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Abstract

:

The COVID-19 pandemic has brought to the forefront the intricate relationship between SARS-CoV-2 and its impact on neurological complications, including potential links to neurodegenerative processes, characterized by a dysfunction of the protein quality control systems and ER stress. This review article explores the role of protein quality control systems, such as the Unfolded Protein Response (UPR), the Endoplasmic Reticulum-Associated Degradation (ERAD), the Ubiquitin–Proteasome System (UPS), autophagy and the molecular chaperones, in SARS-CoV-2 infection. Our hypothesis suggests that SARS-CoV-2 produces ER stress and exploits the protein quality control systems, leading to a disruption in proteostasis that cannot be solved by the host cell. This disruption culminates in cell death and may represent a link between SARS-CoV-2 and neurodegeneration.
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1. Introduction


The Coronavirus Disease 2019 (COVID-19) pandemic, produced by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), had an irrevocable impact on the worldwide environment, causing significant disruptions to both livelihoods and economies.



SARS-CoV-2’s structure and mechanism of infection have been well characterized [1,2,3,4,5]. The virus comprises a lipid envelope studded with spike (S) proteins. These spikes facilitate viral entry into host cells by binding to angiotensin-converting enzyme 2 (ACE2) receptors on the cell surface. Following attachment, the virus enters the cell by endocytosis. Its genetic material consists of a single-stranded RNA molecule, which encodes structural proteins, non-structural proteins (NSP), and accessory proteins. Once inside, the viral RNA is translated into proteins, including those for replication and the formation of new virus particles [1,2,3,4,5].



While initially characterized by respiratory symptoms, it has become increasingly evident that SARS-CoV-2 possesses a multifaceted nature, affecting multiple organs and tissues, including the nervous system, even in people that experienced mild or asymptomatic infection [6,7,8]. Therefore, aside from the already successful development of vaccines, it is extremely necessary to understand the cellular and molecular mechanisms that orchestrate these long-term consequences and to find therapies to reduce and/or avoid their appearance and progression. Reports of neurological complications associated with COVID-19 have emerged from across the globe, raising questions about the virus’ potential impact on the central nervous system (CNS) [9]. These neurological complications include a wide spectrum, from mild symptoms like anosmia and ageusia to more severe manifestations, including encephalopathy, seizures, and stroke [6]. Moreover, accumulating evidence has suggested a potential link between SARS-CoV-2 infection and the exacerbation or even initiation of neurodegenerative processes, such as Parkinson’s and Alzheimer’s diseases (AD and PD, respectively) [10,11,12], underscoring the critical need to unravel the fundamental mechanisms involved. The mechanisms underlying these neurological manifestations are multifaceted and may involve both direct viral invasion and indirect immune-mediated responses. Solving this intricate puzzle is imperative not only for comprehending the full spectrum of COVID-19, but also for devising targeted strategies to mitigate its neurological consequences. Of particular concern are the alterations made to the protein quality control systems after they are hijacked by the virus. These alterations and the generation of ER stress are hallmarks of both neurodegenerative pathologies (characterized by protein accumulation and aggregation) and viral infections, including SARS-CoV-2 infection. This review undertakes a comprehensive exploration of the intersection between SARS-CoV-2 and protein quality control systems. We seek to offer a broad overview of this relationship and shed light on the possible association with neurodegeneration. Specifically, we explore the current state of knowledge regarding:




	  i)

	
The critical role of protein quality control systems, such as the Unfolded Protein Response (UPR) induced by Endoplasmic Reticulum (ER) stress, the Endoplasmic Reticulum-Associated Degradation (ERAD) and the Ubiquitin-Proteasome System (UPS), the autophagic–lysosomal pathway and the molecular chaperones;




	 ii)

	
How these systems are manipulated during SARS-CoV-2 infection and potential therapeutic strategies targeting the viral manipulation of the protein quality control systems;




	iii)

	
How ER stress and the manipulation of the protein quality control systems induced by SARS-CoV-2 in the central nervous system (CNS) could lead to neurodegeneration.










2. Role of Protein Quality Control Systems in SARS-CoV-2 Infection


Protein quality control systems are essential for keeping the balance in how proteins are made, folded, and removed in cells [13]. Viral infections, such as SARS-CoV-2, can disrupt these systems and induce ER stress, affecting cellular functions. This discussion provides an overview of key protein quality control mechanisms, including the UPR, ERAD and UPS, as well as autophagy and molecular chaperones. All these systems are not independent, but are interconnected, so an effect on one of them can have consequences for the others [13]. We explore how viruses interact with these systems, focusing on SARS-CoV-2. Additionally, we examine how dysfunctions in protein quality control are common in both neurodegeneration and viral infections, suggesting a potential link. Understanding these connections is crucial for deciphering how viral infections, especially SARS-CoV-2, contribute to neurodegeneration, and for developing targeted therapies to address related proteostasis issues.



2.1. ER Stress and UPR


ER stress and UPR are common aspects that emerge during the appearance and progression of both neurodegenerative diseases [14,15,16] and viral infections [13,17]. Viral infections often trigger an upsurge in protein synthesis, potentially surpassing the folding capacity of the ER. Consequently, this imbalance leads to the accumulation of unfolded proteins, inducing ER stress [13,17]. In response to ER stress, cells activate a multifaceted signaling network known as UPR, an adaptive response aimed at mitigating the burden of unfolded proteins to sustain cellular viability and function [18,19].



The UPR is a sophisticated signaling pathway initiated by the activation of three primary UPR stress sensors (see Figure 1): inositol-requiring protein 1 (IRE1), protein kinase RNA-like ER kinase (PERK), and activating transcription factor 6 (ATF6) [13,18,20,21,22]. The glucose regulated protein-78 (GRP78, also known as BiP or HSPA5), is an ER chaperone that plays a pivotal role as the principal regulatory protein by binding to these sensors. In the absence of stress, GRP78 predominantly associates with these three proteins, effectively suppressing their activity and preventing the initiation of UPR signaling. However, under stress conditions characterized by the accumulation of misfolded proteins in the ER (as observed in neurodegenerative diseases and in viral infections), GRP78 interacts with these unfolded proteins, aiming to maintain their foldable state and resulting in the release of the three UPR mediators (Figure 1). The specific mechanisms of the UPR pathways include [20,21]:




	−

	
IRE1 activation and splicing of XBP1 (X-box binding protein 1) mRNA, resulting in the production of sXBP1, an active transcription factor. sXBP1 regulates the expression of chaperones and ERAD components, reinforcing ER’s protein-folding and -degradation capacity. IRE1 also catalyzes the degradation of a large number of mRNAs and some pre-microRNAs (pre-miRNAs). This process is called regulated IRE1-dependent decay (RIDD) [23,24]. On the other hand, it is known that IRE1 is capable of forming high-order complexes in the ER membrane and interacting with a large number of proteins, among which the tumor necrosis factor (TNF) receptor-associated factor 2 (TRAF2) stands out. This interaction activates a cascade of signaling that leads to the activation of c-Jun N-terminal kinase (JNK), which, in turn, can inhibit some anti-apoptotic members of the BCL-2 family while activating pro-apoptotic proteins. Together, these two events lead to the oligomerization of BCL-2-like protein 4 (BAX) and BCL-2 antagonist/killer (BAK), initiating the apoptosis process [23,24,25];




	−

	
PERK activation and the phosphorylation of the eukaryotic initiation factor 2α (eIF2α), a pivotal regulator of protein translation. Phosphorylated eIF2α reduces global protein synthesis, thereby alleviating the ER burden and allowing cells to cope with ER stress. However, this process can also induce apoptosis by upregulating the C/EBP homologous protein (CHOP). The prolonged upregulation of CHOP induces apoptosis through pathways involving the BCL2 binding component 3 (BBC3/PUMA) and the tribbles pseudokinase 3 (TRIB3).




