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Abstract
Positive single-strand RNA (+ RNA) viruses can remodel host cell membranes to induce a replication organelle (RO) iso-
lating the replication of their genome from innate immunity mechanisms. Some of these viruses, including severe acute 
respiratory syndrome coronavirus type 2 (SARS-CoV-2), induce double-membrane vesicles (DMVs) for this purpose. Viral 
non-structural proteins are essential for DMV biogenesis, but they cannot form without an original membrane from a host 
cell organelle and a significant supply of lipids. The endoplasmic reticulum (ER) and the initial mechanisms of autophagic 
processes have been shown to be essential for the biogenesis of SARS-CoV-2 DMVs. However, by analogy with other 
DMV-inducing viruses, it seems likely that the Golgi apparatus, mitochondria and lipid droplets are also involved. As for 
hepatitis C virus (HCV), pores crossing both membranes of SARS-CoV-2-induced DMVs have been identified. These pores 
presumably allow the supply of metabolites essential for viral replication within the DMV, together with the export of the 
newly synthesized viral RNA to form the genome of future virions. It remains unknown whether, as for HCV, DMVs with 
open pores can coexist with the fully sealed DMVs required for the storage of large amounts of viral RNA. Interestingly, 
recent studies have revealed many similarities in the mechanisms of DMV biogenesis and morphology between these two 
phylogenetically distant viruses. An understanding of the mechanisms of DMV formation and their role in the infectious 
cycle of SARS-CoV-2 may be essential for the development of new antiviral approaches against this pathogen or other 
coronaviruses that may emerge in the future.
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Introduction

Positive single-strand RNA (+ RNA) viruses use their 
genomes directly as messenger RNA, producing a polypro-
tein from which the various viral proteins required for repli-
cation are derived. One of these proteins is the RNA-depend-
ent RNA polymerase, which copies the + RNA genome to 

form a double-stranded (dsRNA) replicative template that 
is used to generate more + RNA for the translation of viral 
proteins and to constitute the genome of newly synthesized 
virions. The replication of + RNA viruses takes place in the 
cytoplasm, potentially exposing the viral RNA, and the repli-
cation intermediate constituted by a dsRNA in particular, to 
mechanisms of innate immunity engaged by the host cell [1, 
2]. However, + RNA viruses have developed clever strategies 
for protecting themselves from such host cell defense mecha-
nisms. The assembly of viral replication complexes involves 
associations with the cytoplasmic membranes of the host 
cell, with the virus manipulating host cell factors to induce 
the extensive remodeling of these membranes, thereby iso-
lating viral replication from cell sensors. Virus-induced 
cellular organelles called replication organelles (ROs) are 
produced to concentrate the viral proteins and certain host 
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cell factors essential for viral replication together in the same 
specific compartment, while isolating them from the rest of 
the cytoplasm. Some + RNA viruses, such as coronaviruses 
[3, 4], picornaviruses, including poliovirus, which is the 
most studied member of this family [5, 6], arteriviruses [7, 
8], and noroviruses [9], induce a typical organelle called a 
double-membrane vesicle (DMV). This is also the case for 
the hepatitis C virus (HCV), which is, curiously, the only 
member of the Flaviviridae family known to induce DMVs, 
all other members of this family instead inducing single-
membrane spherules generated by membrane invagination 
[10, 11]. Severe acute respiratory syndrome coronavirus 
type 2 (SARS-CoV-2), the causal agent responsible for the 

COVID-19 pandemic, was recently shown to induce such 
DMVs, like other members of the coronavirus family [12, 
13]. DMVs are vesicles delimited by two closely associated 
concentric membranes. They are easily identifiable by elec-
tron microscopy (EM) in SARS-CoV-2-infected cells and 
are frequently observed in very large numbers, occupying a 
large portion of the cytoplasm (Fig. 1).

