregulate the ACE2 protein through multiple mechanisms [22,65] and we observed that the brains of COVID-19 patients show reduced ACE2 expression (Figure 3), we hypothesize that this amplification mechanism would be an efficient way for the virus to promote and worsen pathogenesis in various organs, including the brain. This mechanism may affect patients who contracted COVID-19 and with post-acute sequelae of SARS-CoV-2 infection, as well as patients suffering from adverse neurological effects potentially caused by COVID-19 vaccines. If this hypothetic mechanism is proven to be correct, then the use of furin inhibitors could be one avenue for reducing pathologies associated with COVID-19.







Author Contributions


Conceptualization, G.A. and Y.J.S.; methodology, S.G.G. and S.I.N.; software, G.A., S.G.G., S.I.N., F.A.A., T.T., N.V.S. and Y.J.S.; validation, G.A., S.G.G., F.A.A., T.T., S.I.N., N.V.S. and Y.J.S.; formal analysis, G.A., S.G.G., S.I.N., F.A.A., T.T., N.V.S. and Y.J.S.; investigation, G.A., S.G.G., S.I.N., F.A.A., T.T., N.V.S. and Y.J.S.; resources, G.A., S.G.G., S.I.N., T.T., N.V.S. and Y.J.S.; data curation, G.A., S.G.G., S.I.N., N.V.S. and Y.J.S.; writing—original draft preparation, G.A. and Y.J.S.; writing—review and editing, G.A., S.G.G., S.I.N., F.A.A., T.T., N.V.S. and Y.J.S.; visualization, G.A., S.G.G., S.I.N., F.A.A., T.T., N.V.S. and Y.J.S.; supervision, S.G.G. and Y.J.S.; project administration, Y.J.S.; funding acquisition, S.G.G. and Y.J.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Institutes of Health (NIH), grant numbers R21AG073919 and R03AG071596. The content is solely the responsibility of the authors and does not necessarily represent the official views of the NIH.




Institutional Review Board Statement


Ethical review and approval were waived for this study because de-identified postmortem tissues were used. Such research is not viewed to be human subject research.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Cascella, M.; Rajnik, M.; Aleem, A.; Dulebohn, S.C.; Di Napoli, R. Features, Evaluation, and Treatment of Coronavirus (COVID-19); StatPearls Publishing LLC: Treasure Island, FL, USA, 2023; Available online: http://www.ncbi.nlm.nih.gov/books/NBK554776/ (accessed on 14 October 2023).

	



Kalra, R.S.; Dhanjal, J.K.; Meena, A.S.; Kalel, V.C.; Dahiya, S.; Singh, B.; Dewanjee, S.; Kandimalla, R. COVID-19, Neuropathology, and Aging: SARS-CoV-2 Neurological Infection, Mechanism, and Associated Complications. Front. Aging Neurosci. 2021, 13, 662786. [Google Scholar] [CrossRef]

	



Tsivgoulis, G.; Palaiodimou, L.; Zand, R.; Lioutas, V.A.; Krogias, C.; Katsanos, A.H.; Shoamanesh, A.; Sharma, V.K.; Shahjouei, S.; Baracchini, C.; et al. COVID-19 and cerebrovascular diseases: A comprehensive overview. Ther. Adv. Neurol. Disord. 2020, 13, 1756286420978004. [Google Scholar] [CrossRef]

	



Shabani, Z. Demyelination as a result of an immune response in patients with COVID-19. Acta Neurol. Belg. 2021, 121, 859–866. [Google Scholar] [CrossRef]

	



Spudich, S.; Nath, A. Nervous system consequences of COVID-19. Science 2022, 375, 267–269. [Google Scholar] [CrossRef]

	



Brola, W.; Wilski, M. Neurological consequences of COVID-19. Pharmacol. Rep. 2022, 74, 1208–1222. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, S.-T.; Lu, M.-K.; San, S.; Tsai, C.-H. The Neurologic Manifestations of Coronavirus Disease 2019 Pandemic: A Systemic Review. Front. Neurol. 2020, 11, 498. [Google Scholar] [CrossRef]

