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SARS-CoV-2's structure and mechanism of infection have been well characterized. 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 (ACEZ2) 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.

COVID-19 SARS-CoV-2 protein quality control systems ER stress neurodegeneration

1. Endoplasmic Reticulum Stress and Unfolded Protein
Response

Endoplasmic reticulum (ER) stress and unfolded protein response (UPR) are common aspects that emerge during
the appearance and progression of both neurodegenerative diseases [LI2I8] and viral infections ¥I=!. 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 MEl. |n 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 B,

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) HIEIEIEIL0 The glucose regulated protein-78 (GRP78, also known as BiP or HSPAS),
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 B2

— IREL1 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
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MRNAs and some pre-microRNAs (pre-miRNASs). This process is called regulated IRE1-dependent decay
(RIDD) (1112 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 [1[12I13]:

- PERK activation and the phosphorylation of the eukaryotic initiation factor 2a (elF2a), a pivotal regulator of
protein translation. Phosphorylated elF2a 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.
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The specific proteins involved in the SARS-CoV-2 and UPR interaction are summarized. The prolonged activation
of the UPR leads to the initiation of pro-apoptotic signaling pathways (e.g., IREL/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.

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 BIEIL0 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 [IE91120]

2. Endoplasmic Reticulum-Associated Degradation and
Ubiquitin-Proteasome System

ERAD is a crucial process in the quality control of ER proteins, facilitating the elimination of aberrant proteins by
the UPS 4], 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 (0OS9) 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 [£2l18] for retrotranslocation via the ERAD complex.
This complex involves the Sec61 translocon, DERL1-3 and valosin-containing protein (p97), together with the
suppressor enhancer Linl2 1-like (SEL1L) and the ERAD-associated E3 ubiquitin—protein ligase (HRD1) that
contribute to the ubiquitination process L8I71 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 18, 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 24, 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 181191,
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The proteasome, a large multi-catalytic protease, is responsible for the degradation of ERAD substrates, as well as
other UPS-tagged proteins 29, 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 o and 3 subunits. The a-rings control substrate access, and the B-rings house
catalytic subunits (1, B2, and B5). This 20S proteasome degrades non-ubiquitinated misfolded or damaged
proteins 4. 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 [l29],
Additionally, deubiquitinating enzymes (DUBs) can modulate ubiquitination and the ERAD process by removing
ubiquitin chains from substrate proteins 21, Besides this, cytokines such as interferon a (IFNa), IFNy and TNFa
induce the replacement of constitutive catalytic subunits (1, B2, and 5) in the 20S proteasome with inducible
subunits B1i, B2i, and B5i, 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, y-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 22,
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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 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 231241 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 (2212811271 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 [28129][30](31][32][33][34][35][36][37][38][39][40][41][42][43][44][45][46]

| 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 #7148 There are three main types of autophagy: macroautophagy,
microautophagy, and chaperone-mediated autophagy (CMA). 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 9. Microautophagy directly engulfs cargo at the lysosomal
membrane %, while CMA selectively targets proteins recognized by specific chaperone proteins B, Each type of
autophagy is orchestrated by a distinct set of key proteins 8. 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
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cargo, and autophagosome maturation and fusion (232 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 2953l Chaperone-mediated autophagy
relies on HSC70, co-chaperones, and LAMP2A, wherein KFERQ-like motifs guide substrate recognition and
translocation into lysosomes B[R4, 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 [B2IB56I7 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 7. 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
(581591601 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 11,

| 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 (2. 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) (62l 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 a-synuclein are associated
with chaperone dysfunction (41631661 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 8768l On the other hand, viral infections can retain the host chaperones, prompting a kind of
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chaperone dysfunction due to the alterations in the chaperone activity and target substrates to be folded, induced

by the virus BIAIL Again, the viruses can perturb the protein quality control systems, probably facilitating the

neurodegenerative process.
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