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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continues to evolve and adapt after its emer
gence in late 2019. As the causative agent of the coronavirus disease 2019 (COVID-19), the replication and 
pathogenesis of SARS-CoV-2 have been extensively studied by the research community for vaccine and thera
peutics development. Given the importance of viral spike protein in viral infection/transmission and vaccine 
development, the scientific community has thus far primarily focused on studying the structure, function, and 
evolution of the spike protein. Other viral proteins are understudied. To fill in this knowledge gap, a few recent 
studies have identified nonstructural protein 6 (nsp6) as a major contributor to SARS-CoV-2 replication through 
the formation of replication organelles, antagonism of interferon type I (IFN-I) responses, and NLRP3 inflam
masome activation (a major factor of severe disease in COVID-19 patients). Here, we review the most recent 
progress on the multiple roles of nsp6 in modulating SARS-CoV-2 replication and pathogenesis.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
emerged in Wuhan, China in late 2019 and quickly spread across the 
globe to become a major pandemic (Zhu et al., 2020). SARS-CoV-2 has 
continuously evolved to generate variants of concern (VoCs) with 
altered viral transmissibility and immune evasion of vaccine- and/or 
infection-elicited immunity. Different VoCs have led to wave after wave 
of infections around the world. A large portion of SARS-CoV-2-related 
research has focused on the spike (S) protein due to its importance in 
infection and vaccines (Walls et al., 2020; Q. Wang et al., 2020). As a 
highly immunogenic viral factor, the S protein was an ideal vaccine 
target for the recently approved vaccines and for the development of 
effective therapeutic antibodies (Abdolmaleki et al., 2022; Patel et al., 
2022; Plante et al., 2021; Walls et al., 2020; Q. Wang et al., 2020). S 
protein, however, is just one of many viral factors that contribute to the 
molecular pathogenesis of SARS-CoV-2. 

SARS-CoV-2 is an enveloped betacoronavirus containing a single- 
stranded positive-sense RNA genome (Bar-On et al., 2020). Once the S 
protein binds to the host receptor angiotensin-converting enzyme 2 
(ACE2), the virus can enter the cell by two methods: (i) via the endo
cytosis pathway whereupon the viral envelope may fuse with the 

endosomal membrane to release the viral genome into the cytoplasm, or 
(ii) via the proteolytic cleavage of the S protein by the host factor 
TMPRSS2, triggering fusion of the viral envelope with the plasma 
membrane and release of the viral genome directly into the cell (Fig. 1; 
Hoffmann et al., 2020). The SARS-CoV-2 genome contains a 5′ cap and a 
3’ polyadenylated tail that facilitate protein translation by host ma
chinery without activating cellular immune sensors (Kim et al., 2020). 
Two long open reading frames (ORFs) encoding polyproteins pp1a and 
pp1ab are co-translationally processed by viral proteases to make 16 
individual nonstructural proteins (nsps), which together form the 
replication complex (Fig. 1; Cui et al., 2019; Kim et al., 2020). Addi
tional ORFs encode 7 accessory proteins, thought to antagonize host 
immune responses (Y. Liu et al., 2022), and 4 structural proteins that 
form the virus particle (Fig. 2; Cui et al., 2019). 

Replication of the viral genome occurs in double-membrane vesicles 
(DMVs) that originate from the endoplasmic reticulum (ER) to form 
replication organelles that protect nascent viral genomic RNA from 
pattern recognition receptors (PRRs) that might trigger an interferon 
response (Fig. 1; Knoops et al., 2008; Scutigliani and Kikkert, 2017; Yang 
et al., 2020). Translation of structural proteins at the ER begins the 
process of virion assembly (Fig. 1; Fehr and Perlman, 2015; Saraste and 
Prydz, 2021). Newly replicated viral genomes are coated with 
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nucleocapsid (N) proteins that facilitate virion assembly with envelope 
(E) and membrane (M) proteins in the ER-to-Golgi intermediate 
compartment (ERGIC; Fig. 1; de Haan and Rottier, 2005; V’kovski et al., 
2021). Finally, rather than egress through the conventional biosynthetic 
secretory exocytosis pathway like most other RNA viruses, betacor
onaviruses including SARS-CoV-2 are released from the infected cell 
through the lysosomal pathway (Fig. 1; Ghosh et al., 2020). 

All nonstructural proteins are considered to have crucial roles in 
replication. While the molecular structure of nsp6 has yet to be solved 
(Gupta et al., 2020; Mariano et al., 2020), recent studies have suggested 
that nsp6 contributes to SARS-CoV-2 replication through a variety of 
mechanisms. Three major functions have been reported for nsp6: (i) It 
dimerizes to form replication organelles, (ii) it antagonizes host innate 
immune response by tampering with IFN-I signaling pathways, and (iii) 
it activates NOD-like receptor (NLR) Family Pyrin Domain Containing 3 
(NLRP3) inflammasomes by impeding the acidification of lysosomes 
(Bills et al., 2023; Ricciardi et al., 2022; Sun et al., 2022a, 2022b). Here, 
we will review these processes and implications for nsp6 in SARS-CoV-2 
molecular pathogenesis. 