	



Douaud, G.; Lee, S.; Alfaro-Almagro, F.; Arthofer, C.; Wang, C.; McCarthy, P.; Lange, F.; Andersson, J.L.R.; Griffanti, L.; Duff, E.; et al. SARS-CoV-2 is associated with changes in brain structure in UK Biobank. Nature 2022, 604, 697–707. [Google Scholar] [CrossRef]

	



Mao, L.; Jin, H.; Wang, M.; Hu, Y.; Chen, S.; He, Q.; Chang, J.; Hong, C.; Zhou, Y.; Wang, D.; et al. Neurologic Manifestations of Hospitalized Patients with Coronavirus Disease 2019 in Wuhan, China. JAMA Neurol. 2020, 77, 683–690. [Google Scholar] [CrossRef]

	



Chu, H.; Chan, J.F.-W.; Yuen, T.T.-T.; Shuai, H.; Yuan, S.; Wang, Y.; Hu, B.; Yip, C.C.-Y.; Tsang, J.O.-L.; Huang, X.; et al. Comparative tropism, replication kinetics, and cell damage profiling of SARS-CoV-2 and SARS-CoV with implications for clinical manifestations, transmissibility, and laboratory studies of COVID-19: An observational study. Lancet Microbe 2020, 1, e14–e23. [Google Scholar] [CrossRef]

	



Moriguchi, T.; Harii, N.; Goto, J.; Harada, D.; Sugawara, H.; Takamino, J.; Ueno, M.; Sakata, H.; Kondo, K.; Myose, N.; et al. A first case of meningitis/encephalitis associated with SARS-Coronavirus-2. Int. J. Infect. Dis. 2020, 94, 55–58. [Google Scholar] [CrossRef]

	



Meinhardt, J.; Radke, J.; Dittmayer, C.; Franz, J.; Thomas, C.; Mothes, R.; Laue, M.; Schneider, J.; Brünink, S.; Greuel, S.; et al. Olfactory transmucosal SARS-CoV-2 invasion as a port of central nervous system entry in individuals with COVID-19. Nat. Neurosci. 2021, 24, 168–175. [Google Scholar] [CrossRef]

	



Bratosiewicz-Wąsik, J. Neuro-COVID-19: An insidious virus in action. Neurol. Neurochir. Pol. 2022, 56, 48–60. [Google Scholar] [CrossRef]

	



Hugon, J. Long-COVID: Cognitive deficits (brain fog) and brain lesions in non-hospitalized patients. Presse Med. 2022, 51, 104090. [Google Scholar] [CrossRef]

	



Cosentino, G.; Todisco, M.; Hota, N.; Della Porta, G.; Morbini, P.; Tassorelli, C.; Pisani, A. Neuropathological findings from COVID-19 patients with neurological symptoms argue against a direct brain invasion of SARS-CoV-2: A critical systematic review. Eur. J. Neurol. 2021, 28, 3856–3865. [Google Scholar] [CrossRef]

	



Carod-Artal, F.J. Neurological complications of coronavirus and COVID-19. Rev. Neurol. 2020, 70, 311–322. [Google Scholar] [CrossRef]

	



Charnley, M.; Islam, S.; Bindra, G.K.; Engwirda, J.; Ratcliffe, J.; Zhou, J.; Mezzenga, R.; Hulett, M.D.; Han, K.; Berryman, J.T.; et al. Neurotoxic amyloidogenic peptides in the proteome of SARS-CoV-2: Potential implications for neurological symptoms in COVID-19. Nat. Commun. 2022, 13, 3387. [Google Scholar] [CrossRef]

	



Mogi, M.; Horiuchi, M. Effect of angiotensin II type 2 receptor on stroke, cognitive impairment and neurodegenerative diseases. Geriatr. Gerontol. Int. 2013, 13, 13–18. [Google Scholar] [CrossRef]

	



Takane, K.; Hasegawa, Y.; Lin, B.; Koibuchi, N.; Cao, C.; Yokoo, T.; Kim-Mitsuyama, S. Detrimental Effects of Centrally Administered Angiotensin II are Enhanced in a Mouse Model of Alzheimer Disease Independently of Blood Pressure. J. Am. Heart Assoc. 2017, 6, e004897. [Google Scholar] [CrossRef]