	−

	
ATF6 activation and translocation to the Golgi apparatus, where it is cleaved by site-1 (S1P) and site-2 (S2P) proteases, releasing a 50 kDa N-terminal fragment that translocates to the nucleus. This fragment acts as a transcription factor that subsequently upregulates genes encoding ER chaperones and other proteins involved in ER quality control.
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Figure 1. SARS-CoV-2 induces ER stress and activates the UPR. The translation of SARS-CoV-2 proteins generates ER stress, which activates the UPR as an antiviral host cell response. However, SARS-CoV-2 is able to manipulate the different pathways of the UPR (red arrows) depending on the viral requirements for its replication. The specific proteins involved in the SARS-CoV-2 and UPR interaction are summarized in Table 1. The prolonged activation of the UPR leads to the initiation of pro-apoptotic signaling pathways (e.g., IRE1/TRAF2/JNK or PERK/ATF4/CHOP), disturbances in cellular calcium levels due to ER release, mitochondrial dysfunction, and consequently ROS generation, and the induction of oxidative stress, culminating in cell death. 
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These sensors orchestrate adaptive processes through both transcriptional and non-transcriptional responses to restore ER homeostasis (Figure 1). This involves adapting protein synthesis, enhancing protein folding capacity, and increasing the efficiency of ERAD [20,21,22]. The activation of these three UPR pathways leads to diverse downstream consequences, depending on the nature and intensity of the stimuli and the specific cell type involved. Although the primary objective of the UPR is to reinstate ER homeostasis, prolonged or severe ER stress can activate apoptotic pathways through factors such as activating transcription factor 4 (ATF4) and CHOP, ultimately culminating in cell death, as observed in neurodegenerative processes [13,20,21,22].



2.1.1. ER Stress and UPR in Viral Infections


It has been extensively described that viruses use the ER for entering, replicating and assembling, but also to evade the host immune system [26,27]. Viral infections produce ER stress (especially those viruses that interact with the ER for their replication). When the hijacked host cell machinery synthesizes viral proteins at a rapid rate, it can overwhelm the ER’s capacity to fold these proteins correctly. This excessive load of misfolded proteins leads to ER stress, which subsequently initiates compensatory pathways. Actually, a total of 35 animal viruses (mainly RNA viruses) have been documented to induce ER stress [28]. The progression of ER stress and the activation of the UPR (as well as the ERAD/UPS systems) can be involved in both the host defense mechanism and viral pathogenesis [29]. On the one hand, viral proteins induce ER stress, which activates the UPR (Figure 1), as part of the host cell defense response [30]. This includes the activation of ER chaperones and the stimulation of all three UPR sensors (ATF6, IRE1 and PERK), as well as the ERAD pathway (Figure 2), enhancing the degradation of viral particles to restore the homeostasis [31,32]. Also, the viral induction of ER stress and the activation of the UPR can induce the inflammatory response and activate other protein quality control systems, such as autophagy (Figure 3) [17]. On the other hand, to ensure their survival and pathogenesis, viruses have developed intricate mechanisms to modulate signaling pathways related to ER stress, UPR and immune responses for their own benefit [28]. Some examples are the Hepatitis C virus (HCV), which activates the eIF2α/ATF4 pathway, leading to the selective degradation of HCV pro-oxidant proteins Core and NS5A [33]; the Zika virus (ZIKV) activates IRE1, promoting XBP1 mRNA splicing and increasing viral replication [34]. However, the Herpes simplex virus (HSV-1) suppresses the UPR initially (especially the IRE1 pathway and XBP1 activation), and enhances it later during infection, aligning with the replication stages [19,35]. Also, the Porcine delta coronavirus (PDCoV) is able to improve viral replication through the ATF6 pathway, while PERK signaling abrogates it, and IRE1 is not involved in this viral replication [36]. Hence, the manipulation of distinct UPR branches, and subsequently the potential therapeutic approaches, varies according to the specific virus.
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Figure 2. Degradation of unfolded protein through the ERAD/UPS pathways and SARS-CoV-2 interplay. When chaperones are not able to achieve the proper folding of proteins within the ER, these misfolded proteins are recognized and isolated by lectins and ERAD components, including EDEM1-3, OS9, PDIs and GRP78. The targeted proteins are then recruited to the ERAD complex and retrotranslocated to the cytosol. This complex involves Sec61, DERL1-3 and p97, together with SEL1L and HRD1, which assist in the ubiquitination process. After (poly)ubiquitination, the proteins are recognized by the 26S proteasome and deubiquitinated for degradation. While these processes are common antiviral responses of host cells, SARS-CoV-2 is able to positively or negatively manipulate this machinery to ensure its replication, escape and survival (red arrows). Consequently, the ERAD and UPS systems are not efficient in solving protein accumulation, leading to neurodegeneration. Moreover, SARS-CoV-2 can inhibit IFN production, and therefore the formation of immunoproteasome and antigen presentation. The proteins responsible for the ERAD/UPS and SARS-CoV-2 interplay are indicated in Table 2. 
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2.1.2. ER Stress and UPR in SARS-CoV-2 Infection


ER Stress/UPR-Related Antiviral Strategies against SARS-CoV-2


After entering the cell by binding its spike protein to ACE2 receptors, essential stages of the virus’ life cycle take place within the ER. These encompass critical processes such as protein synthesis, modification, genome replication, and assembly [19]. Accordingly, infection with SARS-CoV-2 induces ER stress and consequently activates the UPR, ERAD and autophagy (Figure 1, Figure 2 and Figure 3) in different tissues, including the brain [37,38,39]. The activation of these protein quality control systems is part of the antiviral response of host cells to SARS-CoV-2 infections (Figure 1). However, even if the UPR is activated to deal with the harmful effects of the virus, this activation can induce either cell survival or apoptosis, depending on the severity and duration of the stress [37,40]. Liu et al. (2022) observed in whole-blood samples (containing multiple cell types) of COVID-19 patients that altered miRNAs, as an antiviral host response against SARS-CoV-2, were primarily linked to ER stress and UPR pathways’ regulation (including ATF6, IRE1 and PERK pathways), as well as to the generation of proinflammatory cytokines and immune responses [40].





[image: Cells 13 00123 g003] 





Figure 3. Main types of autophagy (macroautophagy, microautophagy and CMA) and SARS-CoV-2 points of interaction. The virus reaches the lysosome through the endosomal pathway, and its mRNA is released to the cytosol. During its life cycle, SARS-CoV-2 can induce or block autophagy and autophagosome formation, suppress autophagosome–lysosome fusion, and use the endosomal and autophagosomal machinery to form DMVs, facilitate its replication, evade immune responses, and promote its survival within host cells. Similarly, the virus can block the IFN-I-dependent induction of autophagy. The proteins involved in this interplay are detailed in Table 3. The inhibition of autophagosome–lysosome fusion yields the accumulation of proteins and substrates targeted for autophagy degradation. 
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ER Stress/UPR-Related SARS-CoV-2 Strategies


As expected, the virus can manipulate these systems for its own replication [39,41,42,43,44,45] by interacting with different ER stress/UPR components, as summarized in Table 1. The origin of these alterations, whether initiated by the host cell or the virus, remains unclear, posing a challenge in understanding this complex interaction (Figure 1). Researchers continue to explore these mechanisms in attempts to develop targeted therapies against COVID-19.



The manipulation of these processes by SARS-CoV-2 seems to depend on the type of cell or tissue. Bartolini et al. (2022) demonstrated in SARS-CoV-2-infected VERO-E6 cells that ER stress and UPR signaling (mainly via the IRE1/TRAF2 pathway) potentially contribute to viral replication and lead to inflammatory processes related to viral pathogenesis [41]. Treatment with Nelfinavir reduced IRE1α activity and restored host cell balance, highlighting UPR signaling and ER stress as vital in SARS-CoV-2 interactions and inflammation. Other authors, such as Chaudhry et al. (2022), showed that ER stress and the activation of the PERK pathway of the UPR played key roles in SARS-CoV-2 infection in dopamine-containing neurons (dDCNs) derived from a human neural progenitor cell line (ReNVM) [42]. Besides this, elevated ER stress (indicated by higher GRP78 levels), increased phosphorylated eIF2α (PERK activation) and cell death upon overexpressing the SARS-CoV-2 spike protein in HEK293T cells (derived from the human embryonic kidney 293 cell line) have been observed [19]. Moreover, within these cells, the SARS-CoV-2 open reading frame 8 (ORF8) protein, distinctive to this virus, initiated ER stress and UPR activation. Specifically, it predominantly activated the ATF6 and IRE1 branches. This activation led to the upregulation of proteins such as GRP78 and the protein disulfide-isomerase A4 (PDIA4), alongside other stress-related effectors such as CHOP, ER Degradation-Enhancing α-Mannosidase-Like Protein (EDEM), and Derlin-3 (DERL3). Ultimately, this orchestrated response facilitated the replication of SARS-CoV-2 [39,43,44]. Furthermore, Wen-Qing et al. (2021) found that SARS-CoV-2 protein ORF3a activates the three UPR pathways in human cervical cancer-derived HeLa cells, increasing key protein levels related to viral replication [45]. UPR modulators of ATF6, IRE1 and PERK pathways have been evaluated as potential therapeutic targets against COVID-19, reducing the viral load and alleviating the associated pathophysiology [43,46]. Examples such as PERK inhibitors, GSK2606414, ISRIB and Salubrinal reduced viral replication [43,47]. The inhibition of IRE1 by compounds such as STF-083010, and ATF6 by inhibitors like AEBSF, demonstrated promising efficacy against SARS-CoV-2. These inhibitors have shown the potential to significantly reduce the virus titer, suggesting a potential avenue for therapeutic intervention [43]. Additionally, thapsigargin, an ER stress inducer, effectively inhibits the replication of coronaviruses, including Human coronavirus 229E (HCoV-229E), Middle East respiratory syndrome coronavirus (MERS-CoV), and SARS-CoV-2 [48]. It reverses virus-induced translational shut-down, improves cell viability, and counteracts the CoV-mediated downregulation of IRE1 and GRP78.





