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Abstract: Coronavirus accessory proteins are a unique set of proteins whose genes are interspersed
among or within the genes encoding structural proteins. Different coronavirus genera, or even
different species within the same coronavirus genus, encode varying amounts of accessory proteins,
leading to genus- or species-specificity. Though accessory proteins are dispensable for the replication
of coronavirus in vitro, they play important roles in regulating innate immunity, viral proliferation,
and pathogenicity. The function of accessory proteins on virus infection and pathogenesis is an area
of particular interest. In this review, we summarize the current knowledge on accessory proteins
of several representative coronaviruses that infect humans or animals, including the emerging
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), with an emphasis on their roles in
interaction between virus and host, mainly involving stress response, innate immunity, autophagy,
and apoptosis. The cross-talking among these pathways is also discussed.
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1. Introduction

Coronavirus (CoV) infection usually causes mild respiratory symptoms, gastroenteri-
tis, and hepatitis in humans and animals, but in some cases, it leads to life-threatening
disease. For example, SARS-CoV and Middle East respiratory syndrome (MERS-CoV)
infections lead to severe respiratory syndrome in humans [1,2], and porcine enteric diarrhea
virus (PEDV) causes serious symptoms in animals [3,4]. Recently, as a newly emerged
highly pathogenic agent of respiratory disease, SARS-CoV-2, has caused more than a
mil-lion cases of infection around the world from 2019 to 2020 and led to a high fatality
rate, thereby having a significant impact globally [5,6]. Although a great deal of research
had previously focused on SARS-CoV and MERS-CoV, when the SARS-CoV-2 outbreak
occurred, there were no available drugs or effective vaccines to prevent or treat the disease.
These highly pathogenic CoVs pose an enormous threat to human and animals health and
are now receiving extensive attention from researchers.

Coronaviruses belong to the subfamily Coronavirinae in the family Coronaviridae of the
order Nidovirales and can be classified into four genera, including Alphacoronavirus (α-CoV),
Betacoronavirus (β-CoV), Gammacoronavirus (γ-CoV), and Deltacoronavirus (δ-CoV) [7,8],
which possess single-stranded and positive-sense RNA genomes. The α-CoVs and β-CoVs
only infect mammals, including human CoVs (HCoV-229E, HCoV-OC43, SARS-CoVs,
and MERS-CoV) and animal CoVs (mouse hepatitis virus (MHV), PEDV, feline infectious
peritonitis virus (FIPV), porcine transmissible gastroenteritis virus (TGEV), swine acute
diarrhea syndrome coronavirus (SADS-CoV)) [9–11]. These human CoVs cause infections
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of the respiratory tract, resulting in the common cold, severe pneumonia, acute respiratory
distress syndrome (ARDS), and even death [12]. As economically important pathogens,
PEDV, TGEV, and SADS-CoV pose a heavy disease burden on livestock [3,13]. The γ-CoVs
mainly infect birds, with the most well-studied γ-CoV being infectious bronchitis virus
(IBV) [14]. δ-CoVs such as bulbul CoV (BuCoV) and porcine deltacoronavirus (PDCoV)
can infect birds and mammals [7,15,16]. PDCoV has the smallest genome among all CoVs
and is a unique δ-CoV in that it can be passaged in vitro. Previous studies have shown
that calves [17], chickens [18], and turkeys [19] are also susceptible to PDCoV. A recent
study reported that PDCoV was identified in plasma samples from three children with
acute undifferentiated febrile illness in Haiti [20], suggesting that PDCoV has the ability to
infect humans, producing a significant threat to human and animal health [21].

Coronavirus genomic RNA consists of multiple open reading frames (ORFs) with an
invariant gene order: 5′-replicase-S-E-M-N-3′, with a varying number of accessory protein
genes scattered among or within the structural genes [7]. CoV accessory proteins are
genus-specific and share no homology with known viral proteins, and each CoV contains
a different number of accessory protein genes interspaced between or within the viral
structural protein genes [22]. Figure 1 provides details on the organization of several repre-
sentative CoV genomes. For example, FIPV, which is an α-CoV, possesses five accessory
proteins, while another α-CoV, PEDV, has only one accessory protein, and the SARS-CoV
of β-CoV has eight. SARS-CoV-2 possesses nine putative accessory proteins [23]. IBV,
which is a γ-CoV, encodes four accessory proteins. As a representative of δ-CoVs, PDCoV
has been experimentally proven to encode three accessory proteins [24,25]. Among all
CoVs, SARS-CoV accessory proteins are the best characterized both biochemically and
molecularly, although their functions still remain largely undefined [22]. On the basis of
extensive reports, CoV accessory proteins are widely considered to be nonessential for
in vitro viral replication but are vital for specific interactions between virus and host and
are associated with protein incorporation into virus particles, apoptosis and inflammation
induction, and the host’s antiviral response modulation, which may influence viral patho-
genesis and disease outcomes [22,26,27]. Therefore, fully elucidating the functions of these
accessory proteins is vital for our understanding of CoV pathogenesis and for developing
effective antiviral drugs and vaccines.

In this review, we summarize current knowledge on the accessory proteins of several
representative CoVs, including human and animal CoVs (SARS-CoVs, MERS-CoV, HCoV-
229E, HCoV-OC43, MHV, FIPV, PEDV, TGEV, IBV, and PDCoV), with particular emphasis
on the association of interactions between virus and host (stress response, innate immunity,
autophagy, and apoptosis). We also propose the potential significance of these discoveries
for further research.



