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SARS-CoV-2 accessory proteins (APs), particularly ORF3a and ORF9b, have
emerged as key modulators of host-pathogen interaction and potential
contributors to long COVID. Of the 13 predicted APs, only nine are expressed
during infection – termed Infection-related APs – while the remaining are
classi�ed as Putative APs. Despite this distinction, extensive gene overlap among
APs underscores the remarkable adaptability of SARS-CoV-2 viral genome. This
review delves into the diverse roles of the original Wuhan APs and their Omicron
counterparts in shaping host immunity, with an emphasis on their ability to
suppress type I interferon (IFN-I) signalling, modulate cellular metabolism, and
trigger in�ammatory/apoptotic pathways. By integrating immunopathological
insights with evolutionary dynamics and structural perspectives, this review
provides a comprehensive understanding of the mechanism underlying
Omicron’s reduced pathogenicity and highlights promising, yet unexplored,
therapeutic targets within the SARS-CoV-2 accessory proteome.
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1 Introduction

Given its central role in viral infectivity and immunogenicity, early SARS-CoV-2
research primarily focused on spike (S) protein, which mediates binding to the host cell
receptor angiotensin-converting enzyme 2 (ACE2) (1). However, SARS-CoV-2 viral
genome encodes several additional proteins that initially received less attention but have
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since attracted growing interest. Among these are accessory
proteins (APs), key modulators of diverse cellular processes,
including inhibition of type I interferon response (IFN-I) (2),
induction of proin�ammatory cytokine production and apoptosis
(8), and reprogramming of cellular metabolism (3, 4). A summary
of current knowledge regarding SARS-CoV-2 APs is provided in
Supplementary Table 1.

APs are present in most coronavirus genomes, including the
highly pathogenic SARS-CoV and MERS-CoV, where they play
similar roles in modulating the host response (5). Moreover,
distantly related viruses such as HIV-1 and in�uenza A virus also
encode APs that interfere with host defence mechanisms, including
IFN-I signalling and in�ammatory responses (6–8). This
widespread occurrence of APs across diverse viral families
highlights their evolutionary signi�cance and suggest that
examining the evolution of SARS-CoV-2 APs could uncover
conserved strategies of immune modulation and viral adaptation.

In SARS-CoV-2, APs are encoded in the last third of the viral
genome, interspaced with the structural protein coding genes
(spike [S], envelope [E], matrix [M] and nucleocapsid [N]). They are
located downstream of ORF1ab, which encodes the viral replication
complex (Figure 1A). At least nine APs (ORF2b, ORF3a, ORF3c,
ORF3d-2, ORF6, ORF7a, ORF7b, ORF8, and ORF9b) have been
experimentally con�rmed to be expressed during infection (9). In
addition, four other proteins (ORF3b, ORF3d, ORF9c and ORF10)
have been predicted bioinformatically but remain undetected in
infected cells (10–12). Interestingly, exogenous overexpression of
some of these predicted proteins can signi�cantly disrupt cellular
Frontiers in Immunology 02
processes (3, 10, 13). Accordingly, SARS-CoV-2 APs can be classi�ed
into two groups: Infection-related APs and Putative APs,
respectively (Figure 1A).

Regardless of such classi�cation, several AP-encoding genes
overlap with genes encoding larger proteins. For instance, ORF2b
overlaps with S; ORF9b and ORF9c overlap with N; and ORF3b,
ORF3c, ORF3d, and ORF3d-2 overlap with ORF3a, which encodes
the largest AP. Moreover, ORF3c and ORF3d partially overlap with
each other (Figure 1A) (10, 14). These overlapping regions can be
translated through a process known as leaky scanning (Figure 1B),
which occurs when ribosome bypass the �rst AUG start codon as
they scan the RNA in the 5’ to 3’ direction. Translation then initiates
at a downstream AUG codon, potentially shifting the open reading
frame and producing alternative proteins. This mechanism can
reduce expression of the primary gene in favour of overlapping
genes (15). Notably, overlapping genes appear to confer an
evolutionary advantage to SARS-CoV-2 infection, as they have
remained largely conserved throughout viral evolution, and
premature stop codon within these regions are rare (16).