 





Table 1. Summary of reported ER stress/UPR components hijacked by SARS-CoV-2.
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Key Components

	
SARS-CoV-2 Strategies

	
References






	
ER Stress and UPR

	
ATF6

	
Activated by SARS-CoV-2 ORF8 protein.

	
[36,40,41]




	
IRE1α

	
Contributes to viral replication.

Activation in dDCNs.

Activated by SARS-CoV-2 ORF8 protein.

	
[36,38,39,40,41]




	
PERK

	
Activation plays a key role in SARS-CoV-2 infection in dDCNs.

Reduced viral replication upon pharmacological inhibition.

	
[39,40,44]




	
GRP78

PDIA4

CHOP

	
Upregulated by SARS-CoV-2 ORF8 protein.

	
[36,40,41]












2.2. ERAD and UPS


ERAD is a crucial process in the quality control of ER proteins, facilitating the elimination of aberrant proteins by the UPS [49]. This process is essential for maintaining cellular proteostasis, as misfolded or unassembled proteins can compromise the cell function. This process consists of three phases: recognition of misfolded or damaged proteins in the ER, retrotranslocation into the cytosol, and ubiquitin-dependent degradation by the proteasome (Figure 2). ER luminal chaperones both prevent improper folding and identify terminally misfolded proteins, directing them for ERAD. Some ERAD components include the EDEM family members, such as EDEM1, EDEM2, and EDEM3, as well as the Osteosarcoma 9 (OS9) protein, the chaperone GRP78, and protein disulfide-isomerases (PDIs), such as the ER DnaJ domain-containing protein 5 (ERdj5). These components facilitate the recognition, recruitment and disposal of the misfolded proteins [50,51] for retrotranslocation via the ERAD complex. This complex involves the Sec61 translocon, DERL1-3 and valosin-containing protein (p97), together with the suppressor enhancer Lin12 1-like (SEL1L) and the ERAD-associated E3 ubiquitin–protein ligase (HRD1) that contribute to the ubiquitination process [51,52]. After (poly)ubiquitination, the proteins are recognized and degraded by the proteasome (Figure 1).



The ubiquitination process (which can take place in the ER or in the cytosol) involves the covalent attachment of ubiquitin molecules to lysine (K) residues on the substrate protein, through an enzymatic cascade involving E1 (ubiquitin-activating), E2 (ubiquitin-conjugating), and E3 (ubiquitin ligase) enzymes. The specificity of ubiquitination is determined by the type of linkage formed between ubiquitin molecules [53]. Hence, the E3 ubiquitin ligases play a pivotal role in specifying the target proteins for degradation. Their activity, expression, and turnover are rigorously regulated to prevent inappropriate ubiquitination and maintain cellular function [49]. The type of ubiquitination will direct the protein to a specific destination. For example, K48 linkages are tagged to UPS degradation, while K63 is tagged to autophagy and non-proteolytic signaling pathways [53,54].



The proteasome, a large multi-catalytic protease, is responsible for the degradation of ERAD substrates, as well as other UPS-tagged proteins [55]. The proteasome consists of a catalytic core complex (20S proteasome) and regulatory subunits such as 19S or 11S particles. The catalytic core is the 20S proteasome, a hollow barrel-shaped structure comprising four rings with α and β subunits. The α-rings control substrate access, and the β-rings house catalytic subunits (β1, β2, and β5). This 20S proteasome degrades non-ubiquitinated misfolded or damaged proteins [13]. Additionally, the proteasome can associate with regulatory subunits, forming different types of proteasomes (mainly 26S or 30S, immunoproteasome, hybrid proteasomes) with distinct functions. The regulatory particle 19S forms the 26S or 30S proteasome when associated with the 20S proteasome. The 19S particle facilitates binding, deubiquitination, unfolding, and the channeling of target proteins for degradation [13,55]. Additionally, deubiquitinating enzymes (DUBs) can modulate ubiquitination and the ERAD process by removing ubiquitin chains from substrate proteins [56]. Besides this, cytokines such as interferon α (IFNα), IFNγ and TNFα induce the replacement of constitutive catalytic subunits (β1, β2, and β5) in the 20S proteasome with inducible subunits β1i, β2i, and β5i, and this results in the formation of the immunoproteasome (Figure 2). The immunoproteasome, expressed in immune cells, exhibits distinct proteolytic activities compared to the standard 20S proteasome. It plays essential roles in antigen presentation, γ-interferon-mediated microglial activation, cytokine production by microglial cells, and the regulation of T-cell populations, highlighting its significance in immune responses and cellular regulation [57].



The ERAD is also modulated by the ERAD tuning process, the regulation of ERAD activity by segregating ERAD components (like EDEM proteins) into specific ER-derived vesicles, named EDEMosomes (Figure 2). This segregation prevents the premature degradation of certain proteins, allowing the cell to regulate ERAD more precisely [58,59]. A huge number of associations between the ERAD pathway and human diseases have been established, highlighting the former’s significance in health and disease. Neurodegenerative diseases are characterized by disruptions in both ERAD and the UPS. These disruptions contribute to the accumulation of abnormal proteins and the formation of toxic protein aggregates, which are commonly associated with the pathogenesis of these conditions [60,61,62]. Also, beyond their fundamental roles in cell proteostasis, the ERAD and UPS have emerged as critical players in the intricate interaction between viruses and host cells during the process of viral infection [63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81].



2.2.1. ERAD and UPS in Viral Infections


These systems also play a dual role in viral pathogenesis [82,83]. On the one hand, the ERAD/UPS mechanisms act as vital components of the host antiviral defenses by degrading viral components and activating the immune antiviral response [81,84,85,86,87,88,89,90,91]. On the other hand, many viruses employ intricate strategies to utilize the host ERAD and UPS to their advantage. They optimize their viral protein levels, facilitating viral genome uncoating, viral replication, and immune evasion. Simultaneously, the virus can target host proteins that impede viral growth [27,28,59,73,82,92,93,94,95,96,97,98,99,100,101,102,103]. This dynamic interplay between viruses and the ERAD/UPS systems highlights the fight between host defense mechanisms and viral strategies for survival and propagation.



Among the host defense events, we highlight the following ERAD/UPS-related mechanisms:




	−

	
Degradation of viral proteins. The viral proteins present in the ER lumen or the cytosol are marked for destruction, limiting viral replication within host cells [84,85,86];




	−

	
Proteasome activation. Modulating proteasome activity promotes the clearance of viral components within infected cells. Both 26S proteasome and immunoproteasome functions appear to be important for a variety of host responses to viral infection, degrading viral proteins and promoting the antigen presentation of viral particles [81,87];




	−

	
Immune response regulation. The UPS regulates immune proteins, influencing the intensity and duration of the immune response to viruses [88,89];




	−

	
Interferon response. The production of interferons under viral infection induces the expression of ERAD/UPS-related genes, enhancing the degradation of viral proteins [90,91].









