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Coronaviruses quickly became a pandemic or epidemic, affecting large numbers of humans, due to their
structural features and also because of their impacts on intracellular communications. The knowledge of
the intracellular mechanism of virus distribution could help understand the coronavirus's proper effects
on different pathways that lead to the infections. They protect themselves from recognition and damage
the infected cell by using an enclosed membrane through hijacking the autophagy and endoplasmic
reticulum-associated protein degradation pathways. The present study is a comprehensive review of
the coronavirus strategy in upregulating the communication network of autophagy and endoplasmic
reticulum-associated protein degradation.
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The coronaviruses family has a wide range of strains, which have caused some famous pandemics and epidemics
since 2002. As a new member of this family, SARS-CoV-2 has become a major health problem in the world since
late 2019 [(1]. The coronavirus family has special abilities to replicate inside the infected host cells that make them
a skillful family to global epidemics along with the Orthomyxoviridae [2,3]. This family can use some intracellular
pathways to increase their proliferation, and following the infection of a cell, all the members of the coronavirus
family use an intracellular communications network to replicate themselves. Evidence suggests that the virus can
recruit cellular processes to take advantage of its reproduction [4]. Autophagy and endoplasmic reticulum-associated
protein degradation (ERAD) are well known as the two most critical pathways for the clearance of misfolded
and/or aggregated protein [5]. Furthermore, they have cross-talk with their outer marker membrane through
LC3 (6. Coronavirus has a high ability to use this bilayer membrane to proliferate via preventing binding to
lysosomes (Figure 4) (7). The present study is a comprehensive overview of the communication network between
autophagy, ERAD and coronaviruses (Table 1) .

ERAD & autophagy process machinery

The ERAD process causes the removal of misfolded protein

A conserved process in the mammalian cells that is responsible for the disposal of the misfolded protein in the
endoplasmic reticulum (ER) lumen is recognized as the ERAD (s]. This process detects misfolded proteins and
extracts them through the ER membrane to cytosolic proteasome. The inability of the ERAD process to demolish
the abnormal protein leads to serious illnesses, such as Alzheimer’s disease, Parkinson’s disease, cystic fibrosis,
infectious diseases, diabetes and cancer [9]. Overexpression of the nonefficient folding of proteins in the ER lumen
accumulates them to be recognized by the ERAD receptors, and then leaves the lumen by retrotranslocation to be
degraded by the proteasome [10,11]. Protein transfer, as the base of the ERAD process, can occur from both sides of
the transmembrane protein, which is connected to the signal recognition particle (SRP); actually, the nascent protein
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Table 1. Autophagy and endoplasmic reticulum-associated protein degradation under rearrangement by Nidovirales,

how to recruit these intracellular pathways by Coronavirus subfamilies.

Subfamily Genera ERAD Autophagy Vesicles Mechanism of action Ref.
B-coronavirus MHV Increases EDEMosome Decreases beclin-1, induces DMV, CM, nsp2 and nsp3 make RTC near to [57,58]
autophagosome autophagosome ER and induces EDEMosome,
EDEMosome DMV, CM and DMS
SARS-CoV Increases EDEMosome Induces mitoPHagy, DMV, CM, nsp2, nsp3 and nsp6 make RTC [60,67]
prevents cell death autophagosome near ER to dysfunction ERAD
(apoptosis), induces EDEMosome process. PLpro-TM and PLP2-TM
autophagosome induces autophagy
MERS-CoV Not evidence about Increases autophagy and DMV, CM, PLP2-TM and nsp6 [71,133]
EDEMosome LC3-Il convertes, autophagosome induces autophagosome
decreases Beclin-1 creation, promotes beclin-1
interaction with STING
SARS-CoV-2  Promote LC3-I conversion Increases autophagosome DMV, CM, nsp6 could induces autophagy [50,62,76]
into LC3-Il, utilized formation, autophagosome machinery, nsp3/4 induces DMV
EDEMosome prevents autolysosome EDEMosome construct
y-coronavirus 1BV Decreased EDEMosome, Increases autophagosome, DMV, CM, DMS, nsp6 induces autophagy with [50,73]
promote LC3-I conversion prevents autolysosome autophagosome omegasome intermediate, IRE1
into LC3-Il, product DMS and MAP kinase modulate
autophagy, autophagosome
diameter shrinks to prevent
merging
a-coronavirus TGEV Causes the accumulation of  Induces mitoPHagy, DMV, Nucleocapsid could [74]
misfolded protein, increases prevents cell death autophagosome induces mitoPHagy "
ERAD activity (apoptosis), induces
autophagosome
PEDV Reduces EDEMosome, Increased autophagy, DMV, CM, ORF3 inducing conversion of [75]
promote LC3-I conversion induced P53 signaling autophagosome LC3-1 to LC3-Il and autophagy
into LC3-11
Nidovirales JEV Slightly Sharply Autophagosome nsp6 causes strong increases in [62]
increases EDEMosome in the increases autophagosome in  EDEMosome autophagosome via detected
early steps of infection, the early steps of infection, LC3-II
replication depend on not required for autophagy
EDEMosome and LC3-I and LC3-II
EAV Increases EDEMosome Induces autophagy Autophagosome nsp3, nsp4 and nsp6 causes the [58,59]
EDEMosome production of EDEM-1 turnover,

nsp-6 led to rising
autophagosome

T Mitophagy: a regeneration and clearance process of mitochondria that preserves quality and function of this organelle.