Viruses 2021, 13, 1139 3 of 21
Viruses 2021, 13, x FOR PEER REVIEW 3 of 21 
 

 

 
Figure 1. Genome organization of accessory genes from several representative coronaviruses. SARS-CoVs, severe acute 
respiratory syndrome coronaviruses; MERS-CoV, Middle Eastern respiratory syndrome coronavirus; HCoV-229E, human 
coronavirus 229E; HCoV-OC43, human coronavirus OC43; PEDV, porcine epidemic diarrhea virus; TGEV, transmissible 
gastroenteritis virus; MHV, mouse hepatitis virus; FIPV, feline infectious peritonitis virus; IBV, infectious bronchitis virus; 
BuCoV, bulbul coronavirus; PDCoV, porcine deltacoronavirus. Various accessory genes are shown as different colored 
boxes. ORFs 1a and 1b comprise the coronaviruses replicase genes. S, E, M, and N represent viral structural proteins. The 
figure is not drawn to scale. 

2. Innate Immune Interferon (IFN) Responses 
The immune response mediated by type I IFN (IFN-I) is the first line of antiviral de-

fense. Melanoma differentiation gene 5 (MDA5) is the most important sensor for the 
recognition of CoV replicative intermediates (pathogen-associated molecular patterns, 
PAMPs) [28]. Upon binding to PAMPs, MDA5 and RIG-I are activated, resulting in the 
aggregation of mitochondrial signaling adapter (MAVS) and TANK binding kinase 1 
(TBK1)/I kappaB kinase (IKKε) activation, and subsequently, phosphorylation and dimer-
ization of IRF3 and nuclear factor κB (NF-κB), followed by their entry into the nucleus and 
IFN-I production [29,30]. The IFN-I binds to IFN-α/β receptors, inducing the JAK/STAT 
signaling pathway activation and numerous of IFN-stimulated genes (ISGs) production. 
Expression of ISG induced an amplification of response in the first two levels by different 
positive feedback loops, as evidenced by the induction of IFN-α. Finally, some ISGs-en-
coded antiviral activities collectively induce the establishment of an antiviral state and 
antagonism action against a broad range of RNA viruses [31]. A feeble IFN-I response 
appears to be a hallmark of infections from CoVs, including human CoVs, SARS-CoV, 
MERS-CoV [32], and animal CoVs, PEDV, MHV, and PDCoV [33,34]. Recent studies indi-
cated that SARS-CoV-2 infection induced a disorganized immune response, featured by a 
poor and delayed IFN-I response and exacerbated proinflammatory cytokines produc-
tion, leading to serious illness [35]. Taken together, similar to many other viruses, CoVs 
have evolved effective strategies for escaping the IFN system at three levels, including 
inhibiting IFN induction, blocking IFN signal transduction, and opposing the action of 
antiviral proteins by various mechanisms, therefore ensuring their survival [36,37]. The 
identification and characterization of viral proteins that antagonize the IFN response have 

Figure 1. Genome organization of accessory genes from several representative coronaviruses. SARS-CoVs, severe acute
respiratory syndrome coronaviruses; MERS-CoV, Middle Eastern respiratory syndrome coronavirus; HCoV-229E, human
coronavirus 229E; HCoV-OC43, human coronavirus OC43; PEDV, porcine epidemic diarrhea virus; TGEV, transmissible
gastroenteritis virus; MHV, mouse hepatitis virus; FIPV, feline infectious peritonitis virus; IBV, infectious bronchitis virus;
BuCoV, bulbul coronavirus; PDCoV, porcine deltacoronavirus. Various accessory genes are shown as different colored boxes.
ORFs 1a and 1b comprise the coronaviruses replicase genes. S, E, M, and N represent viral structural proteins. The figure is
not drawn to scale.