2. Nsp6 structure 

Coronavirus nsp6 is a transmembrane protein with an approximate 
molecular weight of 34 kDa and localizes to the ER membrane and the 
perinuclear space (Angelini et al., 2013; Cottam et al., 2011; Lee et al., 
2021; Ricciardi et al., 2022; Snijder et al., 2020). Sequence comparisons 
show SARS-CoV-2 nsp6 shares 87% identity with SARS-CoV nsp6 

(Fig. 2A). Alignment with SARS-CoV-2 variants shows that a three 
amino-acid deletion (ΔSGF) is common to six previous SARS-CoV-2 
variants [Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Eta (B.1.525), 
Iota (B.1.526), and Lambda (C.37)] (Fig. 2A; Peacock et al., 2021; 
Romero et al., 2021). Phylogenetic analyses using Nextstrain reveal that 
ΔSGF emerged independently among these variants, suggesting a fitness 
advantage (Hadfield et al., 2018; Ricciardi et al., 2022). Separately, the 
Delta variant nsp6 contains a single unique amino acid change V149A. 
Interestingly, the initial Omicron BA.1 also contains a three amino-acid 
deletion (ΔLSG) along with a unique amino acid change (I189V), though 
the triple deletion is shifted to one amino acid upstream. Subsequent 
Omicron sublineages (BA.2, BA.4, and BA.5) instead contain the original 
ΔSGF deletion without additional changes (Fig. 2A). Because the shifted 
ΔLSG from the initial BA.1 was converged to ΔSGF in subsequent Om
icron sublineages, it is reasonable to hypothesize that ΔSGF conveys a 
greater fitness advantage over ΔLSG. Whether V149A and I189V mu
tations contribute in any way to pathogenesis is unknown. Experiments 
are needed to test the above hypotheses. 

The ΔSGF deletion has been demonstrated to be involved in both the 
formation of DMVs as well as antagonism of IFN-I signaling pathways 
and is located in the long lumenal loop (91–112; Fig. 2F; Bills et al., 
2023; Ricciardi et al., 2022). Structural simulations of the lumenal loop 
(91–112) suggest that it is disordered, but experimental evidence under 
different biological conditions shows that the loop shows partial helicity 
(Kumar et al., 2021). The lumenal loop (91–112) and C-terminal domain 
(CTD; 229–290) consist of clusters of multiple aromatic and charged 
amino acids that would likely drive protein-protein interactions 

Fig. 1. SARS-CoV-2 Replication Cycle 
Schematic of the SARS-CoV-2 replication cycle. Upon entry the nonstructural proteins (nsps) are co-translationally cleaved by viral proteases to form the RNA- 
dependent RNA polymerase (RdRp) complex. Nsp6 proteins embedded in the ER membrane homodimerize to form linear zippered ER structures that connect 
with nsp3/nsp4 double membrane vesicles (DMVs) that shield nascent viral RNA (vRNA). Nsp6 recruits lipid droplets to replenish DMVs. Newly synthesized genomes 
are coated with nucleocapsid (N) and are packaged into viral particles with spike (S), envelope (E), and membrane (M) proteins. Adapted from “Life Cycle of 
Coronavirus”, by BioRender.com (2023). Retrieved from https://app.biorender.com/biorender-templates. 
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(Ricciardi et al., 2022). 
Various predictive software have produced contradictory results: 

DeepTMHMM predicts 8 transmembrane domains and both N- and C- 
termini end in the cytoplasm, whereas Protter predicts 7 transmembrane 
domains with the N-terminus in the cytoplasm and the C-terminus in the 
lumen (Hallgren et al., 2022; Omasits et al., 2014). Both the N-terminal 
end and the highly conserved C-terminal end should be in the cytoplasm 
given that they must be proteolytically processed by the cytosolic pro
tease, nsp5 (Mariano et al., 2020). 

Structural predictions using the artificial intelligence program 
AlphaFold (DeepMind) yield interesting results (Jumper et al., 2021). In 
contrast to predictions by Protter, but in agreement with the 
DeepTMHMM software, AlphaFold predicts that SARS-CoV-2 nsp6 has 8 
transmembrane domains (Fig. 2B and C; Hallgren et al., 2022; Jumper 
et al., 2021; Omasits et al., 2014). Accordingly, the N- and C-termini are 
in the cytoplasm and the structure contains a long lumenal loop (amino 
acids 91–112) and a structured C-terminal domain. The long lumenal 
loop, where ΔSGF and ΔLSG occurred in different SARS-CoV-2 variants, 
shows some degree of helicity and a few non-covalent interactions be
tween the loop and the rest of the protein, suggesting that the loop is 
flexible to mediate protein-protein interactions. The CTD consists of 2 
helices and 2 strands and shows some non-covalent interactions within 
the CTD and interactions between the CTD and other regions of the 
protein, suggesting that the CTD maintains a structure to mediate 
protein-protein interactions. Additionally, the nsp6 structure contains a 
short lumenal helix between transmembrane domains 1 and 2, and 
another very short lumenal helix between transmembrane domains 7 
and 8 (Fig. 2B and C; Jumper et al., 2021). 