CM: Convoluted membrane; DMS: Double-membrane spherule; DMV: Double-membrane vesicle; EAV: Equine arteritis virus; ER: Endoplasmic reticulum; ERAD: Endoplasmic reticulum-
associated protein degradation; IBV: Infectious bronchitis virus; IRE: Inositol-requiring enzyme 1; JEV: Japanese encephalitis virus; MERS-CoV: Middle East respiratory syndrome coronavirus;
nsp: Nonstructural protein; ORF: Open-reading frame; PEDV: Porcine epidemic diarrhea virus; RTC: Replication and transcription complex; TGEV: Transmissible gastroenteritis virus.

attached to the SRP could release into the translocation complex of ER, and also SRP could find ER membrane
for misfolded proteins [12]. However, some other proteins have independent SPR pathways transferred through
the lipid-anchored protein [13-15]. Polypeptide bounds to the chaperone that exists in the ER lumen to change the
oligomerization for binding the immunoglobulin protein (Bip), EDEM-1, OS-9, calnexin and calreticulin, altering
the conforming structure of Bip to provide a pathway for the protein transfer through retrotranslocation into the
cytosol [16,17]. The suppressor/enhancer of Lin12-like (SellL) is a partner of reverse transport channel and links
to EDEM-1 or OS-9 docking on a recognized polypeptide. Finally, the ERAD substrate is exported from the ER
lumen, marked by polyubiquitin chains through P97 hexamer and transported in the center of the proteasome as
all the stages are shown in Figure 1 [18].

ERAD tuning by EDEMosome formation, a vesicle similar to the autophagosome

The ERAD process is tuned by the disposal of its own regulating factors through the formation of vesicular
or autophagosome structure to reach the lysosome stage [19]. Some of the folding factors existing in the ERAD
process are long-lived proteins, notwithstanding the ERAD regulators, including EDEM-1, SELI-L and OS-9
that have a short half-life and rapidly demolish from the ER lumen [20,21]. These proteins, participating in the
retrotranslocation complex in the ER lumen, make 200-800 nm vesicles and the budding from the ER membrane
termed EDEMosome, in other words, the segregation of ERAD regulatory factors are not required for sending
the signal to the nucleus occurring with the enhancement or constraint of ERAD activity. A low concentration of
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Figure 1. Endoplasmic reticulum-associated protein degradation and endoplasmic reticulum-associated protein
degradation-tuning vesicles process. (A) The ERAD process contains three major stages: in recognition, calnexin and
calreticulin were binding to misfolded protein along with EDEM1, which responsible to remove mannose residue from
polypeptide, then its targeting for OS-9 and forwarding whole complexes to the near of lumen; in retrotranslocation
stage SEL1L, Hrd1 and HERB create the transportation complexes with misfolded protein. Then, the polypeptide exits
from ER membrane and it undergoes ubiquitination by P97 simultaneously. In final stage, the ubiquitinated protein
degrade via proteasome. (B) A short half-living ERAD regulators or low amount of misfolded protein causes to
segregate a transport vesicle from ER, which has coating with LC3-l. The 0S-9 and EDEM-1 is budding while LC3-I
attaching noncovalently to SEL1-L and construct EDEMosome, the vesicle to be formed deliver to lysosome.

ER: Endoplasmic reticulum; ERAD: Endoplasmic reticulum-associated protein degradation.

misfolded proteins makes the ERAD regulators leaving the ER via vesicles budding (Figure 1) [22,23). Therefore,
EDEM-1 and OS-9 bind to SEL1L and are exported as the segregating vesicles into EDEMosome. The electron
microscopy investigation on EDEMosome structure revealed that the ERAD-tuning vesicles are coated with
nonlipidation LC3 [24,25]. LC3-I directly binds to SEL1L noncovalently and is located on the outside of this
vesicle. This protein is floating in the cytosol environment and is in the form of ubiquitin-like modifier, in other
words, LC3-1I 27. Finally, the EDEMosome is merged with the lysosome to degrade its contents, as exhibited in
Figure 1 [26].

Autophagy removes the misfolded protein & organelle

Autophagy is an intracellular pathway, acting as a regulatory mechanism in the cells to clear unnecessary components
or misfolded proteins by creating an enclosed bilayer membrane [27]. This process is initiated by sequestration of
the plasma membrane (PM) from intracellular organelles, such as ER, as the primary autophagy structure (PAS)
to be constructed by autophagy regulating-9 (Atg9) and phosphatidylinositol 3-kinase complex (PI3K), which
exist in the cytoplasm, and both of them are located on a portion of the lipid isolated from the ER [28-30].
Then, the molecular cycle of Atg9 leads to conducting the lipid toward the PAS, and extended to create the
primary structure of autophagy termed ‘phagophore’. This structure includes LC3-II, Atg9 and PI3K proteins.
Furthermore, the Atg12-Atg5-Atgl6 protein complex performs a protection role to keep the phagophore away from
being merged with another intracellular bilayer membrane. After the phagophore structure is completely turned
into an enclosed bilayer membrane named ‘autophagosome’, the components of the autophagic proteins separate
from the autophagosome and the uncoating process will occur. However, LC3-1I remains attached to the outer
and inner membranes [31-34]. LC3 is known as an autophagic marker due to its binding to the outer membrane of
the phagosome (Figure 2). Moreover, one of the most important components of PI3K complex is Beclin-1, which
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Figure 2. The progression of the autophagy process. Autophagy initiates by sequestration of the lipid membrane
from intracellular organelle like endoplasmic reticulum, Beclin-1 and atg9 could knock together a lipid collection
machine to extend the lipid bilayer. In nucleation stage, atg12-atg5-atg16 complex is located near the phagophore
surface to protected lipid bilayer from integration with other vesicles and also have the E3 conjugating system for
LC3-Il to progress LC3-1 conversion, the lipid bilayer turns into phagosome and then another autophagy factor
separates from the vesicle, with the exception of LC3-II. In the final stage, the autophagosome and lysosome could
migrate on a microtubule and attach together via the SNARE protein and LC3-Il marker.

plays an essential role in maintaining the bilayer structure, gathering the autophagy components, integrating with
the lysosome and also having a close connection with apoptosis, to be used as a marker for inhibiting or increasing
the autophagy [35-38].