Morphogenesis and spatial organization of DMVs

All the DMVs induced by these different viruses are rela-
tively similar in size (100–300 nm in diameter), but they 
display significant variations of spatial organization with 

Fig. 1  Morphology of the DMVs induced by SARS-CoV-2 (Wuhan 
strain) in Vero E6 cells (a) and cultured primary respiratory epi-
thelium (b). The areas outlined by the white squares in a and b are 
shown at higher magnification in the lower panels. In both cases, the 
double membrane delineating the interior of the vesicle is visible. 
However, these two concentric membranes are separated by a wider 
space in Vero cells than in primary cultures of respiratory epithelium. 
The wider spacing of the two membranes in Vero cells makes it pos-
sible to identify the points of contact between the two membranes 
(large arrows on the high magnification images shown in the lower 

panels of a), probably corresponding to pores crossing the two mem-
branes and allowing exchanges with the cytoplasm. These ultrastruc-
tural differences cannot be attributed to technical artifacts, as these 
two cell preparations were fixed and prepared for EM with the same 
protocol (described in detail in [13]). The small white arrows in a 
and b indicate the presence of virus particles, formed in the ERGIC 
compartment (intermediate between the ER and the Golgi appara-
tus). Some viruses secreted at the apical pole of the primary respira-
tory epithelium cells are also identified by small black arrows in b. m 
mitochondria; er endoplasmic reticulum; n nucleus
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the cytoplasm. The DMVs induced by arteriviruses appear 
to be closed compartments with outer membranes that are 
frequently connected to other virus-induced membrane 
structures or to the endoplasmic reticulum (ER), leading 
to the establishment of large reticulovesicular membrane 
networks [7, 8]. By contrast, picornavirus-induced DMVs 
are disconnected structures often observed in an open vase-
like configuration [5, 6]. The DMVs induced by HCV [11] 
and noroviruses [9] seem to be organized in an intermedi-
ate manner. Furthermore, these viruses often induce other 
membrane structures that may appear at different stages of 
infection and probably correspond to precursor forms of 
DMVs. Thus, the morphology of picornavirus membrane 
rearrangements gradually changes during the course of viral 
infection, suggesting that this morphology is dynamic and 
undergoes a form of maturation. For poliovirus and cox-
sackie virus, another member of the picornavirus family, 
membrane remodeling begins with the formation of single-
membrane structures, which are progressively transformed 
into DMVs [5, 6]. It has been suggested that these single-
membrane structures initially form flattened cisternae that 
then curve to form DMVs. The presence of single-membrane 
vesicle clusters early in infection has also been observed for 
HCV, suggesting the possibility of a similar mechanism for 
the morphogenesis of the DMVs induced by this virus [14]. 
It is difficult to determine in which of these elements viral 
RNA replication actually occurs. The subcellular distribu-
tion of major viral components does not always provide a 
clear answer to this question, as only a small fraction of 
the structures in place may be engaged in active replication 
at a given time. Thus, experiments involving the metabolic 
labeling of newly synthesized viral RNA have shown that 
DMVs are, indeed, active sites of viral RNA synthesis for 
HCV [15], but there are probably differences between DMV-
inducing viruses. For picornaviruses, the single-membrane 
structures seem to constitute the site of active replication, as 
these structures predominate at the peak of viral replication 
[6, 16, 17].

For SARS-CoV-2, discreet single-membrane vesicle clus-
ters present at the very start of infection may serve as the 
precursors of DMVs [13]. However, for both coronaviruses 
and HCV, DMVs are clearly the site of active viral RNA syn-
thesis, as suggested by experiments based on the metabolic 
labeling of newly synthesized viral RNA within the DMVs 
[12], and the correlation between the number of intracellular 
DMVs and viral replication rates [13]. Nevertheless, these 
experiments involving metabolic labelling have not demon-
strated unequivocally whether replication takes place inside 
the DMVs, as newly synthesized RNA was observed both 
inside and outside the DMVs. The first DMVs are formed 
within 4 h of infection in SARS-CoV-2-infected cells [13, 
18]. DMVs then rapidly become observable over large areas 
of the cytoplasm and are sometimes connected to the ER 

membrane, suggesting that the ER is probably the main 
source of membranes for DMVs, at least at the beginning of 
the infection [13, 18]. The primary targets of SARS-CoV-2 
infection are nasal and respiratory epithelial cells, which 
form polarized monolayers with distinct apical and basolat-
eral domains. Cultured primary respiratory epithelial cells 
are the closest model to the target tissues of SARS-CoV-2, 
but the Vero cell line, a monkey kidney epithelial cell line 
that is very easy to grow in the laboratory, has proved 
extremely valuable for improving our understanding of the 
cell biology of coronaviruses [3, 4, 12, 13]. The influence 
of cell type on the biogenesis of membrane rearrangements 
has not been studied, but minor morphological differences 
have been observed between these rearrangements in the two 
cell types (Fig. 1).