AlphaFold also predicts that nsp6 dimerizes through interactions 
between transmembrane domains 5, 6, and 7 (Fig. 2D; Jumper et al., 
2021). This model, however, does not rule out the possibility of 
end-to-end homodimerization that would mediate ER zippering, a cen
tral function of nsp6 as reported in a recent study, which involves the 
formation of narrow and exclusive membranous channels through the 
juxtaposition of adjacent ER membranes (Ricciardi et al., 2022). 
AlphaFold is highly accurate for predicting structures when similar 
protein structures have been solved (Jumper et al., 2021). However, 
caution should be taken with the current nsp6 structure model. 

Experimental evidence supports predictions that nsp6 has only seven 
transmembrane domains, the last of which does not traverse the ER 
membrane (Fig. 2F; Ricciardi et al., 2022). Indeed, immunofluorescence 
experiments have shown that permeabilization of the plasma membrane 
allows the detection of N- and C-tagged nsp6 (Ricciardi et al., 2022). 
Analysis of another coronavirus, mouse hepatitis virus (MHV), experi
mentally demonstrated that nsp6 has 7 transmembrane domains (Oostra 
et al., 2008). More recent studies of SARS-CoV-2 nsp6 suggest that the 
7th transmembrane domain, having an amphipathic sequence to form a 
helix, likely associates with the ER membrane rather than traverses the 
lipid bilayer (Fig. 2D; Ricciardi et al., 2022). Indeed, full-length nsp6 
forms puncta within the ER, whereas removing the C-terminus or 
introducing F220Q and T222W mutations in the amphiphilic helix 
caused nsp6 to diffuse throughout the ER (Ricciardi et al., 2022). 
Compared with the AlphaFold model, this model differs in the structure 
of the C-terminal region after residue 157, which contains just two 
transmembrane domains (i.e., transmembrane 6 and the ER-associated 
helix 7; Fig. 2F) rather than 3 transmembrane domains 

Fig. 2. Nsp6 structure and conserved ΔSGF (A) Alignment of the variants of concern (VoCs) with the USA WA1/2020 strain, isolated from the first COVID-19 case in 
the USA. Beta, Gamma, Eta, Iota, and Lambda (not shown) are identical to Alpha. (B,C) nsp6 monomers and (D) dimer as predicted by the AI software AlphaFold; The 
lumenal loop (gray), C-terminal domain (CTD; teal), and the 105–108 region (yellow) are highlighted; gray discs represent membrane layers. (E) Amino acid 
sequence of nsp6 with secondary structures highlighted according to AlphaFold predictions in (B,C). (F) Schematic of nsp6 structure based on experimental evidence 
with numbered transmembrane domains and the 105–108 region highlighted (blue). (E–G) 3D structures presented with Mol* 3D. Schematic (F) Created 
with BioRender. 
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(transmembranes 6–8 and the two C-terminal β-sheets; Fig. 2B). An 
atomic structure of nsp6 is required to validate these models. 

3. Double membrane vesicle formation 

The SARS-COV-2 nsp3, nsp4, and nsp6 proteins have been shown to 
modify the ER membranes to form DMVs and the same is true for the 
respective SARS-CoV proteins (Fig. 1; Angelini et al., 2013; Hagemeijer 
et al., 2014; Klein et al., 2020; Ricciardi et al., 2022). These double 
membrane structures provide a protective environment where viral RNA 
replication can occur away from cytoplasmic sensors and defenses 
(Knoops et al., 2008; Ricciardi et al., 2022; Scutigliani and Kikkert, 
2017). Ricciardi et al. demonstrated that C-terminally tagged 
SARS-CoV-2 nsp6 expressed alone disseminates throughout the ER, 
while N-terminally tagged and untagged nsp6 form round structures and 
colocalize with the host protein Cb5, an ER marker, demonstrating a role 
for the C-terminus in DMV formation (Ricciardi et al., 2022). Further
more, they demonstrated that nsp6 homodimerizes to form linear and 
circular zippered ER structures that encapsulate the surrounding cyto
plasm but maintain a clear connection to the ER. Nsp6 is capable of 
restricting access to these nsp6 compartments, allowing entry only to ER 
membrane proteins with small lumenal domains such as VAP-A, but not 
ER lumenal proteins, such as calreticulin (Fig. 1; Ricciardi et al., 2022). 
Interestingly, truncating the C-terminus of nsp6 removed the ability to 
form zippered ER structures, but the remainder of nsp6 (amino acids 
1–157; Fig. 2F) retained the ability to homodimerize with full-length 
nsp6 (Ricciardi et al., 2022). It seems likely that the long lumenal loop 
(91–112) of nsp6 plays a key role in facilitating homodimerization given 
its positioning in the ER lumen. Interestingly, the small molecule K22, a 
known inhibitor of several coronaviruses, reduces ER zippering and 
results in zippering of the nuclear envelope (Ricciardi et al., 2022). The 
authors suggest that replication could occur in the DMVs formed from 
the nuclear envelope; however, given the preference for ER-derived 
replication organelles, the nuclear envelope is likely an unfavorable 
location for viral replication (Ricciardi et al., 2022) 