In contrast, the virus life cycle depends on the host’s ERAD/UPS systems, which control protein degradation and stability during cell entry, replication, protein expression, assembly, egress, and immune evasion. Viruses can strategically target host and viral proteins for degradation by ERAD and modulate the expression or activity of ERAD-related proteins [27,28,59,92,93,94,95]. They also have the capacity to alter the selectivity of cellular E3 ligases or DUBs, which regulate an ample variety of cellular and viral targets. Alternatively, they can incorporate viral ubiquitin-like modifiers or enzymes involved in ubiquitination and deubiquitination to modify an entirely different array of substrates. The viral ERAD/UPS-related strategies can be summarized as follows:




	−

	
Degradation of host proteins. Some viruses encode specific proteins that target host proteins for degradation. For example, in the case of Human cytomegalovirus (HCMV), the viral proteins US2 and US11 induce the degradation of major histocompatibility complex (MHC) class I molecules through ERAD [94]. By eliminating MHC class I molecules, which are crucial for immune recognition, infected cells can avoid detection and destruction by the immune system. Besides, the Human Immunodeficiency Virus (HIV), through the viral protein U (Vpu), targets the host’s cluster of differentiation 4 (CD4) protein for degradation [93]. By using the ERAD pathway, Vpu facilitates the degradation of CD4, the receptor for HIV entry, thereby reducing the number of available receptors on the cell surface. This downregulation of CD4 is beneficial for the virus, as it prevents superinfection (multiple viruses infecting the same cell);




	−

	
Modulation of the expression or activity of ERAD/UPS-related proteins. Viruses can modulate the expression or activity of ERAD-related proteins to favor their replication and assembly processes. For instance, the ERAD pathway can reduce the amount of virus envelope proteins in order to control the level of virus particles, and thus facilitates chronic infections, as observed in Hepatitis B Virus (HBV) [28,95]. Zhou et al. (2022) recently published a comprehensive review on the topic of how viruses utilize the ERAD pathway to regulate their replication and propagation [92];




	−

	
Manipulation of ER membrane dynamics. Viruses can also induce alterations in ER membrane dynamics, creating a specialized membrane structures that support viral replication. This is the case of the Japanese encephalitis virus (JEV), which modifies ERAD by confiscating EDEMosomes. These vesicles segregate ERAD factors such as EDEM1, OS9, and SEL1L from the ER lumen, which fall under the control of the virus [59];




	−

	
Manipulation of ubiquitination. This viral strategy includes several possibilities—




	
Ubiquitination of viral proteins as tools for assembly and entry. This post-translational modification serves as a molecular tag, facilitating the assembly and budding of new viral particles [82,96]. This ubiquitin-mediated process is crucial for the completion of the viral life cycle. Notably, this modification can also enhance virus–host interactions, promoting virus entry, replication, and pathogenesis [97,98,99];



	
Manipulation of host ubiquitinating enzymes (including E1, E2 and E3 enzymes). The virus can exploit the ubiquitination of both host and viral proteins to enhance or complete their life cycles [73,100,101];



	
Viral DUBs enzymes. As host antiviral responses are significantly dependent on the UPS function, viruses have also developed DUBs active proteins, which can facilitate viral replication and regulate the host’s innate immune response [102,103].















2.2.2. SARS-CoV-2 and ERAD/UPS Interaction


In SARS-CoV-2 infections, the ERAD/UPS systems can also function as components of the host cell defense mechanisms and as an integral part of the virus’ infection strategy (Figure 2). Raaben et al. (2010) already highlighted that the UPS regulates different steps of the coronavirus infection cycle, and that ubiquitination plays a pivotal role in these processes [104].



ERAD/UPS-Related Antiviral Strategies against SARS-CoV-2


The ubiquitination level in COVID-19 patients has been proposed as a potential prognostic indicator, as well as a promising target for therapeutic intervention [105]. In this study, Che et al. (2022) utilized COVID-19 transcriptome data and bioinformatics to explore ubiquitination in COVID-19 patients. They discovered a strong association between high ubiquitination levels and favorable prognosis, as well as reduced inflammation. The SARS-CoV-2 protein ORF9b, which inhibits type I interferon (IFN-I) production and consequently host immune response, is ubiquitinated and targeted for degradation through the proteasome as a host defense mechanism [79]. Furthermore, different ubiquitin ligases have been identified as potent restrictors of SARS-CoV-2. Li et al. (2023) showed that the E3 ligase RNF5 promotes the ubiquitination and degradation of the viral envelope protein, inhibiting SARS-CoV-2 replication [69,106]. Furthermore, tripartite motif (TRIM) proteins such as TRIM25 and TRIM56, known for their involvement in maintaining cellular proteostasis and preventing protein aggregation in neurodegenerative disorders, also contribute to the defense against COVID-19 through their ubiquitin ligase activity [107,108]. The proteomic analysis of Vanderboom et al. (2021) revealed, in nasopharyngeal swab samples of COVID-19 patients, a reduction in proteasomal activity, affecting specific proteasomal subunits such as the non-ATPase subunits of the 19S regulator lid (PSMC1), proteasome 26S subunit non-ATPase 2 (PSMD2) and 7 (PSMD7), and the proteasomal ubiquitin receptor ADRM1. Concurrently, they identified an upregulation of E3 ligases and the interferon-stimulated gene 15 (ISG15) protein, a ubiquitin-like modifier, which plays a pivotal role in mediating antiviral activity by targeting viral proteins during viral infections. Moreover, the E3 ubiquitin ligases responsible for ISG15 conjugation, HERC5 and UBE2L6, were also found to be upregulated in response to SARS-CoV-2 infection. More research is needed to highlight which of the UPS-related changes that these authors observed are due to the viral manipulation of the UPS by SARS-CoV-2, or to a host response against the virus [109].




ERAD/UPS-Related SARS-CoV-2 Strategies


SARS-CoV-2 can manipulate the host ERAD/UPS systems or introduce viral UPS components (Figure 2). The reported ERAD and UPS components hijacked by SARS-CoV-2 are summarized in Table 2.



Multiomics studies have shown that SARS-CoV-2 proteins undergo ubiquitination, facilitating viral replication, and some E3 ubiquitin ligases have been identified as potential antiviral targets [110]. In addition, Longhitano et al. (2020) discussed the potential use of UPS inhibitors for therapeutic interventions, reducing viral entry, RNA synthesis, and protein expression [111]. A comprehensive overview of the roles of E3 ubiquitin ligases and DUBs in COVID-19 has recently been presented by Zhao et al. (2023). They clarified the mechanisms by which the virus utilizes host E3 ubiquitin ligases and DUBs, along with its own viral proteins that have similar enzyme activities, to facilitate invasion, replication, escape, and inflammation [73]. Several authors have demonstrated that ubiquitin variants (UbVs) can block SARS-CoV-2 PLpro activity, providing novel insights into drug development [63,112]. These discoveries highlight the virus’ remarkable ability to hijack host cellular machinery to further its own replication and propagation. Besides this, Chen et al. (2022) have suggested that SARS-CoV-2 may sequester the ERAD pathway and EDEMosome formation machinery, similar to other coronaviruses [113]. This is supported by the fact that the SARS-CoV-2 ORF8 protein induces an increase in EDEM expression in 293-F cells, derived from transformed human embryonal kidney (HEK) cells, but not in mouse cells. Due to the context-specific interaction of the virus and the host cells, further detailed studies are required to precisely elucidate the virus’ specific role in ERAD during the course of infection. Maimaitiyiming et al. (2022) demonstrated that heat treatment can promote the ubiquitin-mediated proteolysis of SARS-CoV-2 RNA polymerase (NSP12), offering a potential strategy for controlling viral replication. This mechanism involves the E3 ubiquitin ligase ZNF598, which plays a crucial role in the degradation process [106]. Several authors have also proposed that DUBs could be potential therapeutic targets against SARS-CoV-2 infection [114]. For example, inhibitors of the PLpro, such as PR-619 and HBX41108 or naphthalene based PLpro inhibitors, restrict SARS-CoV-2 replication in both VERO-B4 and human Calu-3 lung cells [112,115,116]. Other studies have suggested that proteasome inhibitors, such as MG132, epoxomycin and bortezomib, negatively impact the replication of various viruses, including SARS-CoV-2, within host cells [111].





 





Table 2. Summary of reported ERAD and UPS components hijacked by SARS-CoV-2.
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Key Components

	
SARS-CoV-2 Strategies

	
References






	
ERAD and UPS

	
Ubiquitination

	
Facilitates viral replication of SARS-CoV-2 proteins.

	
[105]




	
E3 Ubiquitin Ligases and DUBs

	
Identified as potential antiviral targets. Utilized by the virus for invasion, replication, escape, and inflammation.

	
[68,105]




	
Ubiquitin Variants (UbVs)

	
Block SARS-CoV-2 PLpro activity, offering insights for drug development.