	



Zhang, H.; Penninger, J.M.; Li, Y.; Zhong, N.; Slutsky, A.S. Angiotensin-converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor: Molecular mechanisms and potential therapeutic target. Intensive Care Med. 2020, 46, 586–590. [Google Scholar] [CrossRef]

	



Patel, V.B.; Zhong, J.-C.; Grant, M.B.; Oudit, G.Y. Role of the ACE2/Angiotensin 1-7 Axis of the Renin-Angiotensin System in Heart Failure. Circ. Res. 2016, 118, 1313–1326. [Google Scholar] [CrossRef]

	



Ramos, S.G.; Rattis, B.A.C.; Ottaviani, G.; Celes, M.R.N.; Dias, E.P. ACE2 down-regulation may act as a transient molecular disease causing RAAS dysregulation and tissue damage in the microcirculatory environment among COVID-19 patients. Am. J. Pathol. 2021, 191, 1154–1164. [Google Scholar] [CrossRef]

	



Xue, B.; Zhang, Y.; Johnson, A.K. Interactions of the Brain Renin-Angiotensin-System (RAS) and Inflammation in the Sensitization of Hypertension. Front. Neurosci. 2020, 14, 650. [Google Scholar] [CrossRef]

	



de Morais, S.D.B.; Shanks, J.; Zucker, I.H. Integrative physiological aspects of brain RAS in hypertension. Curr. Hypertens. Rep. 2018, 20, 10. [Google Scholar] [CrossRef]

	



Boily, M.; Li, L.; Vallerand, D.; Girouard, H. Angiotensin II disrupts neurovascular coupling by potentiating calcium increases in astrocytic endfeet. J. Am. Heart Assoc. 2021, 10, e020608. [Google Scholar] [CrossRef]

	



Gouveia, F.; Camins, A.; Ettcheto, M.; Bicker, J.; Falcão, A.; Cruz, M.T.; Fortuna, A. Targeting brain Renin-Angiotensin System for the prevention and treatment of Alzheimer’s disease: Past, present and future. Ageing Res. Rev. 2022, 77, 101612. [Google Scholar] [CrossRef]

	



Imai, Y.; Kuba, K.; Ohto-Nakanishi, T.; Penninger, J.M. Angiotensin-Converting Enzyme 2 (ACE2) in Disease Pathogenesis. Circ. J. 2010, 74, 405–410. [Google Scholar] [CrossRef]

	



Yang, G.; Chu, P.-L.; Rump, L.C.; Le, T.H.; Stegbauer, J. ACE2 and the Homolog Collectrin in the Modulation of Nitric Oxide and Oxidative Stress in Blood Pressure Homeostasis and Vascular Injury. Antioxid. Redox Signal. 2017, 26, 645–659. [Google Scholar] [CrossRef]

	



Zhang, S.; Liu, Y.; Wang, X.; Yang, L.; Li, H.; Wang, Y.; Liu, M.; Zhao, X.; Xie, Y.; Yang, Y.; et al. SARS-CoV-2 binds platelet ACE2 to enhance thrombosis in COVID-19. J. Hematol. Oncol. 2020, 13, 120. [Google Scholar] [CrossRef]

	



Gallagher, P.E.; Chappell, M.C.; Ferrario, C.M.; Tallant, E.A. Distinct roles for ANG II and ANG-(1-7) in the regulation of angiotensin-converting enzyme 2 in rat astrocytes. Am. J. Physiol. Cell Physiol. 2006, 290, C420–C426. [Google Scholar] [CrossRef]

	



Santos, R.A.S.; Sampaio, W.O.; Alzamora, A.C.; Motta-Santos, D.; Alenina, N.; Bader, M.; Campagnole-Santos, M.J. The ACE2/Angiotensin-(1–7)/MAS Axis of the Renin-Angiotensin System: Focus on Angiotensin-(1–7). Physiol. Rev. 2018, 98, 505–553. [Google Scholar] [CrossRef]