Lipid droplets (LDs) are required for SARS-CoV-2 replication and are 
thought to replenish lipids in DMV structures (Fig. 1; Gomes Dias et al., 
2020; Ricciardi et al., 2022; Twu et al., 2021). The C-terminus of nsp6 
recruits Double FYVE-containing protein 1 (DFCP1), a host protein 
known to complex with RAB18 to anchor LDs to lipid membranes (Gao 
et al., 2019; Herker et al., 2021; Li et al., 2019; Ricciardi et al., 2022). 
Nsp6-mediated interactions with LDs promote the growth of DMV 
structures as the replication organelles form. Additionally, nsp6 zip
pering controls access to DMVs by blocking entry to any unwelcome ER 
lumenal proteins or ER membrane proteins with large lumenal domains, 
while simultaneously maintaining free access to lipids (Ricciardi et al., 
2022). 

Previous studies showed that co-expression of nsp3/nsp4 without 
nsp6 is sufficient to generate DMV structures (Ji et al., 2022; Twu et al., 
2021). However, Ricciardi et al. demonstrated that nsp3/nsp4/nsp6 
co-expression produces tighter clusters of DMVs that are more 
numerous, more uniformly shaped, and have a smaller average diameter 
compared to DMVs produced by nsp3/nsp4 expression without nsp6 
(Ricciardi et al., 2022). The smaller DMVs are tethered to the ER by nsp6 
linear zippered ER structures (Ricciardi et al., 2022). Importantly, nsp6 
(ΔSGF) (emerged in SARS-CoV-2 variants) shows higher zippering ac
tivity that produces more uniform DMV structures and improved orga
nization of DMVs through a more developed array of zippered ER 
connections (Ricciardi et al., 2022). It was proposed that the enhanced 
zippering activity of nsp6(ΔSGF) may be a major contributing factor in 
the immune evasion of variants containing ΔSGF (Lee et al., 2022; 
Ricciardi et al., 2022; Thorne et al., 2022). 

Of note, SARS-CoV-2 nsp3/4 induce the production of phosphati
dylinositol 3-phosphate (PI3P), a component necessary for DMV for
mation; class III phosphatidylinositol 3-kinase (PI3K) and the PI3P- 
binding protein DFCP1 are both essential host factors in this process 

(Twu et al., 2021). TMEM41B and VMP1 are also essential host factors 
for DMV biogenesis that interact with nsp3/4 complexes and manage 
phosphatidylserine distribution, an important component for main
taining DMV structures (Ji et al., 2022). Other nonstructural proteins, 
including nsp2/3 and nsp8, also localize in DMVs during SARS-CoV 
infection but their role in DMV formation remains unknown (Bost 
et al., 2000; van der Meer et al., 1999). Therefore, while the evolution of 
nsp6 enhances DMV formation and organization, other nonstructural 
proteins are also essential. 

4. Modulation of autophagy 

Autophagy is a regular process to manage cellular waste and destroy 
intracellular infectious material (Fan and Zong, 2008). In the case of 
viral infection, autophagy is important to control infection and prevent 
widespread dissemination of the virus throughout the host by targeting 
viral components for lysis, as well as to process antigens for presentation 
to major histocompatibility (MHC) molecules (Wu and Yue, 2020). 
Studies have demonstrated that SARS-CoV-2 nsp6 inhibits the formation 
of hybrid pre-autophagosomal structures (HyPAS), which are derived 
from fused cis Golgi and endosomal membranes (Kumar et al., 2021). 
This results in smaller autophagosomes that likely degrade viral com
ponents less efficiently (Cottam et al., 2014; Gassen et al., 2019). Related 
coronaviruses, including SARS-CoV, also utilize nsp6 to form smaller 
ER-derived vesicles with the properties of nascent autophagosomes 
(Cottam et al., 2011, 2014). At late stages of infection, SARS-CoV-2 nsp6 
produces smaller autophagosomes to reduce autophagy overall and, in 
combination with ORF3a, prevents the fusion of compartments con
taining viral components with lysosomes (Miao et al., 2021). 