2. Innate Immune Interferon (IFN) Responses

The immune response mediated by type I IFN (IFN-I) is the first line of antiviral
defense. Melanoma differentiation gene 5 (MDA5) is the most important sensor for the
recognition of CoV replicative intermediates (pathogen-associated molecular patterns,
PAMPs) [28]. Upon binding to PAMPs, MDA5 and RIG-I are activated, resulting in the ag-
gregation of mitochondrial signaling adapter (MAVS) and TANK binding kinase 1 (TBK1)/I
kappaB kinase (IKKε) activation, and subsequently, phosphorylation and dimerization of
IRF3 and nuclear factor κB (NF-κB), followed by their entry into the nucleus and IFN-I pro-
duction [29,30]. The IFN-I binds to IFN-α/β receptors, inducing the JAK/STAT signaling
pathway activation and numerous of IFN-stimulated genes (ISGs) production. Expression
of ISG induced an amplification of response in the first two levels by different positive
feedback loops, as evidenced by the induction of IFN-α. Finally, some ISGs-encoded an-
tiviral activities collectively induce the establishment of an antiviral state and antagonism
action against a broad range of RNA viruses [31]. A feeble IFN-I response appears to be
a hallmark of infections from CoVs, including human CoVs, SARS-CoV, MERS-CoV [32],
and animal CoVs, PEDV, MHV, and PDCoV [33,34]. Recent studies indicated that SARS-
CoV-2 infection induced a disorganized immune response, featured by a poor and delayed
IFN-I response and exacerbated proinflammatory cytokines production, leading to serious
illness [35]. Taken together, similar to many other viruses, CoVs have evolved effective
strategies for escaping the IFN system at three levels, including inhibiting IFN induction,
blocking IFN signal transduction, and opposing the action of antiviral proteins by various
mechanisms, therefore ensuring their survival [36,37]. The identification and characteri-
zation of viral proteins that antagonize the IFN response have been continually reported.
Among them, CoV accessory proteins play crucial roles in impairing the IFN responses at
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different critical points, ranging from the recognition of PAMPs to the action of antiviral
proteins in these pathways. A detailed description of the IFN antagonistic mechanism
of CoV accessory proteins is presented below, and a corresponding schematic diagram is
shown in Figure 2.
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Figure 2. Regulation of innate immune interferon responses by coronavirus accessory proteins.
Schematic diagram representing the induction and signaling transduction of type I interferon during
coronavirus infection and the known modulatory mechanisms of accessory proteins. PRRs (RIG-I
and MDA5) are activated to trigger a series of signaling pathway activations, such as IRF3 and
NF-κB, for the induction of IFN. IFNs then bind to IFNAR and activate the JAK-STAT signaling
pathway to trigger ISGs. Coronavirus accessory proteins regulating the pathway are shown in
red. A question mark indicates the unknown IFN antagonistic mechanism. Abbreviations: dsRNA,
double-stranded RNA; PACT, protein activator of protein kinase R; RIG-I, retinoic acid-inducible
gene I; MDA5, melanoma differentiation-associated gene 5; MAVS, mitochondrial antiviral signaling
protein; TRAF3, TNF receptor-associated factor 3; HSP70, heat shock protein 70; TBK1, TANK-
binding kinase 1; IKKε, inhibitor of κB kinase ε; IRF3, interferon regulatory factor 3; NEMO, NF-κB
essential modulator; IKKα, inhibitor of κB kinase α; IKKβ, inhibitor of κB kinase β; IκBα, inhibitor
of nuclear factor kappa-B; NF-κB, nuclear factor kappa-B; KAPN-α4, karyopherin-α4; TYK2, tyrosine
kinase 2; JAK1, Janus kinase 1; STAT1/2, signal transducer and activator of transcription 1/2; IRF9,
interferon regulatory factor 9; ISGF3, IFN-stimulated gene factor 3; OAS, oligoadenylate synthetase;
PKR, protein kinase R; ISRE, IFN-stimulated response element; P, phosphate.
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2.1. The First Step Involves IFN Induction

The recognition of PAMPs by cellular RNA sensor RIG-I/MDA5 is the initial step,
which was targeted by various accessory proteins via different strategies, such as se-
questration of dsRNA recognition by MDA5 [38] and inhibition of interaction between
double-stranded RNA-binding protein with RIG-I or MDA5 [39] by MERS-CoVNS4a pro-
tein, attenuation of dsRNA binding to RIG-I/MDA5 by PDCoV NS6 protein [40], and an
unknown mechanism for MERS-CoV ORF8b [41]. It appears that RIG-I and MDA5 are a key
target of CoVs, as well as numerous other viruses [42,43]. As key adaptor proteins, MAVS
and TBK1/IKKε play a crucial role in the host’s innate immune response modulation, and
they are also targeting for many CoVs to antagonize IFN production. SARS-CoV ORF3b
may target MAVS to inhibit IFN induction because it is translocated to mitochondria when
overexpressed in Vero cells [44,45]. SARS-CoV ORF9b acts on mitochondria and targets
the MAVS signalosome (MAVS, TRAF3, and TRAF6) via seizing poly(C)-binding protein
2 (PCBP2) and the HECT domain E3 ligase AIP4 to induce its degradation, limiting the
production of IFN production [46]. Like SARS-CoV, SARS-CoV-2 ORF9b interacts with
MAVS by associating with Tom70, implying a conserved IFN antagonistic mechanism [47].
A recent report indicated a novel IFN inhibitory mechanism by which SARS-CoV-2 ORF9b
interrupts the K63-linked ubiquitination of NEMO to inhibit the RIG-I-MAVS signaling
pathway, suggesting a variety of antagonistic actions of SRAS-CoV-2 ORF9b [48]. Both
TBK1 and IKKε are effective for IFN induction and are often employed by viruses to disturb
the IFN signaling response, such as via directly interacting with both IKKε and TBK1 as
observed for MERS-CoV NS4b [49] or via competing specifically with IKKε for interaction
with HSP70 as observed for MERS-CoV ORF8b [50]. Our recent study showed that PDCoV
NS7a specifically interacts with IKKε but not with TBK1, interfering with IKKε binding to
upstream TRAF3 and downstream IRF3 [51]. Multiple CoV accessory proteins hijacked
IRF3 and NF-κB for IFN production to facilitate viral replication, such as SARS-CoV ORF3b
and ORF6. It is speculated that ORF3b protein may interact with nuclear transcription
factors necessary for the IFN induction and that ORF6 may disrupt ER/Golgi transport
necessary for IFN induction [44]. A recent study indicated that SARS-CoV ORF8b and
ORF8ab suppress IFN production via rapid degradation of IRF3 mediated in a ubiquitin-
dependent manner [52]. Furthermore, MERS-CoV NS4b showed a strong preference for
binding to karyopherin-α4 (KPNAα4), outcompeting the NF-κB p65 subunit for KPNAα4
binding, and inhibiting the NF-κB-mediated IFN response during infection [53]. These
data suggest that various CoV accessory proteins can effectively target key molecules in the
IFN pathway mediated by RLRs to escape the host antiviral immune response, suggesting
that IFN inhibition by CoV accessory proteins is a common feature.