Role of LC3 conversion in ERAD & autophagy activity

LC3-1 is a nonlipid form of LC3, which is found in the cytosol, and LC3-II is the modified arrangement of LC3-1
that can bind to the autophagosome membrane covalently. These modifications occur in the conjugating system,
including glycine adding to the C-terminus region of LC3 and also binding covalently to the amino group of
phosphatidylethanolamine (PE) to make LC3-II. These variations lead to the binding of LC3-II directly to the
outer region of the autophagosome membrane. The Atg-4 plays a crucial role in the conjugating system of LC3-II
in the general process of autophagy [39). Furthermore, after the formation of autolysosome, LC3-II on the outer
membrane will be recycled back into LC3-I by Atg-4-mediated delipidation to redetach from the autophagosome
surface to begin another autophagosome formation. Besides, LC3 requires Atg7, Atg3 and Atg5 complex as the
E1, E2 and E3 conjugating system to convert LC3-I to LC3-II for the autophagy progression [40]. The autophagy
progress is induced in the cell and promotes its activity, causing further conversion of LC3-I to LC3-II and keeping
LC3-II intracellular concentration higher than the normal condition, due to increasing the Atg3, Atg7 and Atg5
complex activity. On the contrary, inhibition or constrain of Beclin-1, Atg4 and the other autophagy hotspot genes
or the restriction of autophagic activity via bafilomycin or 3MA leads to an escalation of LC3-I accumulation in
the cytosol.

Coronaviruses can rearrange autophagy & ERAD process

Coronavirus requires an isolated & safe place

After entry and uncoating its membrane, coronavirus releases dsSRNA subject and translation of two open-reading
frames (ORFs), in other words, ORFIa and ORF1b. The produced nonstructural proteins (NSP) form the viral
replication and transcription complex (RTC) in the preliminary stages [41,42]. There is a harmonic collection of
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NSP expression along with dsRNA synthesis toward initiating the structural protein expression, viral genomic RNA
replication and transcription of subgenomic mRNAs. Mediated dsRNA needs an enclosed platform to cover the
incoming genome to avoid the immune system response and also keep itself away from the cellular degradation
enzyme [43,44]. This isolated structure is constructed in the ER in different styles, including double-membrane
vesicles (DMVs), convoluted membranes (CMs) and open double-membrane spherules (DMSs). According to
various reports, coronaviruses are the only family that can produce all three types of vesicles. Previous data showed
that infectious bronchitis viruses (IBVs) were the only coronaviruses that could produce the DMS, while other
members of the family could produce CM and DMYV, separately [45,46]. Also, a-coronaviruses, such as NL63,
can develop ER membrane to form complicated clusters, while B-coronaviruses produce all types of organelles
to support the RTC complex [47,48]. It seems that the replicative organelles are constructed by coronaviruses in
different shapes, but DMV architecture indicates the joint design between their strains. The DMV morphology
consists of a bilayer membrane separated from the ER that completely detaches from it and forms an enclosed ring.
This morphology is very similar to the EDEMosome and autophagosome appearance [49].

Recent evidence about SARS-CoV-2 revealed that NSP- 3, 4 and 6 have the most important roles for DMV
formation and it is predictable that any restrictions in the function of these proteins or blocking their expressions
can lead to defective production of the encapsulated bilayer membrane and eventually prevent SARS-CoV-2
propagation [50,51]. In addition to the effective role of NSP-6 in the production of DMV, NSP-6 can increase the
Beclin-1 accumulation as well as the precursor structure of omegasome to produce more autophagosome structure.
Thus, NSP-6 plays an important role in increasing autophagic activity [52]. The images obtained from SARS-CoV-
2-infected tissues by the electron microscopy showed perinuclear DMVs. These data suggest that SARS-CoV-2
needs a security guard, similar to the rest of its family, to stay away from the responsive effects of the immune
system and cellular enzymes. Thus, the virus tends to create an enclosed space with a bilayer membrane taken from
the ER. There is limited evidence about the morphology and type of vesicles that SARS-CoV-2 obtains from the
ER, but regarding the discussions about the coronavirus family, it can be predicted that SARS-CoV-2 can construct
DMYV and CM, as the other members of B-coronaviruses [53].

A cell infected with coronavirus under the influence of viral proteins makes the ER membrane expansion and
occupies a large volume of the cell. Furthermore, increased accumulation of viral-expressed proteins along with
cellular misfolded proteins within the ER lumen and cytosol leads to increased activity of cellular homeostasis
pathways such as ERAD, autophagy and another cytoprotective signaling pathways like unfolded protein response
(UPR) (54]. Cells infected with coronaviruses-enhancing ER capacity to remove misfolded proteins accumulation
or aggregation, reducing ER load and protein flux and also activate cell death program. The ER capacity were
enhanced by activating the ERAD pathway using EDEM-1 and PDI chaperones that led to ER stress relief and
eliminates intracellular protein accumulation. In addition, the cell also tends to phosphorylate more eLF-2 to reduce
the protein flux in addition to stopping newly protein synthesis in the cell. Eventually, this ER stress by activating
Bcl-2, CHOP and JNK leading to autophagy and apoptosis. Coronaviruses creating a bilayer membrane derived
from ER to staying out of the reach of intracellular enzymes, in addition, can act as a regulator of cellular stress
by recruits ERAD and chaperon production to prevent the cell from going to ‘complete autophagy’ or ‘enzymatic
digestion’ in the area where the virus multiplies (55,56].