	



Suzuki, Y.J. The viral protein fragment theory of COVID-19 pathogenesis. Med. Hypotheses 2020, 144, 110267. [Google Scholar] [CrossRef]

	



Yan, R.; Zhang, Y.; Li, Y.; Xia, L.; Guo, Y.; Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by full-length human ACE. Science 2020, 367, 1444–1448. [Google Scholar] [CrossRef]

	



Tai, W.; He, L.; Zhang, X.; Pu, J.; Voronin, D.; Jiang, S.; Zhou, Y.; Du, L. Characterization of the receptor-binding domain (RBD) of 2019 novel coronavirus: Implication for development of RBD protein as a viral attachment inhibitor and vaccine. Cell. Mol. Immunol. 2020, 17, 613–620. [Google Scholar] [CrossRef]

	



Takeda, M. Proteolytic activation of SARS-CoV-2 spike protein. Microbiol. Immunol. 2022, 66, 15–23. [Google Scholar] [CrossRef]

	



Ogata, A.F.; Maley, A.M.; Wu, C.; Gilboa, T.; Norman, M.; Lazarovits, R.; Mao, C.P.; Newton, G.; Chang, M.; Nguyen, K.; et al. Ultra-sensitive serial profiling of SARS-CoV-2 antigens and antibodies in plasma to understand disease progression in COVID-19 patients with severe disease. Clin. Chem. 2020, 66, 1562–1572. [Google Scholar] [CrossRef]

	



Swank, Z.; Senussi, Y.; Manickas-Hill, Z.; Yu, X.G.; Li, J.Z.; Alter, G.; Walt, D.R. Persistent Circulating Severe Acute Respiratory Syndrome Coronavirus 2 Spike Is Associated with Post-acute Coronavirus Disease 2019 Sequelae. Clin. Infect. Dis. 2023, 76, e487–e490. [Google Scholar] [CrossRef]

	



Ogata, A.F.; Cheng, C.A.; Desjardins, M.; Senussi, Y.; Sherman, A.C.; Powell, M.; Novack, L.; Von, S.; Li, X.; Baden, L.R.; et al. Circulating severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccine antigen detected in the plasma of mRNA-1273 vaccine recipients. Clin. Infect. Dis. 2022, 74, 715–718. [Google Scholar] [CrossRef]

	



Yonker, L.M.; Swank, Z.; Bartsch, Y.C.; Burns, M.D.; Kane, A.; Boribong, B.P.; Davis, J.P.; Loiselle, M.; Novak, T.; Senussi, Y.; et al. Circulating spike protein detected in post-COVID-19 mRNA vaccine myocarditis. Circulation 2023, 147, 867–876. [Google Scholar] [CrossRef]

	



Cosentino, M.; Marino, F. The spike hypothesis in vaccine-induced adverse effects: Questions and answers. Trends Mol. Med. 2022, 28, 797–799. [Google Scholar] [CrossRef]

	



Rhea, E.M.; Logsdon, A.F.; Hansen, K.M.; Williams, L.M.; Reed, M.J.; Baumann, K.K.; Holden, S.J.; Raber, J.; Banks, W.A.; Erickson, M.A. The S1 protein of SARS-CoV-2 crosses the blood–brain barrier in mice. Nat. Neurosci. 2021, 24, 368–378. [Google Scholar] [CrossRef]

	



Braun, E.; Sauter, D. Furin-mediated protein processing in infectious diseases and cancer. Clin. Transl. Immunol. 2019, 8, e1073. [Google Scholar] [CrossRef]

	



Vidricaire, G.; Denault, J.B.; Leduc, R. Characterization of a secreted form of human furin endoprotease. Biochem. Biophys. Res. Commun. 1993, 195, 1011–1018. [Google Scholar] [CrossRef]

	



Kuba, K.; Imai, Y.; Rao, S.; Gao, H.; Guo, F.; Guan, B.; Huan, Y.; Yang, P.; Zhang, Y.; Deng, W.; et al. A crucial role of angiotensin converting enzyme 2 (ACE2) in SARS coronavirus-induced lung injury. Nat. Med. 2005, 11, 875–879. [Google Scholar] [CrossRef]