Several accessory proteins are potential IFN antagonists, such as HCoV-OC43 NS2a
and NS5a as well as MERS-CoV ORF5, but the molecular mechanisms involved need to
be further investigated [54,55]. SARS-CoV-2 is sensitive to type I IFN pretreatment. How-
ever, SARS-CoV-2 also encodes multiple proteins to counteract IFN production, including
non-structural proteins (nsp1, nsp3, nsp12, nsp13, nsp14), two structural proteins (M, N),
and three accessory proteins (ORF3b, ORF6, ORF8) [56]. Among them, ORF3b suppresses
IFN induction more efficiently than its SARS-CoV orthologue, and a natural variant with a
longer ORF3b that displayed stronger inhibitory activity was identified through screen-
ing 15,000 SARS-CoV-2 strains [57,58]. SARS-CoV-2 ORF8 can form unique large-scale
assemblies that are not possible for SARS-CoV, as determined by a crystal structure assay,
potentially contributing to mediation of immune suppression and evasion activities [59].
This immune suppression of the IFN-I signaling pathway was further confirmed through
an overexpression experiment [56]. Furthermore, SARS-CoV-2 ORF8 could downregulate
MHC-I expression to mediate immune evasion. These findings suggest that SARS-CoV-2
ORF8 escapes the host immune system using a variety of strategies, unlike the SARS-CoV
orthologue. Although SARS-CoV-2 has high nucleotide homology to SARS-CoV, SARS-
CoV-2 is more sensitive to IFN treatment, suggesting their distinguishing regulation of
IFN signaling. Further identification and characterization of the SARS-CoV-2-encoded IFN
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antagonist will facilitate a greater understanding of the relationship of SARS-CoV-2 with
the IFN signaling pathway, as well as this potential pathogenic mechanism.

2.2. The Second Step Involves Signal Transduction

SARS-CoV encodes multiple accessory proteins to impede IFN signaling transduction
via different strategies, such as via reducing IFNAR expression by SARS-CoV ORF3a [60],
binding to karyopherin-α2 to prevent nuclear translocation of STAT1 by SARS-CoV ORF6 [61],
and another so far poorly characterized mechanism by SARS-CoV ORF3b [44]. Cheng
and colleagues found that SARS-CoV ORF6 interacted with host N-Myc (and STAT) in-
teractor (Nmi) protein and induced its degradation, blocking the host antiviral immune
response via impairing Nmi-mediated IFN-stimulated response element (ISRE) activa-
tion [62]. SARS-CoV-2 ORF6 displayed a similar distribution and comparable ability to
impair STAT1 nuclear translocation with its SARS-CoV orthologue, and it was further
demonstrated that several amino acids at the end of the ORF6 C-terminus were indispens-
able for the function of ORF6 at inhibiting STAT1 activation [57]. Miorin and coworkers
then provided direct evidence that SARS-CoV-2 ORF6 blocks STAT nuclear translocation
via interacting with NUP98 and RAE1 [63]. Additionally, several CoV accessory proteins
were proven to function as inhibitors of the IFN signaling response during virus infection.
FIPV ORF7a protein can protect the virus from an IFN-mediated antiviral state in the
context of ORF3 protein expression, suggesting a synergistic effect between ORF7a and
ORF3 [64]. MHV NS5a and its homologues from β-CoVs antagonize the antiviral action
of IFN during virus infection [65]. IBV ORF3a is also associated with resistance to IFN
treatment because its absence leads to rendering IBV less resistant to IFN [66]. However,
the antagonistic mechanism requires further study. Overexpression experiments indicated
the strong inhibitory effect on ISRE promoter activity by numerous CoV accessory proteins,
such as HCoV-OC43 NS2a and NS5a, MERS-CoV NS4a and NS4b [54], as well as three
PDCoV-encoded accessory proteins (NS6, NS7, NS7a); however, this inhibitory mecha-
nism needs to be verified during virus infection. Taken together, these data suggest that
accessory proteins from various CoV genera extensively participate in the host innate IFN
response, as confirmed in a recent report [67].

2.3. The Final Step Involves the Activity of Antiviral Proteins

On the basis of the direct antiviral effects of ISGs, the identification and characteriza-
tion of accessory proteins inhibiting ISG activity may facilitate the discovery of antiviral
targets. To date, several accessory proteins have been reported to directly target ISGs to
inhibit antiviral activity. TGEV protein 7 was shown to limit RNase L activation because its
deletion led to increased RNA degradation that was involved in the RNase L system [68],
but the molecular mechanism involved was not further explored. MERS-CoV NS4a sup-
presses PKR-dependent antiviral stress responses via sequestering dsRNA, facilitating
viral replication [69,70]. MHV NS2 acts as a 2’,5’-phosphodiesterase that cleaves 2’,5’-
oligoadenylates, blocking the IFN inducible 2’,5’-oligoadenylate synthetase (OAS)-RNase L
pathway [71]. Similar functional viral proteins include the homologues HCoV-O43 NS2 [72]
and MERS-CoV NS4b [73]. More inhibitory mechanisms await further exploration.