Role of viral proteins in DMV formation

The molecular composition of SARS-CoV-2 DMVs has yet 
to be determined, but studies on other coronaviruses, such 
as SARS-CoV and the Middle East Respiratory Syndrome 
(MERS) coronavirus, have shown that viral non-structural 
proteins play a key role in DMV formation. Coronaviruses 
have one of the largest known genomes among RNA viruses, 
ranging from 27 to 32 kb in length, and encode for 22–29 
proteins, including at least 16 non-structural proteins (nsp). 
For the SARS-CoV, two of these nsp (nsp3 and nsp4) are 
particularly involved in DMV formation, as the interac-
tion between the luminal loops of nsp3 and nsp4 has been 
shown to be important for initiating host cell membrane 
rearrangements [19]. Moreover, the expression of nsp3 
and nsp4 is sufficient to induce DMV formation [20, 21]. 
Nsp3 is a multidomain protein with a papain-like activity 
and nsp4 is thought to anchor into a host-cell membrane 
the viral replication complex (or replisome) made of at 
least 9 other non-structural proteins [22]. Similarly, their 
functional equivalents in arteriviruses, the non-structural 
proteins nsp2 and nsp3, have also been shown to be neces-
sary and sufficient for DMV formation [23]. This is also 
the case for two non-structural proteins of the poliovirus, 
2BC and 3A [24]. For some viruses, the expression of a 
single non-structural protein seems to be sufficient for 
DMV formation. For HCV, whose genome encodes for a 
more limited number of non-structural proteins, the HCV 
RNA-dependent RNA polymerase (NS5A) is the sole viral 
protein required for this phenomenon [11]. Nevertheless, the 
DMVs observed following the expression of the minimal set 
of proteins required for vesicle formation are not entirely the 
same as those observed during a viral infection, indicating 
that additional factors may have a strong influence on DMV 
biogenesis. For example, other non-structural proteins, such 
as NS4B [25] and NS5B [11], participate in the formation 
of HCV-induced DMVs. This is also the case for the nsp6 



 P. Roingeard et al.

1 3

425 Page 4 of 9

protein of SARS-CoV [20], the NS1-2 and NS3 proteins of 
noroviruses [9] and the nsp5 protein of arteriviruses [26]. 
Moreover, other models of + RNA viruses have shown that 
replicating viral RNA is also a major player in the biogenesis 
of virus-induced membrane rearrangements [27].

Origin of the host cell membranes used for DMV 
formation

Studies on SARS-CoV-infected Vero cells have revealed that 
the DMVs are sometimes seen to be continuous with the 
ER, suggesting that DMVs are derived from the host ER 
membrane [14], as reported for HCV [11] and norovirus 
[9]. Recent studies with various cell types, including Vero 
cells and lung epithelial cells, have reported similar obser-
vations for SARS-CoV-2 [18]. However, markers of other 
organelles, including the Golgi apparatus, have also been 
identified in poliovirus DMVs [28]. Cocksackie viruses, 
which, like poliovirus, are picornaviruses, induce a remod-
eling of both ER and Golgi apparatus membranes [29]. Inter-
estingly, one study based on computational analysis sug-
gested that SARS-CoV-2 viral RNA may also localize to 
mitochondria [30], raising the possibility that SARS-CoV-2 
may also remodel mitochondrial membranes to generate 
mitochondrion-derived DMVs. This possibility was further 
analyzed in a functional analysis of host cell proteins binding 
to SARS-CoV-2 RNA, which confirmed a physical and func-
tional connection between SARS-CoV-2 and mitochondria 
[31]. EM images, such as that shown in Fig. 1a, in which 
large numbers of mitochondria are observed in close prox-
imity to DMVs, support this hypothesis, which nevertheless 
remains to be confirmed, as a potential role for mitochondria 
in DMV biogenesis is to date based on indirect experiments.