	



Wang, S.; Guo, F.; Liu, K.; Wang, H.; Rao, S.; Yang, P.; Jiang, C. Endocytosis of the receptor-binding domain of SARS-CoV spike protein together with virus receptor ACE2. Virus Res. 2008, 136, 8–15. [Google Scholar] [CrossRef]

	



Bayati, A.; Kumar, R.; Francis, V.; McPherson, P.S. SARS-CoV-2 infects cells after viral entry via clathrin-mediated endocytosis. J. Biol. Chem. 2021, 296, 100306. [Google Scholar] [CrossRef]

	



Lu, Y.; Zhu, Q.; Fox, D.M.; Gao, C.; Stanley, S.A.; Luo, K. SARS-CoV-2 down-regulates ACE2 through lysosomal degradation. Mol. Biol. Cell 2022, 33, ar147. [Google Scholar] [CrossRef]

	



Portales, A.E.; Mustafá, E.R.; McCarthy, C.I.; Cornejo, M.P.; Couto, P.M.; Gironacci, M.M.; Caramelo, J.J.; Perelló, M.; Raingo, J. ACE2 internalization induced by a SARS-CoV-2 recombinant protein is modulated by angiotensin II type 1 and bradykinin 2 receptors. Life Sci. 2022, 293, 120284. [Google Scholar] [CrossRef]

	



Miao, L.; Yan, C.; Chen, Y.; Zhou, W.; Zhou, X.; Qiao, Q.; Xu, Z. SIM imaging resolves endocytosis of SARS-CoV-2 spike RBD in living cells. Cell Chem. Biol. 2023, 30, 248–260.e4. [Google Scholar] [CrossRef]

	



Lei, Y.; Zhang, J.; Schiavon, C.R.; He, M.; Chen, L.; Shen, H.; Zhang, Y.; Yin, Q.; Cho, Y.; Andrade, L.; et al. SARS-CoV-2 spike protein impairs endothelial function via downregulation of ACE 2. Circ. Res. 2021, 128, 1323–1326. [Google Scholar] [CrossRef]

	



Sui, Y.; Li, J.; Venzon, D.J.; Berzofsky, J.A. SARS-CoV-2 spike protein suppresses ACE2 and type I interferon expression in primary cells from macaque lung bronchoalveolar lavage. Front. Immunol. 2021, 12, 658428. [Google Scholar] [CrossRef]

	



Gao, X.; Zhang, S.; Gou, J.; Wen, Y.; Fan, L.; Zhou, J.; Zhou, G.; Xu, G.; Zhang, Z. Spike-mediated ACE2 down-regulation was involved in the pathogenesis of SARS-CoV-2 infection. J. Infect. 2022, 85, 418–427. [Google Scholar] [CrossRef]

	



Ding, Q.; Shults, N.V.; Gychka, S.G.; Harris, B.T.; Suzuki, Y.J. Protein expression of angiotensin-converting enzyme 2 (ACE2) is upregulated in brains with Alzheimer’s disease. Int. J. Mol. Sci. 2021, 22, 1687. [Google Scholar] [CrossRef]

	



Reveret, L.; Leclerc, M.; Emond, V.; Loiselle, A.; Bourassa, P.; Tremblay, C.; Bennett, D.A.; Hébert, S.; Calon, F. Higher ACE2 expression in the brains of individuals with Alzheimer’s disease. Alzheimers Dement. 2021, 17, e055278. [Google Scholar] [CrossRef]

	



Louise, R.; Manon, L.; Vincent, E.; Cyntia, T.; Andréanne, L.; Philippe, B.; David, A.B.; Hébert, S.S.; Frédéric, C. Higher angiotensin-converting enzyme 2 (ACE2) levels in the brain of individuals with Alzheimer’s disease. Acta Neuropathol. Commun. 2023, 11, 159. [Google Scholar] [CrossRef]

	