Coronaviruses utilize EDEMosome as an enclosed safe scaffold for their replication
Some of the positive RNA viruses use the ERAD-tuning process for their propagation. EDEMosome provides an
appropriate enclosed structure for virus translation, transcription or replication. The virus can also get away from
detection by the immune system. SARS-CoV and the mouse hepatitis virus (MHYV) increase the ERAD-tuning
vesicles. It has been shown that the amount of EDEM-1 accumulated in the cells infected by MHV and SARS-CoV
was significantly increased, and also MHV replication reduced in LC3-I knockdown cells, which develop the
defective type of MHV without NSP-2 and NSP-3 portion of the virus particle [57]. The knockdown of the siRNA-
mediated SELIL receptor cells can reduce the acceleration of the MHV propagation. Also, the equine arteritis
virus (EAV) has a similar manner in utilizing the ERAD-tuning vesicles by increasing the EDEM-1 turn over from
the ER lumen and rising the EDEMosome vesicle in the infected cells. The electron tomography demonstrates
the coexpression of NSP-3 and NSP-4 in SARS-CoV and the MERS-CoV to induce DMV vesicles. Furthermore,
numerous DMV and CM are found near the nucleus in Huh7 cells infected by MERS-CoV [58,591.

The consequences of coronavirus infection in the ERAD pathway indicate the formation of an encapsulated
bilayer membrane covered by LC3-I. Besides, the loss of LC3 will prevent the formation of DMV. Thus, preserving
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LC3 is essential for the ongoing virus replication [s8,601. The role of LC3-I in the MHV infection needs more
attention since Azg5 and Arg7 were deleted from the MHV-infected cells, showing no effective role for the
considered replication. On the other hand, MHV can keep its ability for propagation even in the block autophagy
conditions. LC3-I has a critical role in the replication of MHYV, and the removal of the autophagy hotspot gene does
not prevent the virus reproduction. The same is true of the Japanese encephalitis virus (JEV), and the suppression
of JEV replication has been observed via the SEL1L and EDEM1 expression shutdown. Indeed, JEV cannot resume
its proliferation without releasing EDEMosome. Also, LC3-1 depletion causes the reduction of the viral load of
JEV in the infected cells [61].

In vitro investigation about LC3-I and LC3-II expression levels reveals that in the earlier steps of infection, the
expression of LC3-II reaches its highest level compared with the beginning of the infection, and LC-I shows a slight
increase. Hence, the cell’s natural response to the onset of infection, which leads to an increase in the autophagy
activity relative to the infection stress (to be discussed later in Section 3.3, as the coronaviruses increase the rate of
autophagy to use autophagosomes more than the state of cell infection) along with increasing LC3-I production
in constructing DMV and CM structure to help the virus propagation indicate the essential need of the virus to
form the encapsulated vesicles [62]. The assessment of some Nidoviral member actions shows that JEV and EAV
utilize the regulatory process of the ERAD and use its internal space for proliferation, which is suggested to be due
to a common conserved region in 3CLpro and TM. The coronavirus family may exhibit a different way of acting
in the y-coronavirus subfamily and the IBV genus, causing the reduction of the EDEMosome production and
preferring to promote the autophagy activity for its proliferation. Moreover, the a-coronavirus subfamily and PEDV
genera adopt a similar mechanism of IBV to induce autophagy instead of increasing the ERAD-tuning vesicles by
increasing the conservation of LC3-I to LC-II. The porcine epidemic diarrhea virus (PEDV) uses ORF3 to increase
the LC3-II production, and the IBV does similar action by expressing NSP-6. Despite the different behaviors of
a/'y-coronaviruses, the cases investigated under the f subfamily reveal the induction of EDEMosome and DMV
formation by NSP-2 and NSP-3 expressions. SARS-CoV and MHYV develop RTC near the ER to improve the
ERAD-tuning vesicles budding and dysfunction of the ERAD process. The high similarity of the NSP-2, NSP-3
and NSP-4 of SARS-CoV-2 with SARS-CoV can give us a clue as to how SARS-CoV-2 affects the ERAD-tuning
process. SARS-CoV-2 also needs to have an enclosed region to replicate its intermediate RNA to direct it toward
using the ERAD pathway [63].

Some viruses manipulate the ERAD pathway to advance their infection. HCV reduces the amount of its E2
glycoprotein via activating the ERAD pathway, which avoids to display them on the cell surface for recognition by
the adaptive immune system [64]. Also, inhibition of EDEM-1 leads to interfere E2 ubiquitination of HCV and
constrain its replicate, a similar event was found for HBV surface glycoprotein that also uses ERAD to replicate
itself and utilized EDEM-1 for folding its glycoprotein. The same is true of HIV, the Vpu protein of the virus
can obtain E3 as a target for recruit ERAD and lead to its ubiquitination, also, ERAD activity protects the HIV
from being targeted by natural killer cell (NK) (65]. However, another virus tends to escape from ERAD or reduce
its activity, upon entering the ER via endocytosis, the polyomaviruses attach to the PDI chaperone and exit the
ER through the Derlin-1,2 using a retrotranslocation mechanism next bind to the nuclear pore and following
uncoating occurs, then enters DNA into nucleous. However, the coronavirus family has been little identified as
being able to use the ERAD regulatory mechanism for replication. Coronaviruses can use the ER-released bilayer
membrane to amplify their intermediate RNA. Also, as mentioned in Section 3.1, the spatial forms resulting from
cell infection with coronavirus include DMV vesicle, which is coated with LC3-I and similar to EDEMosome
surface marker, coronaviruses utilized both vesicles to multiply (65,66].