	
[58,107]




	
Heat Treatment

	
Promotes ubiquitin-mediated proteolysis of SARS-CoV-2 RNA polymerase (NSP12) through E3 ubiquitin ligase ZNF598.

	
[101]




	
DUBs Inhibitors

	
Potential therapeutic targets against SARS-CoV-2 infection.

	
[107,109,110,111]




	
Proteasome Inhibitors

	
MG132, epoxomycin, and bortezomib negatively impact SARS-CoV-2 replication.

	
[106,107]









In conclusion, the interaction between SARS-CoV-2 and the ERAD/UPS intricately shapes SARS-CoV-2 infection dynamics. Understanding these mechanisms would provide valuable insights into potential therapies for combatting COVID-19-induced neurodegeneration.






2.3. Autophagy


Autophagy is a fundamental cellular process responsible for the degradation and recycling of cellular components, playing a crucial role in maintaining cellular homeostasis by removing damaged organelles and cellular debris, protein aggregates and specific soluble proteins [117,118]. There are three main types of autophagy: macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) (Figure 3). All of them culminate in the delivery of the target substrate to the lysosome for degradation. Macroautophagy involves the formation of autophagosomes that engulf cytoplasmic material, which then fuse with lysosomes [119]. Microautophagy directly engulfs cargo at the lysosomal membrane [120], while CMA selectively targets proteins recognized by specific chaperone proteins [121]. Each type of autophagy is orchestrated by a distinct set of key proteins [118]. In macroautophagy, initiation involves the contribution of unc-51-like autophagy-activating kinases 1 and 2 (ULK1/2), autophagy-relate gen 13 (ATG13), FAK family-interacting protein of 200 kDa (FIP200), and ATG101, while autophagosome nucleation relies on Beclin-1 (BECN1), vacuolar protein sorting 34 (VPS34), VPS15, and ATG14. Elongation requires ATG5, the ATG12–ATG5–ATG16L1 complex, ATG7, ATG10, and ATG3. The microtubule-associated protein 1A/1B-light chain 3 (LC3), the gamma-aminobutyric acid receptor-associated protein (GABARAP), the lysosomal-associated membrane protein 2 (LAMP2) and the sequestosome-1 (SQSTM1/p62, hereafter referred to as p62) participate in the recognition of cargo, and autophagosome maturation and fusion [119,122]. Microautophagy involves the endosomal sorting complexes required for transport (ESCRT) machinery and heat-shock cognate 70 (HSC70) in endosomal microautophagy, and LAMP2A and HSC70 in lysosomal microautophagy [120,123]. Chaperone-mediated autophagy relies on HSC70, co-chaperones, and LAMP2A, wherein KFERQ-like motifs guide substrate recognition and translocation into lysosomes [121,124]. These key proteins, together with other involved proteins, collectively govern the dynamic and selective degradation of cellular components, illustrating the intricate molecular machinery underlying the diverse autophagic pathways. Additionally, various specialized forms of autophagy have been defined, such as mitophagy (targeting damaged mitochondria), pexophagy (clearing peroxisomes), aggrephagy (removing protein aggregates), lipophagy (degrading lipid droplets), ER-phagy (eliminating parts of the ER), and nucleophagy (selective removal of nuclear components). Each targets specific cellular structures, ensuring the maintenance of cellular health through controlled degradation and recycling.



Autophagy plays a complex role in cellular health. Proper autophagic function is essential for neuronal survival, as it clears misfolded proteins associated with neurodegenerative diseases. However, dysfunctional autophagy can contribute to the accumulation of toxic protein aggregates, a hallmark of conditions like AD and PD disease, among other neurodegenerative diseases [125,126,127]. Numerous preclinical studies provide evidence supporting the potential use of autophagy modulators as suppressors of age-related pathologies, particularly in the context of neurodegenerative diseases [127]. In viral infections, similar to the ERAD/UPS systems, autophagy plays a dual role. On one hand, it serves as a crucial host defense mechanism by targeting and degrading viral components, contributing to the elimination of the virus. On the other hand, certain viruses have evolved to exploit the autophagic process for their own replication and survival, subverting the host defense mechanisms for their benefit [128,129,130]. This intricate interplay between autophagy and viral infections highlights the complexity of host–virus interactions and the multifaceted nature of cellular responses to viral invasion. As for neurodegeneration, modulating autophagic activity has emerged as a promising approach to combat viral infections [131].



2.3.1. Autophagy in Viral Infections


On the subject of viral infections, by selectively targeting viral components, degrading replication compartments, facilitating antigen presentation, and integrating with antiviral signaling pathways, autophagy serves as a potent cellular defense mechanism against a wide range of viral infections. However, similar to what happens with the other protein quality control systems, persisting viruses have evolved strategies to manipulate the autophagic machinery [128,129,130]. The role of autophagy in viral infections has recently been reviewed by Chen et al., (2023) [128]. Many studies have demonstrated that autophagy can execute its antiviral function through different lines of attack [132]:




	−

	
The selective autophagic degradation of viral components. Autophagy can selectively target viral components, such as viral proteins and nucleic acids, for degradation. For example, selective autophagy has been observed to degrade the capsid protein of the Sindbis virus (SIN) in the CNS [133] or the p62 targeted Dengue virus (DENV) capsid protein [134]. Picornaviruses, such as poliovirus, are recognized by galectin 8, which limits viral infection by triggering the autophagic degradation of the viral RNA genome [135]. Activated antiviral autophagy in Drosophila melanogaster restricts ZIKV infection in the brain [136]. This targeted degradation hampers viral replication and restricts the spread of infection;




	−

	
A role in antigen presentation and adaptive immunity. Autophagy plays a crucial role in antigen presentation. Viral antigens captured by autophagosomes can be processed and presented on MHC molecules, leading to the activation of virus-specific T cells [137,138]. This process enhances the adaptive immune response against viral infections.




	−

	
A role in the innate immune response. There is an interplay between interferons and autophagy. Various antiviral signaling pathways, such as the IFN pathway, can induce autophagy in response to viral infections. This induction of autophagy is often linked to the restriction of viral replication [130,139]. At the same time, autophagy can promote interferon production, cooperating with pattern recognition receptor signaling [130,132].









These findings collectively highlight the multifaceted antiviral mechanisms employed by autophagy. On the other side of the battle, viruses have evolved mechanisms to subvert the autophagic process for their advantage. Some viruses inhibit autophagy to evade degradation, while others exploit autophagosomes for replication or use the pathway to enhance viral maturation and transmission [128,129,140]. Viruses manipulate cellular autophagy machinery at various stages of infection [128]:




	−

	
Initiation of autophagy. Measles virus (MV) induces autophagy via CD46-Cyt-1, facilitating viral entry [141], and the HCV triggers autophagy through ER stress and reactive oxygen species (ROS), crucial for replication [142]. Other viruses can inhibit autophagy initiation, like HSV-1, which employs the infected cell protein 34.5 (ICP34.5) to interact with BECN1, impairing autophagy initiation [143]. Also, the HCMV utilizes BCL-2 and the viral proteins IRS1 and TRS1 to disrupt BECN1 function, hindering autophagosome formation [144]. Similarly, the Kaposi’s sarcoma-associated herpesvirus (KSHV) expresses a virally encoded G protein-coupled receptor (vGPCR), which activates the mammalian target of rapamycin (mTOR) pathway and downregulates ATG14L expression, leading to the inhibition of autophagy initiation [145];




	−

	
Viral replication in Double-Membrane Vesicles (DMVs). Coronaviruses depend on autophagy-induced DMVs for RNA synthesis and maturation [146]. Likewise, HCV utilizes DMVs containing viral proteins as replication organelles [147];




	−

	
Autophagosome–lysosome fusion inhibition. The M2 protein of the Influenza A virus (IAV) prevents autophagosome maturation, promoting viral survival [148]. In addition, the Human parainfluenza virus type 3 (HPIV3) hinders fusion by enhancing viral particle production [149];




	−

	
Secretory autophagy for viral maturation. DENV utilizes autophagy-associated vesicles for efficient transmission, encapsulating virions in vesicles [150]. Enteroviruses (like Poliovirus) exploit autophagosome-like vesicles for cell-to-cell spread [151].









These mechanisms highlight the viruses’ ability to exploit autophagy for their survival and propagation.