3. Innate Proinflammatory Immune Response

The proinflammatory cytokine storm is a hallmark of infections caused by SARS-CoVs
and MERS-CoV. Using SARS-CoV-2 as an example, SARS-CoV-2 infection can display a
series of clinical symptoms, ranging from asymptomatic to severe disease. Severe dis-
ease symptoms are featured by pneumonia, progression to ARDS, shock and multiorgan
dysfunction, and even death [74]. Severe COVID-19 is involved in the inflammatory cy-
tokine storm and inflammatory events, such as increased proinflammatory cytokine levels,
including tumor necrosis factor-α (TNF-α), interleukin 1 (IL-1), interferon-γ inducible
protein 10 (IP-10), and IL-6 [75]. A number of studies have suggested that SARS-CoV-
2 triggers IL-1β and IL-18 expression by activating the Nod-like receptor family and
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pyrin domain-containing 3 (NLRP3) inflammasome, leading to severe lung injury and
ARDS [76]. As a central inflammatory multimeric complex, inflammasome mainly consists
of pro-caspase-1, apoptosis-associated speck-like protein containing a caspase recruitment
domain (ASC), and NLRP3 protein, which can be activated by PAMPs, damage-associated
molecular pattern molecules, and reactive oxygen species. Accumulating evidence shows
that NLRP3 specifically interacts with the pyrin domain of ASC, followed by the recognition
of stimulus-mediated oligomerization and the recruitment of pro-caspase-1 by ASC [77].
Upon activation, caspase-1 can trigger the cleavage of pro-IL-1β and pro-IL-18 into mature
IL-1β and IL-18, respectively, leading to an inflammatory response (Figure 3). Several
studies have indicated that E, ORF3a, and ORF8b of SARS-CoV function as NLRP3 agonists.
SARS-CoV ORF3a specifically interacts with TRAF3 to induce the transcription of pro-IL-1β
gene via activating the NF-κB p50 subunit and subsequent caspase 1 and IL-1βmaturation
through promoting ASC ubiquitination [78]. SARS-CoV ORF8b directly interacts with the
leucine-rich repeat domain of NLRP3 and localizes in cytosolic dot-like structures with
NLRP3 and ASC, inducing NLRP3 inflammasome activation and subsequently increasing
IL-1β and IL-18 levels in macrophages and potentially in lung epithelial cells [79]. Due
to the conserved protein sequences, these homologous proteins in SARS-CoV-2 likely
also play vital roles in inflammatory pathogenesis. Considering the potential function of
NLRP3 in SARS-CoVs infection-mediated inflammatory responses, blocking inflammatory
cytokines and the NLRP3 inflammasome may be a promising strategy for limiting the
effects of COVID-19. Indeed, increasing evidence shows that some drugs against NLRP3
inflammasome, such as Glyburide, MCC950, and OLT1177, could reduce inflammatory
responses, alleviating clinical symptoms in patients [80]. Taken together, these findings
indicate that the NLRP3 inflammasome may be a therapeutic target by which to limit
pathological and clinical manifestations.

Except for the abovementioned mechanisms, other CoV accessory proteins associated
with the modulation of proinflammatory cytokine expression have been reported via
various mechanisms (Figure 3). SARS-CoV ORF3a can promote the activities of NF-κB and
c-Jun N-terminal protein kinase (JNK) and can increase TNF-α, IL-8, and CCL5 expression
in murine macrophages and lung cell lines [81,82]. SARS-CoV ORF7a also induces p38
mitogen-activated protein kinase (p38 MAPK) and NF-κB activation, rather than JNK,
resulting in the increased expression of IL-8 and CCL5 [81,83]. SARS-CoV ORF3b induces
the transcription of AP-1 by the activation of the JNK and ERK pathways, leading to
the upregulation of CCL2 in a human hepatoma cell line [84,85]. As a result of the high
homology between SARS-CoV-2 and SARS-CoV, the corresponding accessory proteins of
SARS-CoV-2 might display similar roles, although this needs to be further investigated.
Other animal CoVs can also induce significantly increased proinflammatory cytokines
expression during viral infection, such as TGEV [86], PEDV [3], and PDCoV [87]. For
PEDV, ORF3 protein interacts with the IκB kinase β (IKBKB), promoting NF-κB promoter
activity mediated by IKBKB [88]. However, another recent study showed that PEDV ORF3
protein disrupts the phosphorylation and degradation of IκBα, blocking phosphorylation
and the nuclear translocation of p65 and resulting in downregulation of IL-6 and IL-8
production [89]. The author indicated that various stages of viral infection might be a
cause of contradictory results. Furthermore, TGEV protein 7 showed an inhibitory effect
on the expression of proinflammatory cytokines [90], but the molecular mechanism was
not further investigated. The negative regulation of proinflammatory cytokines was also
reported in MERS-CoV NS4b, which competes with the NF-κB-p65 subunit for binding
to KPNAα4 and leads to the attenuation of NF-κB-mediated proinflammatory cytokine
expression [53]. Taken together, the function of accessory proteins in the modulation of
inflammatory cytokine expression during virus infection is a double-edged process because
they may have pro- or anti-inflammatory roles. Investigating the precise mechanism of
proinflammatory cytokines induction by highly pathogenic viruses might provide clues in
terms of therapeutic interventions.
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Figure 3. Modulation of an innate immune proinflammation response by coronavirus accessory proteins. Schematic
diagram showing the activation and modulation of NLRP3 inflammasome and the MAPK signaling pathway by accessory
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signal-regulated kinase 1/2; JNK, c-Jun N-terminal kinases; c-Fos, cellular FBJ murine osteosarcoma; ATF2, activating
transcription factor 2; P, phosphate.