5. NLRP3 inflammasome activation and pyroptosis 

Rodrigues et al. showed that nsp6 inhibits the lysosome-autophagy 
system by binding to a lysosomal proton pump component. Nsp6 in
hibits lysosomal acidification, resulting in a buildup of non-digestive 
autophagosomes (Rodrigues et al., 2020). In line with these results, 
Sun et al. demonstrated that nsp6 binds directly to ATP6AP1, a 
component of the vacuolar ATPase proton pump, to prevent lysosomal 
acidification in lung epithelial cells (Fig. 4; Sun et al., 2022b; 2022a). 
Nsp6 does not, however, block the fusion of autophagosomes with ly
sosomes; thus, non-digestive lysosomes accumulate and activate the 
NLRP3 inflammasome, leading to caspase-1-dependent maturation of 
interleukin-1β (IL-1β) and IL-18 and triggering pyroptosis, an inflam
matory form of apoptosis (Bergsbaken et al., 2009; Broz and Dixit, 2016; 
Sun et al., 2022a, 2022b). In the same study, IL-1β, IL-18, and M65 were 
identified as markers for severe COVID-19 (Nagy et al., 2021; Sun et al., 
2022a). An amino acid substitution of L37F that accumulated in nsp6 of 
some clinical isolates, which was associated with asymptomatic cases of 
SARS-CoV-2, reduced nsp6’s interactions with ATP6AP1, allowing 
lysosomal acidification to proceed as normal and consequently failing to 
stimulate the NLRP3 inflammasome pathway (Sun et al., 2022a, 2022b; 
R. Wang et al., 2020). Not surprisingly, the L37F variant is not associ
ated with any variants given that it compromises viral fitness in 
SARS-CoV-2 (R. Wang et al., 2020). 

Recent studies have demonstrated the role of inflammasome- 
activated pyroptosis in lung-resident macrophages and its contribution 
to severe disease in COVID-19. About 10% of blood monocytes and 8% 
of lung macrophages in COVID-19 patients were infected with SARS- 
CoV-2 through the uptake of antibody-opsonized virus particles by Fcγ 
receptors on the cell surface (Junqueira et al., 2022). SARS-CoV-2 
infection thus activated NLRP3 and AIM2 inflammasomes in nearly a 
quarter of lung macrophages, leading to pyroptosis, which was shown to 
be important for preventing persistent replication of the virus within 
monocytes/macrophages while simultaneously triggering an alarm to 
mobilize an immune response (Junqueira et al., 2022). As an adverse 
effect, the release of intracellular contents with an increased 
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concentration of IL-1β and IL-18 could be the cause of a cytokine storm 
that can damage organs, and cause vascular leakage and respiratory 
distress in COVID-19 patients (Junqueira et al., 2022; Rodrigues et al., 
2020). A few other studies have similarly shown an increase in IL-1β in 
the blood and NLRP3 inflammasome activation, which correlate with 

clinical outcomes in COVID-19 patients (Hadjadj et al., 2020; Hui et al., 
2020; Rodrigues et al., 2020; Zheng et al., 2021). These data suggest that 
the nsp6-mediated activation of NLRP3 inflammasomes and subsequent 
pyroptosis may be a significant contributor to severe disease in 
SARS-CoV-2 infected individuals. 

Fig. 3. Nsp6 suppression of lysosomal acidification 
activates NLRP3 inflammasome 
Nsp6 interacts with ATP6AP1 proton pump compo
nent to suppress acidification of lysosomes by block
ing cleavage activation of ATP6AP1. This leads to 
accumulation of non-digestive autophagosomes, 
which activates the NRLP3 inflammasome instigating 
pyroptosis, a key feature of severe COVID-19. Created 
with BioRender. Adapted from Sun et al., 2022.   

Fig. 4. nsp6 antagonizes interferon pathways 
Schematic of interferon induction and interferon signaling pathways and the steps antagonized by nsp6. Nsp6 binds to TBK1 to block phosphorylation of IRF3 and 
prevent IFN-I induction. Nsp6 blocks phosphorylation of STAT1 and STAT2 to suppress IFN-I signaling. Created with BioRender. Adapted from Xia et al. (2020). 
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Of note, a screen using affinity-purification mass spectrometry 
identified Sigma-1 receptor (SIGMAR1) as well as 3 components of the 
vacuolar ATPase involved in ion transport, ATP13A3 ATP5MG, and 
ATP6AP1, as high-confidence nsp6 interactors, corroborating recent 
studies (Gordon et al., 2020). A genome-wide CRISPR screen revealed 
ATP6AP1 as an important host factor for SARS-CoV-2 infection (Hou 
et al., 2022). ATP6AP1 and the SIGMAR1 are both known drug targets 
(Gordon et al., 2020). Hydroxychloroquine, an inhibitor of the Sigma-1 
receptor, gained much attention at the beginning of the pandemic due to 
its controversial use despite evidence that the molecule did not offer 
significant clinical benefits to COVID-19 patients (WHO Solidarity Trial 
Consortium, 2021). Haloperidol, however, proved more effective at 
reducing SARS-CoV-2 infection in vitro, possibly by inhibiting SIGMAR1 
and nsp6 interactions (WHO Solidarity Trial Consortium, 2021). 