Lim, K.H.; Yang, S.; Kim, S.H.; Joo, J.Y. Elevation of ACE2 as a SARS-CoV-2 entry receptor gene expression in Alzheimer’s disease. J. Infect. 2020, 81, e33–e34. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, F.; Yang, J.; Zhang, Y.; Dong, M.; Wang, S.; Zhang, Q.; Liu, F.F.; Zhang, K.; Zhang, C. Angiotensin-converting enzyme 2 and angiotensin 1-7: Novel therapeutic targets. Nat. Rev. Cardiol. 2014, 11, 413–426. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.; Lazartigues, E. Expression of ACE2 in human neurons supports the neuro-invasive potential of COVID-19 virus. Cell. Mol. Neurobiol. 2022, 42, 305–309. [Google Scholar] [CrossRef]

	



Liu, Y.; Yang, Y.; Zhang, C.; Huang, F.; Wang, F.; Yuan, J.; Wang, Z.; Li, J.; Li, J.; Feng, C.; et al. Clinical and biochemical indexes from 2019-nCoV infected patients linked to viral loads and lung injury. Sci. China Life Sci. 2020, 63, 364–374. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Z.; Hu, R.; Zhang, C.; Ren, W.; Yu, A.; Zhou, X. Elevation of plasma angiotensin II level is a potential pathogenesis for the critically ill COVID-19 patients. Crit. Care 2020, 24, 290. [Google Scholar] [CrossRef] [PubMed]

	



Camargo, R.L.; Bombassaro, B.; Monfort-Pires, M.; Mansour, E.; Palma, A.C.; Ribeiro, L.C.; Ulaf, R.G.; Bernardes, A.F.; Nunes, T.A.; Agrela, M.V.; et al. Plasma angiotensin II is increased in critical coronavirus disease 2019. Front. Cardiovasc. Med. 2022, 9, 847809. [Google Scholar] [CrossRef] [PubMed]

	



Ipekci, A.; Biberoglu, S.; Ikizceli, I.; Cakmak, F.; Akdeniz, Y.S.; Kanbakan, A.; Konukoglu, D.; Bolayirli, I.M.; Borekci, S.; Urkmez, S.; et al. ACE2 and ANGII levels in patients with COVID-19 based on thoracic tomography findings and PCR test results. J. Infect. Dev. Ctries. 2022, 16, 427–434. [Google Scholar] [CrossRef] [PubMed]

	



Satarker, S.; Nampoothiri, M. Structural proteins in severe acute respiratory syndrome coronavirus-2. Arch. Med. Res. 2020, 51, 482–491. [Google Scholar] [CrossRef] [PubMed]

	



Neuman, B.W.; Adair, B.D.; Yoshioka, C.; Quispe, J.D.; Orca, G.; Kuhn, P.; Milligan, R.A.; Yeager, M.; Buchmeier, M.J. Supramolecular architecture of severe acute respiratory syndrome coronavirus revealed by electron cryomicroscopy. J. Virol. 2006, 80, 7918–7928. [Google Scholar] [CrossRef] [PubMed]

	



Kehoe, P.G.; Turner, N.; Howden, B.; Jarutyte, L.; Clegg, S.L.; Malone, I.B.; Barnes, J.; Nielsen, C.; Sudre, C.H.; Wilson, A.; et al. Safety and efficacy of losartan for the reduction of brain atrophy in clinically diagnosed Alzheimer’s disease (the RADAR trial): A double-blind, randomised, placebo-controlled, phase 2 trial. Lancet Neurol. 2021, 20, 895–906. [Google Scholar] [CrossRef] [PubMed]

	



MacLachlan, R.; Evans, C.E.; Chai, S.Y.; Good, M.A.; Kehoe, P.G.; Miners, J.S. Age-related reduction in brain ACE-2 is not exacerbated by Alzheimer’s disease pathology in mouse models of Alzheimer’s disease. Aging Brain 2023, 3, 100062. [Google Scholar] [CrossRef]

	



Gebre, A.K.; Altaye, B.M.; Atey, T.M.; Tuem, K.B.; Berhe, D.F. Targeting renin–angiotensin system against Alzheimer’s disease. Front. Pharmacol. 2018, 9, 440. [Google Scholar] [CrossRef] [PubMed]