4. Involvement of ER Stress, Apoptosis, and Autophagy

The ER is the major organelle necessary for protein synthesis, folding, and trafficking.
When the ER is stressed and overwhelmed due to the substantial accumulation of unfolded
proteins, it can cause an ER stress response. To cope with ER stress and maintain protein
homeostasis, host cells initiate the unfolded protein response (UPR), which consists of three
known interrelated signaling branches: protein kinase RNA-activated (PKR)-like ER pro-
tein kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring enzyme
1 (IRE1) (Figure 4). The UPR pathway is intricate, and its activation modulates a wide
variety of signaling pathways, such as MAPK activation, autophagy, apoptosis, and the
innate immune response [91]. ER stress and UPR activation are major contributors to the
pathogenesis of several diseases, such as inflammatory disorders and viral infections [92].
Importantly, chronic UPR activation has been described in many diseases, such as diabetes,
cancer, and neurodegeneration. CoV replication occurs in the cytoplasm and is closely
related to the ER. During CoV infection, excessive production of viral proteins and the
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formation of double-membrane vesicles and viral envelops often result in ER stress. Thus,
the induction of ER stress is likely a common phenomenon in CoV-infected cells. Multiple
CoV infections, including those caused by SARS-CoV [93], MHV [94], TGEV [95], IBV [96],
SARS-CoV-2 [97,98], and PDCoV (unpublished data), have been confirmed to induce obvi-
ous ER stress. Due to prolonged periods of stress, the exasperation of the UPR could lead
to activation of apoptotic pathways and cell death. Thus, CoV-induced apoptosis is also
a common phenomenon, occurring in infections caused by TGEV [99], PEDV [100,101],
FIPV [102], HCoV-OC43 [103], HCoV-229E [104], SARS-CoV [105], MERS-CoV [106,107],
MHV [108,109], IBV [110], and PDCoV [111,112]. Although the induction of autophagy
was also investigated, in particular in PEDV, MHV, IBV, and PDCoV [113,114], the de-
tailed molecular mechanism is less clearly defined than the above two stress responses.
However, studies on the interaction between SARS-CoV-2 and autophagy have received
widespread attention, and many researchers have focused on this topic and on targeting the
autophagy pathway as a strategy for treating COVID-19 [115,116]. For example, multiple
autophagy modulators could block the SARS-CoV-2 cytopathic effect [117]. Certainly,
more work is needed in the future before achieving an effective and safe drug against the
autophagy pathway.

Some studies have identified and characterized multiple accessory proteins involved
in the modulation of ER stress, apoptosis, and autophagy. For example, SARS-CoV ORF8ab
is an ER membrane-associated protein and induces the activation of ATF6 pathway via
interacting with ATF6 [118]. SARS-CoV ORF8b and ORF6 also trigger the activation of
ER stress [79,119]. A previous study demonstrated that TGEV protein 7 bound to protein
phosphatase 1 catalytic subunit (PP1c), leading to an increase in eIF2α phosphorylation [68].
It is possible for TGEV protein 7 to modulate the PERK-eIF2α pathway, but further in-
vestigations are needed. Regarding apoptosis, multiple accessory proteins of SARS-CoV
are involved in this process via different molecular mechanisms when overexpressed in
cells, such as ORF3a, ORF3b, ORF6, ORF7a, ORF8a, and ORF9b. Among them, ORF3a
has been confirmed to trigger apoptosis by activating the p38 MAPK of the mitochon-
drial death pathway [120] and to drive multimodal necrotic cell death [121]. ORF6 triggers
caspase-3 mediated and ER stress-dependent apoptosis pathways [119]. Tan and colleagues
demonstrated that ORF7a protein triggers apoptosis by interacting with Bcl-XL, interfering
directly with its pro-survival function, as well as by a caspase-dependent manner [122,123].
ORF8a protein induces caspase 3 activity and cellular apoptosis through a mitochondria-
dependent pathway and promotes viral infection [124]. SARS-CoV ORF9b protein can
induce apoptosis due to its retention in the nucleus [125]. Recently, ORF3a, encoded by
SARS-CoV-2, was identified as a strong inducer of caspase-dependent apoptosis in multiple
cells [126]. By contrast, a report indicated that PEDV ORF3 inhibits the apoptosis of infected
cells to facilitate viral proliferation [127].

During coronavirus infection, widespread crosstalk occurs among multiple host cell
signaling pathways. The ERK and IRE1 participate in the modulation of autophagy in-
duction in the context of IBV infection [128]. The activated IRE1 antagonizes IBV-induced
apoptosis to facilitate cell survival during viral infection [129]. Furthermore, it was demon-
strated that SARS-CoV ORF3a protein induces ER stress and downregulates IFN-I receptor
expression, leading to the inhibition of the IFN response [60]. PEDV ORF3 activates ER
stress to facilitate autophagy [130]. The identification and characterization of more CoV
accessory proteins that participate in cell signaling modulation await further investigation.
Generally speaking, ER stress, apoptosis, and autophagy, which are involved in cellular
homeostasis and immune responses to viral infections, have dual functionality in virus
infections because they have both pro- and anti-viral roles. Characterization of the precise
crosstalk among ER stress, apoptosis, and autophagy in CoV-infected cells would deepen
our understanding of interactions between virus and host and help to discover potential
antiviral targets.
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Figure 4. Modulation of unfolded protein responses, apoptosis, and autophagy by coronavirus accessory proteins. Schematic
diagram showing the three arms of UPR signaling pathways and the correlated apoptosis and autophagy pathways regulated
by accessory proteins. Accessory proteins modulating the pathway are shown in red. Abbreviations: PERK, PKR-like
ER protein kinase; IRE1, inositol-requiring enzyme 1; ATF6, activating transcription factor 6; GRP78, glucose-regulated
protein, 78 kDa; eIF2α, eukaryotic initiation factor 2 subunit α; ATF4, activating transcription factor 4; CRE, cAMP response
element; CHOP, C/EBP-homologous protein; PP1, protein phosphatase 1; GADD34, growth arrest and DNA damage
inducible 34; UPRE, unfolded protein response element; ERSE, ER stress response element; XBP, X-box-binding protein;
JNK, c-Jun N-terminal kinases; Bcl-2, B-cell lymphoma 2/XL; Bcl-xL, Bcl-2-like protein 1; S1/2P, site-1/2 protease; FADD,
Fas associated via death domain; BaX, Bcl2-associated X; Bid, BH3-interacting domain.