Coronaviruses & autophagy

Preliminary research about MHYV coronavirus has shown that the infected cells have more autophagy activity than
the normal ones. Nevertheless, based on the last section, MHV and SARS-CoV keep their ability to replicate
in the mutant (AAzsg-5 and AArg-7) cells (67,68]. Since two genes remove from the cell involved in the LC3-II
conjugating system (see the previous section), the degradation and defect of autophagy function have no significant
effects on the coronavirus replications (69,70. MERS-CoV infection prohibits the completion of the autophagy
process by preventing the formation of autolysosome through NSP-6 expression since it has a key role in increasing
the autophagosome formation, whereas MERS-CoV reduces Beclin-1 intracellular concentration level. Evidence
suggests that the overexpression of membrane-associated papain-like protease PLP2 (PLP2-TM) in SARS-CoV and
MERS-CoV causes inhibition of the autophagosome integration with the lysosomes while increasing the amount of
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LC3-1I1 in the cell [71,721. Other studies demonstrated that the induction of Beclin-1 formation by NSP-6 expression
in the cells affected by the IBV was along with preventing the autolysosome formation. According to the above,
MERS-CoV can increase the rate of autophagy in the cells while decreasing the concentration of Beclin-1. It differs
for IBV, which increases autophagy by increasing the Beclin-1expression. Thus, we observe two different functions
of two different strains of the coronavirus family encountered by Beclin-1. Furthermore, detection of LC3-I and
LC3-1I in the mouse embryo fibroblast infected by the IBV shows that expression of NSP-6 can induce releasing
autophagosome rather than EDEMosome [50,73]. IBV causes the autophagosome diameter to shrink to prevent
merging with the lysosome. Similarly, the transmissible gastroenteritis virus (TGEV) and SARS-CoV can induce
autophagy through mitochondria and keep themselves away from the oxidative stress response, which leads to cell
death. Negative regulation of autophagy is time dependent for TGEV, and the autophagosome increase can be
found by LC3-II detection in the early steps of TGEV replication. However, the same increase in autophagy can
limit the acceleration of virus replication in the late stages [74].

As another member of the a-coronaviruses, the PEDV has expression of ORF3, inducing the autophagy through
the conversion of LC3-I to LC3-II and reducing the EDEMosome construction as in the IBVs. The autophagy
device for screening LC3-II production of the infected cells is the transmission electron microscopy [75]. The
a-coronavirus members have two different acts encounter to reactive oxygen species (ROS) influences, PEDV can
induce cell death through mitochondrial-activating factors by using the ROS/P53 pathway, furthermore, the S1
protein can also act as an inducer of apoptosis, whereas TGEV constrains the inhibitory effect of the ROS pathway
by activating autophagy in the early stages of infection. Coronaviruses tend to increase their autophagic activities in
the cells before merging with lysosomes. The results of several studies show that the lack of autophagy genes does
not prevent the coronavirus from replicating. However, coronavirus can increase the autophagosome formation
and stop it at the preceding stage of maturation.

In vitro studies show the inhibition of autophagy activity in the cells infected with SARS-CoV-2 by mTOR
functional promotion. Another study evaluated the cytopathic effect of autophagy modulators in the Vero-EG6 cells,
which had a different target in the autophagy pathway. In this regard, the researchers concluded that the cells under
treatment with the negative modulators of autophagy had less cytopathic effect than the others (76). With all the
evidences concerning the increased activity of the autophagy device due to the coronavirus family, it should be
noted that a definite claim about the relationship between SARS-CoV-2 and autophagy requires more accurate
studies about the virus itself, and investigations should be expanded to the level of sampling from the COVID-19
patients.

Based on investigations, coronavirus-infected cells in the early stage of infection experience an increasing in
autophagic activity, which can be due to both the cell’s reaction to the pathogen and the fact that the coronaviruses
themselves increase the autophagic activity by nsp6. This increase in autophagic activity is limited to the production
of more autophagosomes, which in some members, such as MHYV, does so without increasing beclin-1 levels [77).
However, in most members of this family, more autophagosome production is associated with increasing levels of
Beclin-1, atgl 2-atg5-atg16 and JNK [78]. But in the next stage of coronavirus infection, they prevent the integration
of autophagosomes and lysosomes, which is done by disrupting the receptor at the junction of the two vesicles
or by shrinking the size of the autophagosome to constrain the vesicles from joining. In other words, infection of
cells with the coronavirus family leads to incomplete autophagy, which is accompanied by a significant increase in
autophagosome levels as well as the prevention of cell death while uninfected cells that being under tension tend to
increment the complete autophagy process, indeed, an increase in autophagosome is accompanied by an increase
in autolysosome production as all shown in Figures 3 & 4 [79].

Inhibiting & activating of autophagy/ERAD could impact on coronavirus replication
Autophagy/ERAD inhibitor

Chloroquine (CQ) and its less toxic derivative hydroxychloroquine (HCQ) have received attention for the treatment
of SARS-CoV-2 infection. CQ and HCQ are endosome/lysosome regulators, which are essentially required in
autophagy, especially in the maturation stage [s0]. HCQ is more soluble and less toxic than CQ, and both of
them are consumed in phosphate and sulfate forms with a long half-life that is estimated to be between 40 and
60 days [81]. CQ function in autophagy is by interfering with the autolysosome formation through increasing the
endosomal/lysosomal pH. The unprotonated CQ to be used is diffused easily across the membrane because of
its diprotic weak base, following mono- or diprotonated CQ in the lysosome, leading to the loss of the capacity
of diffusion. Likewise, CQ can block autophagy through inhibiting the lysosomal proteasome and preventing
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Figure 3. In replication of coronaviruses: after genome uncoating and produce mediate dsRNA, it needs an enclosed
region for transcription as well as completion of its proteins. Coronaviruses can construct three types of enclosed
chambers with the recruits of ER membranes by the way of RTC making near of ER. DMV is a circular bilayer
membrane made by most members of the coronavirus family, including SARS-CoV-2. CM is an irregularly enclosed
area that forms a grid and it is formation by most member of coronaviruses. DMS is an omega-shaped membrane
caused by the protrusion of a bilayer membrane that only IBV can make. LC3-I1:LC3-Il concentration ratio is linkage
between autophagosome and EDEMosome fabrication level in cells, LC3-I conversion to LC3-Il to get ability to putting
into lipid membrane, also LC3-Il delipidation to LC3-I via atg4 for another autophagosome creation. MERS-CoV is the
only member of the coronavirus family that tends to produce more LC3-I. In addition to limiting EDEMosome
production, IBV increases autophagosome production and LC3-Il construction. SARS-CoV-2 induces ERAD and
autophagy by its nonstructural proteins: nsp3, nsp4 with nsp6 cause to promote ERAD-tuning vesicle production and
nsp6 lonely could induce autophagy activity. SARS-CoV-2 makes DMV and CM by the way of extending ER membrane
or EDEMosome hijacking to translate dsRNA-mediated. Furthermore, SARS-CoV-2 increases autophagosome
formation and prevents its fusion with lysosome.