6. Nsp6 antagonism of IFN-I pathways 

The IFN pathway, comprising of type I IFNs (IFNα and IFNβ) and type 
III IFNs (IFNλ), is part of the first line of defense against viral infections 
(Hoffmann et al., 2015; Kotenko and Durbin, 2017; Levy et al., 2011). A 
triggered IFN response culminates in the activation of the innate im
mune response and promotion of adaptive immunity against future 
infection by the same pathogen. Treatment with IFNα and IFNβ has 
already been investigated as a possible therapeutic in multiple trials, but 
the results were variable (Jhuti et al., 2022). 

We previously reported that several SARS-CoV-2 nonstructural and 
accessory proteins are responsible for antagonizing the IFN-I induction 
and signaling pathways in infected host cells (Fig. 3; Xia et al., 2020). 
Nsp6 in particular inhibits IFN-I production by binding to tank-binding 
kinase 1 (TBK1) to block phosphorylation of interferon regulatory 3 
(IRF3), preventing nuclear translocation and subsequent gene activa
tion. To block IFN-I signaling, nsp6 blocks phosphorylation of signal 
transducer and activator of transcription proteins 1 (STAT1) and STAT2 
by receptor-associated Janus kinase 1 (JAK1) and Tyrosine kinase 2 
(TYK2), preventing STAT1/2 complexing with interferon regulatory 
factor 9 (IRF9) and subsequent nuclear translocation to activate 
interferon-stimulated genes (ISGs; Xia et al., 2020). In support of our 
findings, another study showed that nsp6 reduced IFN-I induction and 
IFN-I signaling pathways to a similar degree (Shemesh et al., 2021; Yuen 
et al., 2020). In contrast, one study similarly reported that nsp6 strongly 
blocked IFNβ promoter activity as well as suppressed MAVS-induced 
mRNA expression of IFNβ, IFNλ1, and IFNλ2/3 but had no effect on 
IFN-I signaling (Shemesh et al., 2021), while another study reported that 
nsp6 enhanced IFN-I signaling but had no effect on IFN-I induction (Lei 
et al., 2020). These differences could be due to distinct experimental 
methods. 

The Alpha variant of SARS-CoV-2, one of the first variants that 
emerged in mid-2020, was shown to be resistant to IFN-I and IFN-III 
treatment (Guo et al., 2022). Recently, we showed that nsp6 contrib
utes to IFN-I resistance in variants (Bills et al., 2023). When treated with 
IFNα, an index SARS-CoV-2 isolate USA-WA1/2020 (WA1) containing 
the Alpha nsp6(ΔSGF) replicated to a higher level in Vero E6-TMPRSS2 
cells than the parental WA1 strain (Bills et al., 2023). Furthermore, we 
showed that expression of variant nsp6(ΔSGF) did not alter IFN-I in
duction compared to WA1 nsp6; but Alpha, BA.1, and a mutant nsp6 
(ΔLSG) reduced the activation of interferon-stimulated regulatory 
element (ISRE) gene promoter while Delta had no effect (Bills et al., 
2023). These results were corroborated by Western blots showing that 
Alpha, BA.1, and nsp6(ΔLSG) inhibit the phosphorylation of STAT1/2, 
but not Delta nsp6 (Bills et al., 2023). Further substantiating these re
sults, Omicron BA.1 was recently shown to be more resistant to IFNα 
treatment compared to WA1 and Delta variant (B.1.617.2; Shalamova 
et al., 2022). These data suggest that both ΔSGF and ΔLSG mutations in 
nsp6 variants enhance repression of the host IFN signaling pathway. 

The question remains how ΔSGF and ΔLSG impact the overall 
structure of nsp6. The deletion of three residues shortens the long 

lumenal loop (91–112), leading to an altered structure of the loop and its 
interactions with host factors in the IFN signaling pathways. However, 
the exact mechanism by which nsp6 prevents STAT1/2 phosphorylation 
is unknown. 