5. The Action Mediating the Ion Channel Activity of Viroporins

Viroporins are virus-encoded proteins that mediate ion channel (IC) activity, playing
crucial roles in virus infection and pathogenesis. Viroporins are characterized by their small
size, hydrophobicity, and their ability to permeabilize membranes by oligomerization [131].
These viroporins consist of many multifunctional proteins from various viral families
that are predominately concentrated in RNA viruses, including influenza A virus (IAV),
hepatitis C virus (HCV), respiratory syncytial virus (RSV), picornaviruses, and CoVs (e.g.,
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SARS-CoVs and MERS-CoV) [132–137]. Many CoVs encode two or more viroporins, such
as E protein, with extra viroporins encoded by accessory genes (Table 1). Several studies
have confirmed that the E proteins are harbored by a range of CoVs, including HCoV-229E,
SARS-CoVs, MERS-CoV, MHV, and IBV, and that they display vital functions as viroporins
involved in viral infection and pathogenesis [137–139].

Table 1. Accessory proteins of coronaviruses that function as ion channel proteins.

Coronavirus Viral Channel Aa Residues TM References

SARS-CoV
ORF3a 274 3 [140]
ORF8a 39 1 [141]

PEDV ORF3 225 4 [142]
HCoV-229E ORF4a 133 3 [143]
HCoV-OC43 ns12.9 110 1 [144]

Generally speaking, the removal of E protein is deleterious to CoVs, leading to the
blockage of virus trafficking, impairment of virion assembly and maturation, and an
attenuated phenotype [145–147]. CoV accessory proteins, with the exception of ORF3
protein between S and E, are generally small proteins. SARS-CoV ORF3a and ORF8a have
been confirmed to function as an ion channel and to promote virus release [140,141,148,149],
as well as PEDV ORF3 [142]. HCoV-229E ORF4a is functionally analogous to SARS-
CoV ORF3a, acting as a viroporin to modulate virus proliferation [143]. HCoV-OC43
ns12.9 functions as a viroporin and is closely associated with virion morphogenesis and
pathogenesis [144]. Interestingly, SARS-CoV ORF3a, HCoV-229E ORF4a, and HCoV-NL63
ORF3 could restore the growth of a ns12.9 deletion mutant of HCoV-OC43, suggesting that
they share a conserved viroporin function [144].

On the basis of previous studies, it was found that these viroporins share similar local-
ization, mainly at the ER/Golgi intermediate compartment (ERGIC) or Golgi compartment,
which are the sites of CoV assembly and packaging. Partial viroporins are incorporated
into virus particles, such as E and ORF3a, which may explain the crucial role that many
viroporins play in viral infection. Viroporins, as well as cellular IC proteins, frequently
contain PDZ domains and PDZ-binding motifs (PBMs) that are generally located at their
C-terminus, contributing to their wide interaction with host proteins. Previous studies
have confirmed that SARS-CoV ORF3a and E possess a class II PBM [150]. Similar motifs
are also present in proteins E and 5 encoded by MERS-CoV. Therein, E protein is verified to
be a viroporin, and protein 5 is expected to possess a similar function [136]. Additional
studies are needed to demonstrate which accessory proteins function as viroporins in γ-
CoV and δ-CoV. Our previous study demonstrated that PDCoV regulates the calcium influx
to facilitate viral infection and that an interaction of PDCoV NS6 with STIM1 necessary
for the modulation of SOCE occurs [151]. Interestingly, STIM1 acts a calcium sensor in
the ER, and NS6 is primarily located at the ER/ERGIC in the context of virus infection,
allowing for its interaction with STIM1 and the regulation of Ca2+ homeostasis [25]. Many
reports have indicated that some viroporins, such as rotavirus nsp4, IAV M2, HCV p7, and
picornavirus P2B protein, enhance the passage of ions and small molecules across mem-
branes to promote viral proliferation [152–155]. Therefore, it is interesting to investigate
whether NS6 is also a viroporin, and this work is currently underway in our laboratory.
The identification and characterization of SARS-CoV-2 accessory proteins as viroporins
have not yet been reported, but it is likely that SARS-CoV-2 encodes multiple viroporins
because of its high homology to SARS-CoV. The vital role of viroporins in facilitating viral
infection and pathogenicity has attracted increasing interest from many researchers due to
their potential as drug targets [156]. The identification of some compounds that disturb
the IC activity of viroporins and impair virus production has been reported [134,157–159].
Moreover, due to their association with viral pathogenesis, viroporin-defective viruses may
be explored as live attenuated vaccines [160]. Therefore, the identification and characteriza-
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tion of viroporins facilitates the development of antiviral strategies and may potentially
lead to effective vaccines.