In conclusion, autophagy serves as a critical cellular process in the context of viral infections, acting both as a defense mechanism and a target for viral exploitation. Further research in this field continues to uncover the intricate mechanisms underlying the relationship between autophagy and viral infections, paving the way for the development of novel antiviral therapies.




2.3.2. Autophagy and SARS-CoV-2


We have also explored the literature on the interplay between autophagy and SARS-CoV-2 infection, which evidently elucidates the dual role of autophagy as a defender against viral intrusion and a facilitator of viral proliferation.



Antiviral Role of Autophagy in SARS-CoV-2 Infection


In the context of SARS-CoV-2 infection, autophagy, in its canonical role, acts as a surveillance system, detecting and engulfing viral particles and damaged cellular organelles into autophagosomes, as reported for other viruses in the previous paragraph. Many studies shed light on the interaction between SARS-CoV-2 infection and autophagy; however, they mainly focus on the viral manipulation of this system, which at the same time highlights the importance of autophagy as a defense mechanism in SARS-CoV-2. In spite of the lack of specific literature showing a classical role of autophagy against SARS-CoV-2, we still found some evidence. The ubiquitination of ACE2, the receptor used by SARS-CoV-2 for cell entry, is recognized by the autophagic receptor toll interacting protein (TOLLIP). This interaction facilitates the delivery of ACE2 to lysosomes for selective autophagic degradation. By reducing ACE2 availability, this process limits viral entry [152]. Li et al. (2021) demonstrated that SARS-CoV-2 induces ROS production and the consequent activation of autophagy [153]. Also, Silva et al. (2022) showed that the induction of autophagy by IFN-I inhibits SARS-CoV-2 replication in cells expressing IFN-I receptors (IFNAR1 and IFNAR2) [154]. The activation of autophagy in these cells leads to the degradation of viral components, limiting the replication of SARS-CoV-2 and contributing to the host antiviral defense mechanisms. Besides this, the pharmacological activation of autophagy inhibits SARS-CoV-2 replication [155,156,157]. Consistently, in severe cases of COVID-19, Tomic et al. (2021) observed a significant decrease in the expression of specific autophagy-related genes, including ULK1, ATG5, UV radiation resistance-associated gene protein (UVRAG), activating molecule in BECN1-regulated autophagy protein 1 (AMBRA1), PIK3C3, and LC3, in comparison to healthy individuals [158]. In opposition, other studies like that by Shang et al. (2021) showed that the inhibition of autophagy in human ACE2 transgenic mice and xenografted human lung tissues suppresses SARS-CoV-2 replication [159].



In VERO-E6 and Huh-7 cells, the presence of SARS-CoV-2 triggers the creation of autophagosomes by the suppression of the AKT/mTOR pathway and the activation of the ULK-1-ATG13 and VPS34-VPS15-BECN1 pathways. However, the virus disrupts the fusion between autophagosomes and lysosomes, hampering the completion of the autophagic process [159]. Moreover, the lysosomal protein LAMP2, associated with CMA, interacts with viral RNA, impairing SARS-CoV-2 replication [160]. Thus, even if the virus is able to inhibit autophagosome–lysosome fusion [161], part of the virus reaches the lysosomes, whereupon they would be degraded.



We hypothesize that after SARS-CoV-2 infection, autophagy is initiated, at least in part, as an antiviral process of the host cell, but it could also be induced as a viral strategy to produce the generation of autophagosomes for replication. However, viral clearance is only achieved when the virus is not able to control the lysosome degradation. For that, the pharmacological activation of autophagy probably exceeds the capacity of the virus to suppress autophagosome–lysosome fusion, and reduces viral replication. Likewise, autophagy inhibition would reduce viral replication as SARS-CoV-2 requires the formation of autophagosomes for its replication and egress.




Proviral Role of Autophagy in SARS-CoV-2 Infection


Different SARS-CoV-2 proteins orchestrates autophagy modifications at various stages and in different types [162]. Among the different types of autophagy (Figure 3), the available data are mainly related to macroautophagy, including ER-phagy and mitophagy [161,162,163].



The manipulation of autophagy by SARS-CoV-2, as well as the proteins involved (summarized in Table 3), seem to be both infection stage- and cell type-dependent [162,164]. Understanding the intricate proviral role played by autophagy, after being hijacked by the virus, in different cell types and infection stages is paramount for devising effective treatments against COVID-19. SARS-CoV-2 manipulates several phases of the autophagy system to facilitate its replication, evade immune responses, and promote its survival within host cells (Figure 3). In particular, SARS-CoV-2 is able to induce or to block autophagy and autophagosome formation, suppress autophagosome–lysosome fusion, and induce its extracellular release with the help of autophagy to achieve the different infection steps [161,162,164,165,166,167] (Figure 3). Regarding the early steps of macroautophagy, SARS-CoV-2 can block phagophore and autophagosome formation, mostly from the ER membrane (ER-phagy), through the NSP3, NSP6, NSP15, ORF3a and ORF8 viral proteins, by reducing the lipidation of LC3, promoting the degradation of BECN1, disrupting the formation of the initiation complex of ULK1 and ATG13, or by sequestering the ER-phagy receptors FAM134B and ATL3 into p62 condensates [161,162,163,168,169,170]. However, NSP4, NSP6, ORF8 and NSP13 have a positive regulatory effect on autophagosome formation [161,162,171,172,173]. In the case of NSP6, the sizes of autophagosomes are smaller than those induced by starvation, and this is related to the formation of DMVs as viral replication compartments [162]. Furthermore, the suppression of autophagy initiators like ATG5, ATG7, BECN1, and FIP200 by small interfering RNA (siRNAs) reduces SARS-CoV-2 replication in vitro [155]. Even if SARS-CoV-2 promotes autophagosome accumulation, viral proteins like NSP3, NSP6, ORF3a, ORF7a, M, and E can also block the later steps of autophagy (autophagosome–lysosome fusion, autolysosome acidification and degradation), for example by interacting with VPS39 and UVRAG, and disrupting the soluble N-ethylmaleimide-sensitive factor activating protein receptor (SNARE) and the homotypic fusion and vacuole protein sorting (HOPS) complexes [128,161,162,174,175,176,177]. Finally, after replicating, SARS-CoV-2 undergoes secretion and release by promoting the fusion of SARS-CoV-2-containing vesicles and lysosomes with the plasma membrane, for the transmission of the infection to non-infected cells [113,161,164,165]. In addition to promoting viral replication and release, the manipulation of autophagy by SARS-CoV-2 leads to immune evasion. On the one hand, viral proteins such as ORF10 impair mitophagy by blocking the interaction between p62 and LC3, leading to mitochondrial dysfunction and weakened immune responses [162,178,179]. On the other hand, SARS-CoV-2 utilizes the ORF8 protein to hijack the autophagy pathway, leading to the downregulation of MHC-I molecules [166]. In COVID-19 patients, diminished T cell activation may stem from impaired antigen presentation and the altered expression of autophagy-related genes [158,164]. This process shields infected cells from recognition and eradication by T cells, enhancing the virus’ ability to persist within the host organism. Furthermore, SARS-CoV-2 can also inhibit the cGAS-STING-mediated autophagy flux, suppressing antiviral responses [180,181,182].



Regarding the interconnection between the UPS and autophagy in SARS-CoV-2 infection, specific viral proteins, like the membrane (M) protein, are K63-ubiquitinated, guiding them to autophagosomes for degradation, and thus limiting viral spread. Certain SARS-CoV-2 proteins, including 3C-like protease (3CL), ORF9b, NSP8, and PLpro, modify this ubiquitination, influencing autophagy and aiding viral replication [183,184]. Understanding this interaction is vital, revealing the virus’ manipulation of host cells and highlighting potential therapeutic targets. Further research is crucial to derive detailed insights and antiviral strategies.



These viral strategies, coupled with the disruption of the host’s innate immune responses, enhance viral replication and dissemination. Continued research is essential to unravel the precise mechanisms and pathologies associated with autophagy in the context of COVID-19. Such insights are pivotal for the development of targeted and effective therapeutic strategies against COVID-19.





 





Table 3. Summary of reported autophagic components hijacked by SARS-CoV-2.
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Key Components

	
SARS-CoV-2 Strategies

	
References






	
Autophagy

	
Early Autophagy Steps

	
NSP3, NSP6, NSP15, ORF3a, ORF8

	
Block phagophore and autophagosome formation from the ER, but positive regulatory effect on autophagosome formation in general; smaller autophagosomes (related to DMVs).