Like mitochondria, autophagosomes are surrounded by a 
double membrane and a role for these organelles in the bio-
genesis of coronavirus membrane remodeling has been sug-
gested [32]. Autophagy is part of the endogenous cell sub-
strates recycling machinery and innate immunity strategies 
by targeting intracellular pathogens to lysosomes for degra-
dation. Although many viruses have developed strategies to 
counteract the antiviral functions of the autophagy pathway, 
some of them on the contrary have acquired mechanisms to 
exploit specific functions of the host cell factors involved 
in this process, to promote viral replication [33]. Thus, the 
biogenesis of virus-induced DMVs is probably dependent 
on cellular factors essential for autophagosome formation. In 
the murine hepatitis virus (MHV), another coronavirus, and 
SARS-CoV-infected Vero cells, the viral replicase protein, 
nsp8, colocalizes with the autophagosome marker LC3 [34, 
35]. LC3 also colocalizes with the viral replicases of many 
other DMV-inducing viruses, including arteriviruses [36] 
and HCV [37]. The isolation of HCV DMVs by cell frac-
tionation and biochemical analysis showed that LC3 was 

present in the membranes of these vesicles [10]. In MHV-
infected cells, two viral proteins that localize to the replica-
tion complex (p22 and N) were also found to be colocalized 
with LC3, and with ATG12, which, together with ATG5, 
promotes LC3 lipidation, an important step in autophago-
some formation. However, while this study on MHV showed 
that LC3 was essential for viral replication, it also demon-
strated that LC3 lipidation was not strictly necessary [35]. 
This finding suggests that DMV biogenesis is facilitated by 
the mechanisms underlying autophagosome formation, but 
not to the extent of lysosomal targeting and fusion. A recent 
study confirmed that an incomplete autophagy response is 
a feature of SARS-CoV-2 infection [38]. The expression of 
SARS-CoV-2 ORF3a was sufficient to trigger incomplete 
autophagy, in which autophagosome formation was induced 
but autophagosome maturation was impaired. It has also 
been shown that the lipid phosphatidic acid (PA) produced 
by acylglycerol phosphate acyltransferase (AGPAT) 1 and 2 
activity in the ER is essential not only for autophagic vesicle 
formation, but also for the biogenesis of HCV- and SARS-
CoV-2-induced DMVs [39]. Both these viruses also exploit 
other common factors involved in autophagosome formation, 
including class III phosphatidylinositol 3-kinase (PI3K), but 
without activating conventional autophagy pathways [40]. 
All these results suggest that SARS-CoV-2 and HCV can 
exploit autophagosome formation mechanisms to support 
DMV biogenesis, while blocking lysosome fusion to escape 
complete autophagy-mediated degradation. These observa-
tions reinforce the link between autophagy and DMV forma-
tion, revealing unexpected similarities in the mode of opera-
tion of two phylogenetically very different viruses [39, 40].

Lipid synthesis and redistribution for DMV 
biogenesis

The induction of host lipid synthesis by DMV-inducing 
viruses is required to provide the lipids necessary for these 
major membrane rearrangements [41]. Sharp differences 
in lipid composition have been found between the mem-
branes of DMV and the ER membrane from which they are 
derived. For example, HCV-induced DMVs contain nine 
times more cholesterol than host cell ER membranes [15], 
and they are also enriched in phosphatidylinositol-4-phos-
phate, PI4P [42]. An enrichment in phosphatidyl-choline 
[43] and sphingomyelin [44] has also been observed in the 
membranes of HCV-induced DMVs. A lipidomic study on 
cells infected with a benign human coronavirus, coronavirus 
229E, revealed global alterations to total intracellular lipid 
composition, with an increase in the levels of fatty acids 
and glycerophospholipid [45]. A recent functional analysis 
of a SARS-CoV-2/host protein interactome demonstrated 
a dependence of SARS-CoV-2 on host factors involved in 
cholesterol biosynthesis [46].
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In addition to regulating lipogenesis, viral infection can 
also redistribute host cell lipids from other organelles. Con-
nections between DMVs and host organelles have been 
observed at membrane contact sites (MCSs) [41]. MCSs 
are formed when the membranes of different organelles 
are in close proximity, but not close enough to achieve 
membrane fusion. Specific protein complexes act on these 
closely apposed membranes to regulate these MCSs. These 
complexes include lipid transport proteins (LTPs), which 
facilitate non-vesicular lipid transport between the two 
membranes [41]. For example, the Golgi-localized oxys-
terol-binding protein (OSBP) transports newly synthesized 
cholesterol from the ER to the Golgi apparatus at MCSs in 
a counter-exchange mechanism in which the phospholipid 
PI4P is transferred from the Golgi apparatus to the ER. This 
PI4P-cholesterol counterflow mechanism can be hijacked for 
the benefit of viral replication. Poliovirus [47] and HCV 
[48] hijack OSBP by recruiting PI4-kinase (PI4K) within 
their DMVs. The viral recruitment of PI4K thus leads to 
an enrichment of DMVs in PI4P, increasing OSBP recruit-
ment, with PI4P-cholesterol counterexchange at ER contacts 
then providing cholesterol for the new membranes. There 
are four PI4K isoforms in human cells. Picornaviruses, 
such as coxsackieviruses, recruit PI4KIIIβ [49] to gener-
ate PI4P for the recruitment of OSBP. This exploitation 
of the MCS machinery to provide OSBP/PI4P-dependent 
cholesterol transport from the ER to DMVs is essential for 
viral replication [50]. Other picornaviruses and HCV recruit 
OSBP via PI4KIIIα [51]. The HCV NS5A protein binds to 
and activates PI4KIIIα, increasing PI4P levels on DMVs 
[42]. The structure of HCV DMVs is strongly altered by 
OSBP/PI4K depletion, suggesting that the action of OSBP 
is important for the structural characteristics of DMVs. The 
SARS-CoV-2 protein nsp4 was recently shown to interact 
with OSBP and PI4KIIIβ [52], suggesting that SARS-CoV-2 
may also use OSBP-mediated lipid exchange to enrich its 
DMVs in cholesterol.