On the other hand, enhancement of nsp6 antagonism of IFN-I re
sponses may be due to improved control over DMV formation as dis
cussed above (Ricciardi et al., 2022). Since IFN alpha receptors I and 2 
(IFNAR1/2) are heavily glycosylated, it’s possible that extensive ER 
remodeling could cause ER stress that would prevent proper maturation 
of IFNAR1/2 in the ER/Golgi apparatus network (Ling et al., 1995; 
Smirle et al., 2013; Sommereyns and Michiels, 2006; Sprooten and Garg, 
2020). Indeed, expression of mCherry-tagged nsp6 alone in HEK293T 
cells was highly cytotoxic, and nsp6 was similarly cytotoxic in an in vivo 
Drosophila model (Lee et al., 2021). Cytotoxicity from nsp6 expression 
could interfere with IFNAR1/2 trafficking to the plasma membrane, 
hence, the IFN-I signaling pathway would not be activated. Whether the 
nsp6-mediated antagonism of IFN-I signaling is due to the direct binding 
of nsp6 to components of the IFN-I signaling pathway or an indirect 
effect resulting from improved DMV organization remains to be seen. 
Further work is required to elucidate the mechanism by which nsp6 
suppresses IFN-I responses. 

7. Ubiquitination of SARS-CoV-2 nsp6 activates NF-κB 
expression 

As described above in section 6, many studies have demonstrated 
that nsp6 is involved in antagonism of the IFN-I signaling pathway 
which would prevent activation of ISG expression and, therefore, limit 
immune responses and allow propagation of viral replication. Patients 
who suffer from severe COVID-19, however, tend to have higher levels 
of proinflammatory cytokines that lead to a cytokine storm, resulting in 
acute respiratory distress syndrome and organ damage (Blanco-Melo 
et al., 2020; del Valle et al., 2020; Huang et al., 2020; Karki et al., 2021; 
Kesmez Can et al., 2021; Nishitsuji et al., 2022; Zhou et al., 2020). Thus, 
it’s possible that SARS-CoV-2 activates the expression of proin
flammatory cytokines via an alternative mechanism during the later 
stages of infection. 

Nishitsuji et al. reported that nsp6 interacts with transforming 
growth factor β-activated kinase 1 (TAK1), a host factor involved in the 
activation of the canonical NF-κB pathway (Fig. 5; Nishitsuji et al., 
2022). NF-κB is considered one of the most important transcription 
factors for the activation of proinflammatory cytokines during 
SARS-CoV-2 infection (Neufeldt et al., 2022; Nilsson-Payant et al., 
2021). Residue K61 of nsp6 is polyubiquitinated by the E3 ubiquitin 
ligase tripartite motif-containing 13 (TRIM13), which facilitates com
plexing of nsp6 and TAK1 with NF-κB essential modulator (NEMO) and 
the subsequent activation of the NF-κB pathway (Fig. 5; Nishitsuji et al., 
2022). Activation of NF-κB signaling leads to increased mRNA expres
sion of IL-8 and IFNγ-induced protein 10 (IP-10), both of which are 
known to be significantly elevated in serum levels of patients with se
vere COVID-19 (Blanco-Melo et al., 2020; del Valle et al., 2020; Huang 
et al., 2020; Karki et al., 2021; Kesmez Can et al., 2021; Nishitsuji et al., 
2022; Zhou et al., 2020). It’s possible that inhibition of nsp6 or NF-κB 
signaling may ease the severity of COVID-19 symptoms by suppressing 
proinflammatory cytokines. 

8. NSP6 mutations in vivo 

In addition to showing that nsp6 mutations enhance suppression of 
IFN-I signaling pathways, we reported that intranasal infection of mice 
with a mutant WA1 SARS-CoV-2 containing the ΔSGF nsp6 deletion 
(ΔSGF-WA1) produces more viral RNA in lungs than those inoculated 
with the parental WA1 virus (Bills et al., 2023). Consistently, 
ΔSGF-WA1-infected mice on average began losing weight a day earlier 
than WA1-infected mice and the disease-state lasted for seven days, a 
day longer than WA1-infected mice (Bills et al., 2023). ΔSGF-WA1 
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proved more lethal with a survival rate of 50% compared to 75% for 
WA1. Surprisingly, analysis of histopathology of infected lung tissues 
from both groups of mice received similar scores, suggesting ΔSGF-WA1 
does not cause greater cytopathic effect in the lungs. Instead, analysis of 
the host response using the nCounter Analysis System and Ingenuity 
Pathway Analysis revealed that in both mouse lung tissues and infected 
primary human airway epithelial cells, cytokine pathways and 
pathogen-induced cytokine storm pathways were downregulated in the 
initial stages of infection but by day 4 were significantly upregulated. 
This suggests that ΔSGF-WA1 efficiently represses early immune re
sponses to allow for viral replication, and the immune system then 
overcompensates for the overwhelming viral load, causing a cytokine 
storm that likely results in organ failure and death (Bills et al., 2023). 
This is a common feature of COVID-19 in humans, where IFN-I response 
is delayed during the early stages of infection (which is consistent with 
findings from SARS-CoV infection) (Arunachalam et al., 2020; Chan
nappanavar et al., 2016) followed by a proinflammatory response in the 
later stages of disease (Arunachalam et al., 2020; Blanco-Melo et al., 
2020; Lucas et al., 2020; Ramos-Casals et al., 2021; Vabret et al., 2020). 
These results are in agreement with the nsp6-mediated activation of the 
NLRP3 inflammasome and NF-κB as described above in sections 5 and 7 
(Nishitsuji et al., 2022; Rodrigues et al., 2020; Sun et al., 2022a). 