	
[156,157,158,163,164,165,166,167,168]




	
Later Autophagy Steps

	
NSP3, NSP6, ORF3a, ORF7a, M, E

	
Block autophagosome–lysosome fusion and autolysosome acidification and degradation.

	
[123,156,157,169,170,171,172]




	
Autophagy and Immune Evasion

	
ORF10, ORF8

	
Impair mitophagy; downregulation of MHC-I molecules; inhibition of cGAS-STING-mediated autophagy flux.

	
[157,161,173,174,175,176,177]




	
UPS and Autophagy Interaction

	
M protein

	
K63-ubiquitination of viral proteins for autophagic degradation.

	
[178,179]




	
Autophagy Inhibition

	
ATG5, ATG7, BECN1, FIP200

	
Suppression reduces SARS-CoV-2 replication.

	
[150]












2.4. Molecular Chaperones


Molecular chaperones are crucial cellular components for the maintenance of proteostasis. They are responsible for assisting in the proper folding of proteins, preventing misfolding, and aiding in the assembly and transport of proteins to their functional destinations [185]. These chaperones are localized in different cellular compartments, reflecting their diverse roles in assisting protein folding within specific environments. The major cellular locations for molecular chaperones include the cytoplasm (such as the heat shock proteins (HSPs) HSP70, HSP90 and Chaperonin/HSP60 families), ER (GRP78, GRP94, calnexin and calreticulin), mitochondria (HSP70 and HSP60), and the nucleus (HSP70 and HSP90) [186]. Their functional roles extend beyond their involvement in normal cellular functions; they play a critical role in various pathological conditions. In the context of neurodegenerative diseases, such as AD and PD, the misfolding and aggregation of specific proteins like tau and α-synuclein are associated with chaperone dysfunction [187,188,189]. Chaperones like HSP27, HSP70 and HSP90, which are typically involved in preventing protein aggregation, may become overwhelmed or less effective, contributing to the progression of these diseases [190,191]. On the other hand, viral infections can retain the host chaperones, prompting a kind of chaperone dysfunction due to the alterations in the chaperone activity and target substrates to be folded, induced by the virus [192,193,194]. Again, the viruses can perturb the protein quality control systems, probably facilitating the neurodegenerative process.



2.4.1. Molecular Chaperones in Viral Infections


In the context of viral infections, the overexpression of specific chaperones can potentially lead to antiviral effects by stimulating immune responses against the virus and promoting the death of infected cells, as is supported by many studies [193,195,196,197]. The HSPs are crucial in inhibiting viral proliferation by interacting with viral molecules [198]. For example, HSC70/HSP90 helps assemble the RNA-induced silencing complex (RISC), repressing viral translation [199]. In HPV, the secreted HSP70 boosts immune responses [200]. The HSPs and small HSPs also regulate immune pathways; HSP60 influences cellular immunity, HSP40 disrupts MDA5 multimer formation, and upregulated HSP27 inhibits virus replication via nuclear factor-kappa B (NF-κB) activation [201,202,203]. Even though the molecular chaperones are key to antiviral defense by modulating immune responses and interacting with viral components, viruses lacking their own chaperones rely on the host chaperone proteins for their survival and replication [192,193]. Many molecular chaperones, including HSP40, HSP60, HSC/HSP70, HSP90, GRP78, calnexin, calreticulin, and the chaperonin containing tailless complex (CCT), have been highlighted for their significant roles in the life cycles of diverse viruses [194]. For example, HSP40 assists HIV-1 in enhancing viral gene expression and replication, while also aiding IAV in the nuclear import of viral ribonucleoprotein [194,204,205]. HSP60 participates in HBV polymerase activation, replication initiation, and virus-mediated apoptosis [196], and also promotes apoptosis in HCV-infected cells [206]. Those from the HSP70 and HSP90 families help fold their proteins and improve their survival in the host [198,207]. These HSPs assist in the replication of various viruses and directly interact with viral enzymes, enhancing viral replication. Specifically, HSC/HSP70 acts as a host–cell membrane receptor for Rotaviruses, DENV and JEV, promoting virus entry, infectivity, and replication [208,209]. HSP70 can interact with viral polymerase, favoring replication, while HSP90 is crucial for the expression of viral genes. Both HSP70 and HSP90 can team up and facilitate the virus’ entry into host cells [210]. HSP90 facilitates DENV and IAV entry, positively regulates HCV replication, and mediates EBV DNA polymerase assembly [208,211,212].



Other type of molecular chaperones, like ER, nuclear and mitochondrial chaperones, can also be hijacked by viruses [213]. For instance, in HIV infections, mitochondrial HSP70 and DNAJB1 play a crucial role in stimulating transcription and replication. They achieve this by stabilizing the viral Nef protein [204,214,215]. Furthermore, Simian Virus 40 (SV40) and HCMV employ ER chaperones like GRP78, HSC70 and HSP105 for virus stabilization and immune evasion, underscoring their sophisticated strategies for proliferation within host cells [92,216]. Besides this, GRP78 has been identified as a key player in ZIKV binding, internalization, and replication within cells [217]. Under viral infections, GRP78 can undergo translocation to the cell membrane, transforming into cell surface GRP78 (CS-GRP78), which plays a crucial role in facilitating viral entry by enhancing attachment and improving the virus’ ability to enter host cells. This phenomenon is observed in various viral infections, including the MERs-CoV, the bat coronavirus HKU9 and DENV [19,218,219]. GRP78 also regulates CMV virion assembly and blocks apoptosis in HCV-infected cells [220]. Moreover, the ER chaperones calnexin and calreticulin ensure the proper assembly and maturation of Rotavirus particles [221]. Additionally, the CCT assists IAV, Rabies virus, DENV, and Reovirus in promoting virus replication, transcription, and viral protein folding [222,223,224]. Another type of molecular chaperone is the prefoldin, which is also crucial to specific viral infections [225]. In cases of Reovirus, they aid in capsid protein folding, promoting viral assembly [226]. The HCV frameshift (F) protein disrupts prefoldin function, impairing HCV replication [227]. Additionally, prefoldin subunit 3 (PFDN3) mediates HIV-1 integrase degradation, enhancing viral gene transcription and replication [228].



In summary, molecular chaperones serve as critical players in the sophisticated interplay between viruses and host cells, influencing viral entry, replication, and overall infection dynamics.




2.4.2. Molecular Chaperones and SARS-CoV-2 Infection


There has been extensive research on the interaction of SARS-CoV-2 with molecular chaperones, although the literature is mainly focused on the proviral role of this interaction. The molecular chaperones manipulated by SARS-CoV-2 are summarized in Table 4. Recent studies have revealed the essential role of host HSP90 in human coronaviruses such as MERS-CoV, SARS-CoV, and SARS-CoV-2 [198,210,229]. The reliance of human coronaviruses on HSP90 underscores a potential antiviral target. In fact, several inhibitors of HSP90, such as 17-AAG, 17-DMAG or Luminespib, exhibit antiviral properties against SARS-CoV-2. They not only impede viral replication, but also suppress inflammatory responses, including the downregulation of pro-inflammatory cytokines such as interleukin 6 (IL-6), CXCL10, and CXCL11 [198,229,230]. Similarly, the transcriptomic profile of human cell lines after infection with SARS-CoV-2, as outlined by Wyler et al., (2021), identifies HSP90 as a target for COVID-19 therapy [231]. HSP90, as well as HSP70, are crucial for viral gene expression, assisting in capsid assembly [230]. On the other hand, the ER chaperone GRP78 is upregulated during SARS-CoV-2 infection, mainly due to the virus-induced ER stress, and acts as a pro-viral protein [48,232,233]. The virus relies on GRP78 for its entry into host cells and subsequent viral protein production. The knockdown or inhibition of GRP78 using siRNA, specific inhibitors like HA15, or GRP78-depleting antibodies, blocks viral entry and infection both in vitro and in vivo [234,235]. It has been recently demonstrated that inhibiting GRP78 with YUM70 suppresses the entry of SARS-CoV-2 into cells, decreases the production of spike proteins, and alleviates lung damage caused by the virus [236]. The interplay between molecular chaperones and SARS-CoV-2 infection underscores their dual roles, with HSP90 and GRP78 inhibitors showing potential as antiviral agents. Further research is needed to explore the involvement of other chaperones and their potential as therapeutic targets against COVID-19.