The exploitation of cellular lipid stores is another strat-
egy of viruses that hijack host lipid transport mechanisms. 
Cholesterol is esterified in the ER transport to lipid drop-
lets (LDs), dynamic organelles in which neutral lipids are 
stored, synthesized and mobilized according to cellular 
needs. Picornaviruses inhibit cholesterol esterification, pre-
venting its transport to LDs, thereby increasing the availabil-
ity of cellular cholesterol for use in DMVs [53]. They also 
induce the formation of MCSs between DMVs and existing 
LDs, providing platforms for fatty acid transport to DMVs. 
EM studies have shown that poliovirus and coxsackievirus 
DMVs form MCSs with LDs [29]. The inhibition of LD 
lipolysis disrupts both DMV formation and picornavirus rep-
lication, suggesting an important role for LDs in providing 
essential lipids for DMV biogenesis [54, 55]. HCV infection 
causes a subcellular redistribution of LDs [54], and DMVs 

are frequently observed in close proximity to LDs [56, 57]. 
However, for HCV, LDs have a role beyond contributing 
to lipid flow for DMV formation, as they also constitute 
an assembly platform for virus particle morphogenesis [58, 
59]. Recent studies have suggested a possible role for LDs 
in the infectious cycle of SARS-CoV-2, as the viral capsid 
protein drives diacylglycerol acyltransferase (DGAT) gene 
expression to facilitate LD formation and associates with the 
adipocyte differentiation-related protein (ADRP) on the LD 
surface [60]. Another study has suggested that, like HCV, 
SARS-CoV-2 may also use LDs as assembly platforms [61]. 
However, our EM observations, and those of other groups, 
did not confirm a preferential juxtaposition of DMVs with 
LDs or the presence of SARS-CoV-2 virus particles close 
to LDs (Fig. 1). Further studies will be required to clarify 
the role of LDs in the various steps of the SARS-CoV-2 
infectious cycle.