	



Aboudounya, M.M.; Heads, R.J. COVID-19 and toll-like receptor 4 (TLR4): SARS-CoV-2 may bind and activate TLR4 to increase ACE2 expression, facilitating entry and causing hyperinflammation. Mediators Inflamm. 2021, 2021, 8874339. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Kuang, M.; Li, J.; Zhu, L.; Jia, Z.; Guo, X.; Hu, Y.; Kong, J.; Yin, H.; Wang, X.; et al. SARS-CoV-2 spike protein interacts with and activates TLR4. Cell Res. 2021, 31, 818–820. [Google Scholar] [CrossRef]

	



Shirato, K.; Kizaki, T. SARS-CoV-2 spike protein S1 subunit induces proinflammatory responses via toll-like receptor 4 signaling in murine and human macrophages. Heliyon 2021, 7, e06187. [Google Scholar] [CrossRef]

	



Suzuki, Y.J.; Gychka, S.G. SARS-CoV-2 spike protein elicits cell signaling in human host cells: Implications for possible consequences of COVID-19 vaccines. Vaccines 2021, 9, 36. [Google Scholar] [CrossRef]

	



Theoharides, T.C.; Kempuraj, D. Role of SARS-CoV-2 spike-protein-induced activation of microglia and mast cells in the pathogenesis of Neuro-COVID. Cells 2023, 12, 688. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Qiu, Z.; Hou, Y.; Deng, X.; Xu, W.; Zheng, T.; Wu, P.; Xie, S.; Bian, W.; Zhang, C.; et al. AXL is a candidate receptor for SARS-CoV-2 that promotes infection of pulmonary and bronchial epithelial cells. Cell Res. 2021, 31, 126–140. [Google Scholar] [CrossRef] [PubMed]

	



Cantuti-Castelvetri, L.; Ojha, R.; Pedro, L.D.; Djannatian, M.; Franz, J.; Kuivanen, S.; van der Meer, F.; Kallio, K.; Kaya, T.; Anastasina, M.; et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and infectivity. Science 2020, 370, 856–860. [Google Scholar] [CrossRef]

	



Daly, J.L.; Simonetti, B.; Klein, K.; Chen, K.E.; Williamson, M.K.; Antón-Plágaro, C.; Shoemark, D.K.; Simón-Gracia, L.; Bauer, M.; Hollandi, R.; et al. Neuropilin-1 is a host factor for SARS-CoV-2 infection. Science 2020, 370, 861–865. [Google Scholar] [CrossRef] [PubMed]








[image: Life 14 00279 g001] 





Figure 1. Schemes depicting the main hypothesis of this paper. (a) The binding of the spike protein to ACE2 downregulates (↓) the ACE2 protein, thus increases (↑) Ang II. (b) One spike protein molecule of one SARS-CoV-2 viral particle interacts with one ACE2 molecule, resulting in downregulating one ACE2 molecule per viral particle. If many spike protein molecules of a given viral particle are cut by the furin protease and come off the virus, multiple free spike protein molecules are produced, which can result in the binding of multiple ACE2 molecules per viral particle. This could result in many ACE2 molecules becoming downregulated. (c) The amplification of ACE2 downregulation dramatically increases the level of Ang II. 
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Figure 2. The structure of the SARS-CoV-2 spike protein. The spike protein consists of S1 and S2 subunits. The S1 subunit contains the RBD, which binds to ACE2, and the S2 subunit contains the transmembrane (TM) domain that anchors to the viral membrane. The S1 subunit also contains the extracellular domain (ECD) that binds to AXL and the CendR domain that binds to neuropilin 1. Between the S1 and S2 subunits is an RRAR amino acid sequence that is a consensus sequence where furin protease cleaves. 
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Figure 3. Immunohistochemical evaluations of ACE2 protein expression in human brains. 
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Figure 4. Immunohistochemistry of the brain of a patient who died of COVID-19 showing early signs of Alzheimer’s disease. 
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Figure 5. Schemes depicting the alternative hypothesis. 
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