 





Table 4. Summary of reported molecular chaperones hijacked by SARS-CoV-2.
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Key Components

	
SARS-CoV-2 Strategies

	
References






	
Molecular Chaperones

	
HSP90

	
Essential for SARS-CoV-2 life cycle. HSP90 facilitates the correct folding and assembly of viral proteins, ensuring the proper formation of functional viral particles.

	
[193,224]




	
HSP90 inhibition

	
17-AAG, 17-DMAG and Luminespib suppress SARS-CoV-2 replication. Reduction in pro-inflammatory cytokines modulating the host immune response during SARS-CoV-2 infection.




	
HSP70

	
Crucial for SARS-CoV-2 gene expression, assists in capsid assembly.

	
[225]




	
GRP78

	
Upregulated during SARS-CoV-2 infection, acts as a pro-viral protein.

	
[45,227,228,229,230,231]












3. Cell-Specific Effects of SARS-CoV-2 in the Brain


The question of whether SARS-CoV-2 can enter the CNS has been a matter of debate [237,238], but most of the recent evidence suggests that the virus can enter the CNS, triggering inflammatory responses and causing direct cell damage [239]. Proposed entry routes include the olfactory nerve and potential breach of the blood–brain barrier [240]. Some authors have suggested that the SARS-CoV-2 virus may use the nervus terminalis rather than the olfactory nerve as a shortcut from the nasal cavity to infect the brain [241]. However, the exact mechanisms and clinical significance of SARS-CoV-2 infection of the CNS are not yet fully understood. It has been shown that SARS-CoV-2 is associated with changes in brain structure and increase the permeability of the blood–brain barrier (BBB) [237,242]. A recent study by Villadiego et al. (2023) shows that SARS-CoV-2 is not able to infect all cell types in the brain [239,240]. The virus seems to predominantly infect the neurons, but not astrocytes, and the colocalization of SARS-CoV-2 and microglial cells may correspond to viral particles originating from infected neurons or damaged vascular cells that have been phagocyted by microglial cells [240]. However, not only ACE2, but also receptors like CD147, TMPRSS2, and NRP1, have been identified in brain cells, as potential facilitators of SARS-CoV-2’s entry into the CNS. Further research is required to elucidate the cell-specific interplay between SARS-CoV-2 and the different brain cells, particularly concerning alterations in protein quality control systems induced by the virus.



Interestingly, when comparing cell dependence on proteostasis, studies demonstrate that neurons but not glial cells are particularly susceptible to disruptions in protein homeostasis [243]. For instance, disrupting autophagy in microglial cells does not induce microglial degeneration, underscoring their resilience [244,245]. Additionally, glial cells present higher proteasome activity compared to neurons, and they are more efficient in maintaining cellular protein homeostasis than neurons [246]. Notably, neurodegeneration is primarily associated with neuronal death rather than the death of microglial cells or astrocytes. In many neurodegenerative disorders, such as AD, PD, or Huntington’s disease, the hallmark feature is the progressive loss of neurons in specific regions of the brain [247]. Considering that SARS-CoV-2 infection predominantly targets neurons rather than glial cells, this could explain why disruptions of the protein quality control systems induced by SARS-CoV-2 lead to significant neurodegeneration [248,249,250].




4. Link between SARS-CoV-2, ER Stress and Neurodegeneration


In addition, accumulating evidence has demonstrated an association of viruses with neurodegenerative disorders [251,252,253,254,255,256]. This association involves virus-induced neuroinflammation, disruptions in the protein quality control systems and the induction of oxidative stress, with consequent protein aggregation [257,258,259,260,261]. SARS-CoV-2 has been associated with various short- and long-term neurological manifestations, ranging from mild symptoms to severe complications [6,7,8,262,263]. Similarly to other viruses, SARS-CoV-2 can exacerbate existing neurodegenerative conditions or contribute to their development through mechanisms such as neuroinflammation, protein aggregation, ER stress and oxidative stress [42,164,240,261,264,265,266,267,268,269,270,271]. For instance, recent studies reveal SARS-CoV-2 targeting cortical neurons, inducing MAPT/tau pathologies and neurodegeneration [164,272].



A study by Prasad et al. (2022) employed a sophisticated approach called “systems biology-based network analysis” to understand the genetic associations between COVID-19 and various brain disorders [273]. They identified the UPS and ERAD as the main altered mechanisms associated with SARS-CoV-2-induced neurological disorders. Furthermore, evidence from postmortem studies indicates that the SARS-CoV-2 components detected in the frontal lobe may be associated with intracytoplasmic vesicles related to the autophagic–lysosomal pathway [274]. In fact, the systemic inflammation induced by COVID-19 may impact brain autophagy, as pro-inflammatory cytokines like TNF can drive glial polarization toward the M1 phenotype, blocking the autophagy pathway and contributing to neuroinflammation [164,275]. The viral blockage of autophagosome–lysosome fusion, and autolysosome acidification and degradation, impedes the degradation of protein aggregates, and worsens ER stress and protein accumulation [128,161,162,174,175,176,177], which are even more impaired by the manipulation of the molecular chaperones previously described [48,230,231,232,233,234,235,236].



The defects in the protein quality control systems induced by SARS-CoV-2 result in prolonged ER stress. Under persistent ER stress, the UPR transitions from pro-survival to pro-apoptotic responses [276,277]. This shift involves the initiation of pro-apoptotic signaling pathways (Figure 1) (e.g., IRE1//TRAF2/JNK/MAPK or PERK/ATF4/CHOP), as well as activated p53 and BAX/BAK caspase cell death, disturbances in calcium levels due to ER release, ROS generation and oxidative stress, and mitochondrial dysfunction [14]. The intricate interplay of these factors highlights the multifaceted nature of ER stress-induced cell death pathways.



Oxidative stress, in particular, contributes to a detrimental feedback loop, exacerbating ER stress and prompting cell death.



A redox imbalance is implicated in the pathogenesis of COVID-19, potentially triggering mitochondrial dysfunction and the production of proinflammatory cytokines. The SARS-CoV-2 virus activates Toll-like receptors (TLRs), particularly TLR4, initiating the NF-κB pathway. This activation triggers the release of proinflammatory cytokines such as IL-1, IL-2, IL-6, IL-8, IL-12, and TNFα, resulting in a cytokine storm. The excessive inflammation, characteristic of severe COVID-19, stimulates the overproduction of ROS, including superoxide anion radicals, which further induces the activation of the NF–κB pathway [267,278,279].



In the brain, the generation of ROS contributes to ongoing damage by disrupting the cellular antioxidant regulatory system, but also protein folding, inducing ER stress [261,280]. Defective mitochondria also generate aberrant amounts of ROS, causing more oxidative stress and disturbing cellular homeostasis due to the disruption of the balance between ROS generation and antioxidant function [281,282]. ROS also activates various enzymes, such as myeloperoxidase, xanthine oxidase and NADPH oxidase (NOX2), and reduces the activity of glutathione peroxidase, further amplifying ROS production.



Additionally, SARS-CoV-2-induced iron dysregulation contributes to ROS generation, fostering the pro-oxidative environment, ER stress, and the ensuing cell death [267]. The resulting imbalance in ROS homeostasis induces neuroinflammation, demyelination, and axonal damage, resembling mechanisms observed in neurodegenerative disorders like AD and PD. Moreover, SARS-CoV-2 induces the upregulation of cyclooxygenase-2 (COX-2), high-mobility group box protein 1 (HMGB1), and the receptor for advanced glycation end-products (RAGE). These biomolecules are associated with hyperinflammation and high levels of ROS, thus serving as potential indicators of severe cases of COVID-19 and neurodegenerative processes [283].



In summary, SARS-CoV-2 infection seems to produce neurodegeneration through the induction of ER stress, oxidative stress, neuroinflammation, and the impairment of protein quality control systems. After reviewing the current literature, we hypothesize a direct connection between alterations to protein quality control systems and neurodegeneration after SARS-CoV-2 infection. However, further research, including longitudinal studies, will be essential to unravelling the intricate relationship between SARS-CoV-2 and neurodegeneration.




5. Conclusions and Future Directions


SARS-CoV-2 inducespersistent ER stress, which cannot be resolved by the host’s cells due to the viral hijacking of the protein quality control systems. The consequent proteostasis imbalance, together with the induced oxidative stress and neuroinflammation, lead to neurodegeneration. This review encourages more research on this potential link to bring about novel treatment modalities for this area of clinical urgency.
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