DMV functions

DMVs have a protective function, by concealing viral rep-
lication intermediates from cellular sensors. This was dem-
onstrated with the HCV model, in which immune sensors 
for dsRNA, such as RIG-I (retinoic acid-inducible gene I) 
and MDA5 (melanoma differentiation-associated protein 5), 
were found to have a limited effect when dsRNA was pre-
sent in DMVs [62]. In the poliovirus model, virus-induced 
membrane rearrangements have also been shown to have a 
vital function in protecting viral RNA from immune sen-
sors [63]. However, it is unclear whether the presence of a 
double membrane is truly necessary for this protection, as 
several + RNA viruses induce membrane remodeling to gen-
erate single-membrane spherules through invagination, with 
similar effects [64]. DMVs also have large outer membrane 
surfaces to which replication complexes could potentially be 
anchored, but it seems more likely that replication occurs in 
association with the inner membrane facing the cytosolic 
interior of the DMV. This would clearly provide an isolated 
environment, which would be ideal for viral replication. A 
recent 3D tomographic cryo-EM study of SARS-CoV-2 
infected cells showed that the interior of DMVs contained 
branched filamentous structures resembling dsRNAs [65]. 
However, such a compartment would need to remain capa-
ble of exchanging material with the cytosol, for the import 
of metabolites and the export of viral RNA for translation 
and encapsidation into newly synthesized virions. Closed 
DMVs with no apparent opening to the surrounding cytosol 
have regularly been observed in infected cells. In the case of 
picornaviruses, completely sealed DMVs coexist with open 
DMVs, which are probably their precursors. Completely 
sealed DMVs may represent the final stage, with which large 
amounts of viral RNA isolated in these structures to prevent 
contact with cellular sensors.
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In the HCV model, in which only DMVs are encountered 
at peak viral replication, sealed DMVs seem to coexist with 
pore-containing DMVs (about 10% of the total) capable of 
exchanges with the cytoplasm [11]. It is, therefore, con-
ceivable that productive viral RNA synthesis occurs within 
DMVs containing pores that eventually become sealed to 
isolate and store the excess viral RNA accumulated during 
infection. Cryo-EM experiments have recently shown that 
MHV- and SARS-CoV-2-induced DMVs, like those of HCV, 
have pores that span the double membrane, allowing the 
transport of newly synthesized viral RNA out of the DMV 
for translation and packaging into viral particles [66]. The 
nsp3 protein has been shown to be a major constituent of 

these pores, but the possibility of host cell factors also con-
tributing to the formation of these pores cannot be excluded 
[66]. Despite having a lower resolution than cryo-EM, con-
ventional EM studies have suggested that pores are present 
in SARS-CoV-2-induced DMVs (lower panels of Fig. 1a). 
Interestingly, components of the host cell nuclear trans-
port machinery associated with DMVs have been shown 
to play a key role in protecting HCV-infected cells from 
innate immune sensors [62]. No such mechanism has yet 
been demonstrated for SARS-CoV-2, but the presence of 
annulate lamellae—storage forms of nuclear pore complexes 
(NPC) anchored in host cell membranes—has been shown to 
be an ultrastructural feature of infected cells for both these 

Fig. 2  Model for SARS-CoV-2 DMV biogenesis and role of this 
virus-induced organelle in the viral life cycle. AL annulate lamella; 
ER endoplasmic reticulum; ERGIC ER-Golgi intermediate compart-

ment; LD lipid droplet; NPC nuclear pore complex; nsp3 non-struc-
tural protein 3; RC replication complex
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viruses [13, 67, 68]. This finding suggests a potential role 
for annulate lamellae, via the NPC components they con-
tain, in the biogenesis of HCV- and SARS-CoV-2-induced 
DMVs or in the establishment of the pores crossing the 
DMV membranes. Interestingly, the potential involvement 
of NPC components in the DMV pores could suggest that 
these pores may also have a dynamic opening and closing 
function, as for NPCs.

Conclusion

SARS-CoV-2, like other + RNA viruses, hijacks the 
organization and biogenesis of host cell membranes 
to form DMVs, in which its replication complexes are 
anchored. Figure 2 summarizes the mechanisms dem-
onstrated or suspected to contribute to the biogenesis 
of SARS-CoV-2 DMVs and their potential role. Despite 
SARS-CoV-2 and HCV are phylogenetically unrelated, 
the DMVs of these two viruses are very similar. It will 
be interesting to determine in future studies whether the 
original observations made with the HCV model, such as 
the co-existence of pore-containing and sealed DMVs or 
the role of host cell NPC components in the biogenesis 
and/or function of DMVs, also apply to SARS-CoV-2. 
The anchoring of viral replication complexes to the inner 
membrane of DMVs and their direction toward the lumen 
of these DMVs are strongly suspected but have never been 
strictly demonstrated. Further studies of these aspects are 
therefore required. It will also be important to study the 
initial formation of these DMVs, at the beginning of the 
infection, and the transport of the newly synthesized viral 
RNA through the pores of the DMVs for constitution of 
the genome of future viral particles. These investigations 
could help to drive the design of new antiviral strategies 
against SARS-CoV-2 and other coronaviruses that might 
emerge in the future based on the inhibition of this repli-
cation organelle. In addition, molecular dynamics simula-
tions by computational approaches that have been recently 
used to model the formation of a double membrane [69] 
could also help to reach this objective.
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