6. Involvement of Virulence

To date, CoV reverse genetic systems have been extensively applied to investigate
the functions of accessory proteins in vivo, demonstrating that accessory proteins are
associated with viral virulence and play important roles in infection and pathogenesis.
Thereby, their disruption may serve as a powerful tool for developing effective live attenu-
ated vaccines. Mutant FIPVs with deleted ORF3abc or ORF7ab proliferated in vitro but
displayed an attenuated phenotype in cats. Importantly, these mutant viruses provided
effective protection for cats against a lethal challenge, suggesting their potential as a modi-
fied live FIPV vaccine [161]. Dedeurwaerder and colleagues found that ORF7ab deletion
could not maintain viral replication, suggesting a vital role of ORF7 for FIPV replication
in vitro and in vivo [162]. This suggested that the role of FIPV accessory proteins may be
cell-specific. Similar to a report by Haijema and coworkers, the deletion of TGEV ORF3a
and ORF3b (homologues of FIPV ORF3a and 3c) led to strong virulence attenuation [163].
Although ORF6 is not essential for the replication of SARS-CoV, it can significantly enhance
the virulence of an attenuated murine CoV, suggesting its role in virulence [164]. The
absence of four accessory genes (ORF3, -4a, -4b, and -5(dORF3-5)) encoded by MERS-CoV
induced significant attenuation in a dORF3-5 mutant in vitro and in vivo [165]. For MHV,
the deletion of multiple accessory genes in combination resulted in the production of
attenuated recombinant viruses (MHV-∆2aHE, MHV-∆45a, MHV-∆2aHE45a) compared
with the wild-type virus. Among these recombinant viruses, MHV-∆2aHE45a was more
severely attenuated than the other deletion viruses [166]. The deletion of multiple acces-
sory genes of IBV strain H52 BI generated an attenuated phenotype for the recombinant
viruses (rIBV-∆3a, rIBV-∆3b, rIBV-∆3ab, rIBV-∆5ab, and rIBV-∆3ab5ab) in 1-day-old SPF
chickens and showed the ability to induce protection for chickens [167]. Zhao and col-
leagues further evaluated the effects of ORF3a and ORF3b on the pathogenicity of an
IBV QX-like strain and found that their absence also led to attenuated pathogenicity in
chickens [168]. These phenotypes are consistent with the ability of the encoded proteins to
antagonize the IFN response [66,169]. The deletion of NS6 in PDCoV led to a substantial
reduction of viral titer in vitro and in vivo, and piglets infected with the NS6 deletion
mutant virus did not show any clinical scores or pathological injuries, suggesting that NS6
is a vital virulence factor [170]. With the exception of NS6, PDCoV encodes another two
accessory proteins, NS7 and NS7a; whether deletion of two or three of these proteins is a
more suitable option for developing attenuated live vaccines awaits further investigation.
These issues are currently being addressed in our laboratory. SARS-CoV-2 is the etiologic
agent of COVID-19, which has caused enormous loss of human life and has attracted
unprecedented attention from researchers. Thus, the reverse genetic system of SARS-CoV-2
was rapidly and successfully established via multiple strategies, including the BAC-based
system and a T7-based system [171,172], which were then used to explore the biology of
the viral infection process, to evaluate the efficacy of antivirals or neutralizing antibodies,
and to identify viral receptors via constructing recombinant viruses expressing reporter
genes (mCherry, GFP, and Nluc) through the replacement of accessory genes [173,174]. A
recent study identified ORF3a and ORF6 of SARS-CoV-2 as the major contributors of viral
pathogenesis through a reverse genetics system to individually remove viral 3a, 6, 7a, 7b,
and 8 ORF proteins [175]. However, the construction of recombinant SARS-CoV-2 with
multiple accessory genes deletion is yet to be reported. Taken together, accessory proteins
may function in combination with other accessory proteins encoded by the same CoV;
hence, the simultaneous deletion of multiple accessory genes may be a promising strategy
for the development of live attenuated vaccine.



Viruses 2021, 13, 1139 13 of 21

7. Concluding Remarks and Future Prospects

Coronavirus accessory proteins are extensively involved in the host immune response
and are often involved in virulence. Therefore, research on the functions of accessory
proteins has become a hot spot in the field of CoV research in recent years. In this re-
view, we summarized recent progress on the function of accessory proteins from several
representative human and animal CoVs, with emphasis on crucial signaling pathways.
Accessory proteins often function in combination, rather than individually. They not
only coordinate the various processes of the viral replication cycle, but also modulate
host immunity, including the stress response, autophagy, apoptosis, and innate immunity,
providing an appropriate intracellular and extracellular environment for viral replication.
However, the detailed molecular mechanisms used by accessory proteins remain largely
unclear, especially in the context of infection. Currently, several key questions remain to be
addressed: (1) Why does the number of accessory genes vary among CoVs from different
genera, including α-CoV, β-CoV, γ-CoV, and δ-CoV, and even among the same CoV genus,
and are the functions of the absent accessory proteins conducted by other proteins encoded
by the same CoV? (2) Does an increase or decrease in the number of accessory genes
from various CoVs contribute to the improved adaptability of CoVs to a new host or to
cross-species transmission? (3) Since CoVs employ diverse translational strategies that are
not yet fully understood, do CoVs encode more other unknown accessory proteins? (4)
From where do these accessory genes derive and are they involved in broad host spectrums
of CoVs, such as SARS-CoV-2 and PDCoV? (5) Which viral proteins interact with accessory
proteins, and what is the biological significance of the interaction? (6) Do interactions
occur among different accessory proteins from various CoVs with the same target organs,
such as PDCoV, PEDV, and TGEV, resulting in more serious co-infections? The answers
to these questions will deepen our understanding of the function of accessory proteins
in CoVs and will facilitate the formulation of antiviral strategies and the development of
effective vaccines.

With the advent of new bioinformatic tools and the availability of infectious clones and
genome editing (CRISPR), new accessory proteins are constantly being identified [176–179].
Moreover, more signaling pathways and host factors targeted by accessory proteins are
expected to be uncovered and characterized. Supplemented with the advances in molecular
biology techniques, crystallization protocols, and NMR techniques, the biological struc-
tures of more accessory proteins will be elucidated, which will facilitate their molecular
characterization and boost the rational design of specific antiviral inhibitors. In summary,
future studies of accessory proteins from multifarious perspectives will facilitate a deeper
understanding of the biology of these important viruses and will aid our ability to treat
and prevent infections.
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