CM: Convoluted membrane; DMS: Double-membrane spherule; DMV: Double-membrane vesicle; ER: Endoplasmic
reticulum; ERAD: Endoplasmic reticulum-associated protein degradation; IBV: Infectious bronchitis virus; MERS:
Middle East respiratory syndrome; nsp: Nonstructural protein; PEDV: Porcine epidemic diarrhea virus; RTC: Replication
and transcription complex; SARS-CoV: Severe acute respiratory syndrome coronavirus.

the autophagosome maturation. Therefore, CQ is used in combination with chemotherapeutic drugs for cancer
treatment (82,83]. The chemical properties of this drug in the elimination of lysosomes and endosomes also lead to
inhibition of SARS-CoV-2 entering, uncoating and exocytosis from the cells. Nevertheless, some of the important
systematic review and cohort studies have not indicated any evidence that CQ and HCQ are effective in improving
the recovery of COVID-19 patients, lessen their symptoms and useful as prophylaxis [84-87). Based on the related
studies, CQ and HCQ seem to be in conjunction with COVID-19 to prevent the completion of the autophagy
process, which may support the hypothesis of an increase in the initial titer of SARS-CoV-2 virus in the patients
receiving HCQ. This hypothesis is compatible with the results of two studies about SARS-CoV and HIV patients
confirming that the patients, who received CQ, had a high initial viral load and also a delay in the initial response
of the immune system [88,89].

Lopinavir and ritonavir (protease inhibitors, Pls, with the commercial name of Kaletra) induce the ER stress
and oxidative pathway, which impair autophagy activity in melanoma and adipocyte cells, mTOR activity and
protein expression enhanced in the skeletal muscle cells under Pls treatment, but the results obtain in vive
demonstrate the reduction of mTOR activity in mice [90-92]. Pls in vitro research have shown the increase of
protein degradation machinery activity up to 150% in comparison to the nontreatment group [93]. In addition, this
combination induces ER stress, which is associated with the proteasome degradation of ubiquitin protein [94]. On
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Figure 4. Autophagy activity in time course of coronavirus infection. Since the cell infection with the coronavirus,
the autophagy activity has been elevating sharply, including an increase in the production of PI3K components like
atg12-atg5-atg16 and beclin-1. It also induces the JNK pathway leading to autophagy, which can be induced by
promulgate the xeroderma pigmentosum type B splicing of the inositol-requiring enzyme 1 pathway or by a direct
effect on the MAPK. According to the studies, deletion of atg5 and atg7 genes reduces coronavirus replication.
Coronavirus-infected cells experience increased LC3-1 modification due to the addition of glycine to the C-terminal as
well as the covalently binding of phosphatidylethanolamine to its amino terminus. This modification results in the
production of LC3-Il that bind to the outer membrane of the autophagosome and increase the autophagosome
marker inner cell. In the late stage of autophagy, coronavirus with the nsp6 infectious protein could constrain
autolysosome constructs and turns the cell toward ‘incomplete autophagy’ to keep the virus away from the lysis
enzyme of autolysosome.

the contrary, the consequences of ROS triggered by PIs impair mitochondrial activity and ubiquitin-proteasome
system dysfunction [95]. Since PI treatment exhibits increasing of ubiquitin proteins significantly along with ERAD
dysregulation, this may lead to an accumulation of protein aggregates in the cells [96-98]. There is no evidence about
EDEMosome promotion or reduction in the cells treated with PIs. However, it is expected that the consequences of
the higher amount of ubiquitin protein, which involve EDEM-1 and other ERAD regulator factor in the ER lumen,
causes the reduction of EDEMosome generation. Contradictory reports have been published about the effectiveness
of lopinavir/ritonavir (kaletra), in some of which, the effectiveness of inpatient mortality has been appropriately
evaluated, and in others, it seems to be significantly useful (99,100]. Two meta-analyses of the administration of kaletra
to the patients with COVID-19 report no significant difference in the duration of hospitalization or mortality rates
compared with the patients who did not receive the drug [101,102].

Autophagy/ERAD activator

Dexamethasone (DXM) is a type of corticosteroid, which promotes autophagy activity through the mTOR pathway.
Two in vitro observations of DXM showed the cells that were incubated with various concentrations of DXM had
higher autophagy proportions [103,104]. In comparing the incidence rate of autophagic activity in CD4" Tecell
between the control and DXM undertreatment groups, it was concluded that DXM could induce autophagy in the
CD4™ T lymphocytes of asthma patients [105]. Previously, the correlation between DXM and autophagy was found
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in muscle atrophy, leukemia and lymphocyte, and osteoblast had been discovered [106-109]. In all of these cases,
DXM increases the rate of autophagy through increasing Beclin-1 accumulation or conversion of LC3-I to LC3-I1.
In vivo investigation about the direct relation between DXM and ER stress demonstrates that DXM can inhibit
ER stress by the NF-kB-mediated anti-inflammatory action in mice. Moreover, mice treated with DXM had lower
misfolded protein accumulation, though glucocorticoids lead to the enhancement of the correct folding protein in
the cells, upregulating EDEM-1 and other ERAD regulators for secretion with EDEMosome [110]. DXM modulates
lung damage by inflammation and reduces the disease progression of respiratory failure and death. According to the
latest research, the patients with DXM treatment have 8-26% lower mortality compared with noncorticosteroid
treatment [111,112].