Notably, a recent study showed that parental SARS-CoV-2 containing 
BA.1 S gene combined with BA.1 nsp6 (ΔLSG + I189V) was drastically 

attenuated in recombinant ACE2/TMPRSS2/Caco-2 cells and in K18- 
hACE2 mice, closely resembling the attenuated phenotype of full- 
length Omicron BA.1 (Chen et al., 2023). For comparison, only 20% of 
mice infected with the recombinant BA.1 S virus survived; 71% of mice 
infected with BA.1 S/nsp6 virus survived; and 100% of full-length 
BA.1-infected mice survived (Chen et al., 2023). This is in line with 
previous results that mutations in the 5′-UTR-nsp12 region attenuate 
SARS-CoV-2 replication in K18-hACE2 mice, while BA.1 S mutations 
increase virulence (S. Liu et al., 2022). However, this is in contrast to our 
finding that mice infected with ΔSGF-WA1 increased mortality in 
K18-hACE2 mice (Bills et al., 2023). The reason for this discrepancy is 
unclear given that ΔLSG, ΔLSG+I189V, and ΔSGF nsp6 all showed 
improved suppression of IFN-I signaling in vitro (Bills et al., 2023). It was 
suggested that mutations in BA.1 S alter viral tropism, while nsp6 mu
tations may function as an adaptation to an altered tissue environment 
(Chen et al., 2023). Whether BA.1 S and nsp6 work in concert is un
known. Given that infection with mutant ΔSGF-WA1 reduces survival 
while mutant BA.1 S/nsp6 increases survival, the contradictory results 
may suggest an epistatic interaction between S and nsp6. 

9. Conclusions 

The COVID-19 pandemic has ravaged the world and caused un
precedented social and economic damages in the past century (Collab
orators, 2022; Lopez-Leon et al., 2021; Rose, 2021). The rapid 
development and approval of vaccines has changed the course of the 
pandemic and saved countless lives (Watson et al., 2022). However, 
future variants remain a threat, as are other coronaviruses with 
pandemic potential (Gralinski and Menachery, 2020). Thus, it is 
important to continue studying coronaviruses, especially the roles of 
nonstructural proteins and accessory proteins. Although several func
tions of SARS-CoV-2 nsp6 protein have been reported, many questions 
remain. Solving the atomic structure of the nsp6 protein will provide 
crucial insights into its molecular mechanism, such as how ΔSGF and 
ΔLSG alter the nsp6 structure to enhance protein-protein interactions or, 
in the case of L37F, hinder interactions (Aiewsakun et al., 2021; Bills 
et al., 2023; R. Wang et al., 2020). The structural information may also 
improve our understanding of nsp6-mediated DMV formation and 
designing inhibitors of its function. Additionally, identifying specific 
interacting partners will be vital to understanding the nsp6 antagonism 
of IFN-I pathways and other functions. 
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Junqueira, C., Crespo, Â., Ranjbar, S., de Lacerda, L.B., Lewandrowski, M., Ingber, J., 
Parry, B., Ravid, S., Clark, S., Schrimpf, M.R., Ho, F., Beakes, C., Margolin, J., 
Russell, N., Kays, K., Boucau, J., das Adhikari, U., Vora, S.M., Leger, V., Gehrke, L., 
Henderson, L., Janssen, E., Kwon, D., Sander, C., Abraham, J., Goldberg, M.B., 
Wu, H., Mehta, G., Bell, S., Goldfeld, A.E., Filbin, M.R., Lieberman, J., 2022. FcγR- 
mediated SARS-CoV-2 infection of monocytes activates inflammation. Nature. 
https://doi.org/10.1038/s41586-022-04702-4. 

Karki, R., Sharma, B.R., Tuladhar, S., Williams, E.P., Zalduondo, L., Samir, P., Zheng, M., 
Sundaram, B., Banoth, B., Malireddi, R.K.S., Schreiner, P., Neale, G., Vogel, P., 
Webby, R., Jonsson, C.B., Kanneganti, T.D., 2021. Synergism of TNF-α and IFN-γ 
triggers inflammatory cell death, tissue damage, and mortality in SARS-CoV-2 
infection and cytokine shock syndromes. Cell 184, 149–168. https://doi.org/ 
10.1016/j.cell.2020.11.025 e17.  
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