Type I interferon can involve JAK-STAT, PI3K, AKT and mTOR pathways to induce autophagy and antigen
presence [113-115]. Accumulation of acidic lysosomes as a result of the beclin-1 pathway, which is possible through
autophagy, can be denominated the use of IFN-a2b in the treatment of cancer cells [116]. Furthermore, inhibition of
the autophagy pathway in the cells will reduce the IFN-a2b and CXCL10 expression, and also, autophagy was found
to be needed for IFN-a production in the dendritic cells [117,118]. Therefore, there is a significant association between
autophagy activity and IFN-a production. Due to that respect, autophagy delivers the intracellular pathogens for
lysosomal degradation. Therefore, CD4" T cells are considered as a consequence of lysosomal contents loaded
onto MHC class IT molecules. This process induces self-tolerance of the CD4" T-cell repertoire and led to T-
cell responses against pathogens [119]. [z vitro investigation on hepatocellular carcinoma and glioblastoma cells
shows that IFN-B and IFN-y promote autophagosome formation and conversion of LC3-I to LC3-II [120,121].
The increased ERAD modulators, such as EDEM1, correlate with the proinflammatory high-level expression, and
high concentration of IFN-y has significant interconnection with an upward level of EDEM-1 and SELIL [122].
However, another study showed negative regulatory of IFN-y on mRNA expression of Bip, sec61 and no effective
role in calreticulin (123]. The delay in IFN-a response in SARS-CoV infection is associated with lung lesions and
fatal outcome; preliminary iz vitro experiments display that SARS-CoV-2 has more sensitivity than SARS-CoV to
the IFN-a response and because of IFN-dependent induction response to SARS-CoV-2, type-1 IEN is a therapeutic
benefit in COVID-19 treatment [124-126]. A meta-analysis study assessment shows that COVID-19 patients under
treatment with IFN-a/ have significant viral clearance, with the reduction of the duration of virus detection in
the upper respiratory system and elevate the blood inflammatory factors (127). Furthermore, reduction of IFN-y
circulation may cause lung fibrosis, observed from CT scan imaging, RT-PCR and the blood sample results of the
patients [128].

Dual role on autophagy/ERAD

Bortezomib is an IL-6 receptor blocker used to treat patients with multiple myeloma. The effect of this drug
on intracellular signaling makes intracellular calcium ions releases upward, which helps to induce ER stress and
autophagy. Bortezomib is also known as a proteasome inhibitor that reduces ERAD activity and causes elevate
the accumulation of intracellular proteins [129]. Protein accumulation leads to UPR activation as well as GRP78
and CHOP chaperones. It also induces autophagy by rising JNK activity directly or by increasing XBP splicing in
the IREI route. In addition, bortezomib constrains JAK-STAT activity by blocking the IL-6 receptor (a function
opposite to IFN-a,f activity) and reduces inflammation, autophagy and angiogenesis in cancer cells [130]. This dual
function of bortezomib makes it difficult to decide how to play a role in coronavirus replication. The effect of this
drug as an anti-inflammacory is used in the patients with COVID-19 who have entered the inflammatory phase of
the disease and does not seem to play an effective role in inhibiting the replication of the coronavirus by altering
autophagic or ERAD activity [131].

Conclusion

Coronavirus tends to form a protective shield to keep itself away from recognition and degradation. This virus
develops an enclosed space taken from the autophagosome, EDEMosome or another form of ER membrane
budding (DMV, CM and DMS). The bilayer membrane morphology of B-coronaviruses seems to be similar
in all the members, even SARS-CoV-2 [61]. Based on the studies, all members of the corona family create the
DMV structure with the LC surface coating, but some of them like the IBV could create the CM structure. In
general, ERAD pathway activity is examined separately from ERAD regulation. Cell infection of the coronavirus
family leads to accumulation of viral infectious proteins in the ER lumen, which induce further activity of cell
homeostasis pathways, ERAD is used to remove these infectious proteins from the ER lumen and deliver them
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Table 2. Alteration of autophagy and endoplasmic reticulum-associated protein degradation function under the

influence of drugs used in COVID-19 treatment.

Drugs Autophagy ERAD Mechanism of action Ref.

Chloroquine/hydroxychloroquine  Block the endosome NF Interfering with autolysosome formation through [82,83]
formation increasing the endosomal/lysosomal pH

Dexamethasone Induce autophagy Inhibit ER stress, decrease ERAD Beclin-1 accumulation, promote LC3-I conversion [103-105]

function, reduce misfolded protein  to LC3-lI

Lopinavir and ritonavir (Kaletra) Impaired autophagy Lead to ERAD dysfunction, Induced ER stress, trigger ROS pathway [95,96,139]
activity accumulation of misfolded protein
aggregation

IFN-a2b/B Increase autophagy and  NF Induce JAK/STAT, induce PI3K/AKT, reduce mTOR [113-115]
antigen presenting pathway

IFN-y Increase autophagy Cause to increase SEL1L and EDEM-1  Promote autophagosome formation, increase [120,122]
activity LC3-1 conversion to LC3-II

Bortezomib Dual effect Decrease ERAD Inhibit proteasome and cause to accumulate [129,131]

intracellular misfolded protein/increase JNK, IRE1,
ROS, GRP78 along with blocking JAK-STAT route

EDEM-1: ER-associated degradation; ER: Endoplasmic reticulum; ERAD: Endoplasmic reticulum-associated protein degradation; IFN: Interferon; JAK/STAT: Janus kinase (JAK)-signal trans-
ducer and activator of transcription (STAT); PI3K/AKT: Phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT); NF: No data found; ROS: Reactive oxygen species.

to the proteasome. The evaluation of some Nidoviral members showed increases in both EDEMosome and
autophagosome marker inner cells (LC3-I and LC3-II) during the infection [152]. However, except -coronaviruses,
another coronavirus subfamily revealed a different strategy when encountered with the ERAD process: the IBV,
TGEV and PEDV tend to reduce EDEMosome and promote LC3-II modification as opposed to SARS-CoV,
MERS-CoV and MHYV [57,58,60,74,75,133]. This difference in the effect on ERAD regulatory activity leading to
EDEMosome production appears to be due to the different expression of infectious proteins in the B-coronavirus
family. In vitro findings indicate an increase in EDEMosome production as a result of infection with the 8-
coronavirus family that it can be expected that this family prevents the accumulation of their infectious proteins
in the ER lumen and increases ERAD activity by helping with the ERAD pathway and the production of cell
chaperones like GRP78 or PDI [134].

The strategies of coronaviruses to confront the autophagy process are somewhat the same, and they all enhance
autophagy before autophagosome maturation [82,103,104,111,112,135]. Some of the coronaviruses such as SARS-CoV-1
and MERS-CoV could induce the autophagy process by PLpro-TM. MERS-CoV inhibits Beclin-1 activity by the
way of STING repressor, and in general, MERS-CoV increases autophagosome without Beclin-1 [111,112]. In another
word, ‘uncompleted autophagy’ without the last stage of autophagosome integration is beneficial for the coronavirus
family and simultaneously coronaviruses need to have inducible autophagy activity to have more accessibility to an
enclosed capsule for replication, indeed, they could be hijacking autophagy process after constructs autophagosome
to avoid degradation itself by lysosomal enzyme [136).

Although cellular studies on the cross-talk between autophagy and SARS-CoV-2 indicate the limiting role of
autophagy for the propagation of this novel virus, the virus can use autophagosome for its reproduction, and it seems
this novel virus has a similar reaction to autophagy as the other p-coronaviruses [106-109]. The increasing activity
of autophagy by the coronavirus family and definite assertion about the relationship between SARS-CoV-2 and
autophagy need more precise and expanded investigations considering the patients in this regard. The remarkable
aspect about the communication network between autophagy, ERAD and coronaviruses is that the autophagy and
ERAD process is inherently a limiting factor, autophagy could engulf viral component to degrade via lysosome
and ERAD causes the infectious protein to degrade by sending it to the proteasome, but coronavirus causes
autophagosome recruitment by changing its function in the last step, creating ‘incomplete autophagy’, this process
overactivity due to the drug induction may prevent the virus from controlling this intracellular process like DXM
and IFN-o,8, all of which has been shown in Table 2 [137). However, the B-coronavirus subfamily behaves differently
from other members in dealing with ERAD and prevents further activity of the ERAD process by reducing the
amount of accumulated proteins. Given that there is no further information on how coronavirus infection affects
cell chaperone proliferation, the B-coronavirus subfamily appears to help increase cell chaperone production and
increase UPR activity. This is probably due to the increased production of DMV and EDEMosome for greater
access to ER-derived bilayer structures for self-propagation [138]. While in the case of ERAD tuning, it does not
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constitute a limiting process in itself for the pathogens, actually it could be providing the opportunity for the virus
to multiply further.

Future perspective
In conclusion, the increased autophagy activity in the cells infected with coronaviruses is common among all the
members of this viral family. The misappropriation of regulatory vesicles in the ERAD process is also common
among some members of the coronaviruses. they can also encapsulate the ER membrane to bilayer the vesicles, all
of which are responsible for completing their replication process by the mediate-RNA transcription. The process
of autophagy and ERAD can be indirectly linked by the LC3 protein bridge, which is due to a decrease or increase
in the concentration of LC3-I or LC3-II. Some coronaviruses, such as IBV or PEDV, promote the tendency
of the cells to produce autophagosomes by elevating the conversion of LC3-1 to LC3-II. With this evidence, it
seems that to inhibit or reduce the proliferation of coronaviruses, it is necessary to understand the exact relationship
between the pathogenicity stage and autophagic activity to control the virus replication by affecting this intracellular
process autophagic blockers or activators. Thus, according to this evidence, the link between this pathway and
coronavirus infection, as well as SARS-CoV-2, can be considered a key point when confronting the current and
future coronavirus outbreaks.

The authors’ suggestions are the investigation about the effect of B-coronavirus family infection on increasing
the UPR and ERAD pathways and the production of chaperones GRP78, PDI, calmodulin and calreticulin or
some proteins such as GADD34 and CHOPL.

Executive summary

Endoplasmic reticulum-associated protein degradation & autophagy process machinery

e The endoplasmic reticulum-associated protein degradation (ERAD) process is a conserved process in the
mammalian cells with a role in the disposal of the misfolded protein in the endoplasmic reticulum (ER) lumen.

e The ERAD process is tuned by the disposal of its own regulating factors through the formation of vesicular or
autophagosome structure to reach the lysosome stage.

e Autophagy regulates the removal action of misfolded protein and organelle by creating an enclosed bilayer
membrane.

e LC3-lis a nonlipid form of LC3, which is found in the cytosol, and LC3-Il is the modified arrangement of LC3-I that
can bind to the autophagosome membrane covalently, which has a role in ERAD and autophagy activity.

Coronaviruses can rearrange autophagy & ERAD process

e SARS-CoV-2 same as other coronaviruses tends to create an enclosed space with a bilayer membrane taken from
the ER to replicate its intermediate RNA to direct it toward using the ERAD pathway.

e EDEMosome is considered as an enclosed safe scaffold for their replication of SASR-CoV-2.

e Infected cells have more autophagy activity than normal ones.

Conclusion

e Coronaviruses used autophagosome, EDEMosome or another ER membrane formation (double-membrane
vesicle, convoluted membrane) as a protective shield to keep itself away from recognition and degradation.

e SARS-CoV-2 can use autophagosomes for its reproduction.

e Coronavirus can provide the opportunity to multiply further through recruitment of the intracellular network
such as autophagy and ERAD.

e The increasing activity of autophagy by the coronavirus family and definite assertion about the relationship
between SARS-CoV-2 and autophagy need more precise and expanded investigations considering the patients in
this regard.

e More comprehensive studies are needed to understand the communication network between autophagy, ERAD
and coronaviruses.

Future perspective

e Link between this pathway and coronavirus infection as well as SARS-CoV-2 can be considered a key point
confronting this and future coronavirus outbreaks.
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