In this context, this review summarizes the roles of SARS-
CoV-2 APs in host-pathogen interactions, identifying key gaps in
current knowledge and discussing future research directions. To
achieve this, we integrated for the �rst time evolutionary dynamics,
structural perspectives and immunopathological insights, providing
a comprehensive overview of SARS-CoV-2·s APs. This integrative
approach is crucial to understand the reduced pathogenicity of
Omicron, the currently circulating variant (17). Both infection-
related and putative APs are analyzed under this framework.
FIGURE 1

Schematic organization of SARS-CoV-2 genome and leaky scanning process. (A) All SARS-CoV-2 genes are shown, with particular emphasis on
accessory proteins (APs), whether or not they are synthesized as a result of the leaky scanning process. Non-APs, Infection-related APs and Putative
APs are colored in grey, blue and orange, respectively. (B) Illustration of the leaky scanning process, exempli�ed by ORF9b translation.
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Notice, however, that the roles of putative APs have only been
investigated through overexpressing their predicted protein
sequences in cultured cell lines, as these proteins have not yet
been detected during natural SARS-CoV-2 infection. The
discussion that follows examines the function and impact of each
ORF in numerical order, regardless of their relative prominence in
each section.
2 Modulation of host immune
responses

2.1 Suppression of Type I interferon
signalling

Cells activate the IFN-I response against viral pathogens
(Figure 2), triggered by viral double-stranded RNA (dsRNA) or
replication intermediates (18, 19). This response begins with the
recognition of viral RNA by two cytosolic pattern recognition
receptors (PRRs), RIG-I and MDA5, which subsequently expose
their CARD domains to interact with the mitochondrial adaptor
MAVS. MAVS then recruits downstream signalling proteins that
phosphorylate the TBK1 and IKKe kinases. In turn, these kinases
phosphorylate IRF3, promoting its homodimerization, nuclear
translocation and transcription of type I interferons (IFN-I).
Secreted IFN-I binds to IFNAR receptors, activating JAK1 and
TYK2 kinases, which phosphorylate STAT1 and STAT2. These
form the ISGF3 complex with IRF9, which translocate to the
nucleus, bind interferon-sensitive response elements (ISREs) and,
induce transcription of hundreds of interferon-stimulated genes
(ISGs). ISG-coded proteins inhibit viral genome replication and
protein synthesis, with examples including MX1, PKR, OAS,
IFITM3, BST2, IFITs, and TRIM (18, 19).

Like many viruses (20), SARS-CoV-2 has evolved multiple
strategies to interfere with IFN-I signalling. Several APs disrupt
different steps along this pathway (Figure 2). Once IFN-a/b is
released, some APs can impair the signalling cascade at steps taking
place before the nuclear translocation of ISGF3. This is the case of
ORF3a, which activates SOCS1, a JAK/STAT repressor promoting
JAK2 degradation, thereby reducing STAT1 phosphorylation,
leading to reduced transcription of multiple ISGs (2, 21–23).
ORF3a, is a 275 amino acids transmembrane protein (Figure 3)
that comprises an N-terminal ectodomain (residues 1–39),
containing a signal peptide and a �exible TRAF3-binding motif;
three transmembrane domains (residues 40–128) with conserved
lipid-binding sites; and a cytosolic C-terminal b-sandwich domain
(residues 145–235) harbouring a YXXF sorting motif that interacts
with VPS39 of the HOPS complex (24, 25). This is followed by a
�exible C-terminal tail (residues 239–275) containing a PDZ-
binding motif (26). Cryo-EM studies show that ORF3a forms
homodimers that can further oligomerize through the
transmembrane region (27, 28). ORF3a localizes to the plasma
membrane and to the membranes of various intracellular
organelles, including endosomes, lysosomes, ER, Golgi,
peroxisomes, and autophagosomes, which is regulated by three
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caveolin-binding motifs (residues 69 – 77, 107–114 and 141 – 149)
(27, 29). It remodels membranes to form 3a Dense Body (3DB),
derived from the trans-Golgi network and early endosomes (30).
Initially described as a viroporin disrupting ion �ux, its proposed
role remains controversial as patch-clamp studies failure to detect
ion conductance by ORF3a pores (27, 28). Consequently, the
dynamic subcellular distribution of ORF3a facilitates extensive
interference with host cellular pathways, re�ecting its complex
and multifunctional role in viral pathogenesis.

The putative ORF3b (22 amino acids) strongly inhibits IRF3
nuclear translocation and IFN-b production upon overexpression
in HEK293 and A549 cell lines, more potently than its SARS-CoV
homolog. However, its precise mechanism remains unclear (31).
Infection-related ORF3c (41 residues) interferes with MAVS
signalling at mitochondria by interacting with MAVS and
PGAM5, a regulator of mitochondrial dynamics. ORF3c
expression leads to cleavage of MAVS C-terminal domain, likely
via caspase-3 activation, reducing IFN-b levels (32, 33).

Downstream, ORF6 (61 amino acids) impairs both IFN-a/b
production and ISG activation. It interacts with the nuclear import
machinery: by binding KPNA2, ORF6 inhibits IRF3 and STAT1
nuclear translocation (2, 34), while association with the Nup98-
Rae1 nucleopore complex blocks ISGF3 nuclear entry (35). ORF6 is
a three domains protein (Figure 3) including N- and C-terminal
domains separated by long straight helix (residues 11-45). The N-
terminal domain folds into an amphipathic helix responsible of
membrane association and that promote transient protein-protein
interactions contributing to antiparallel dimerization. The �exible
C-terminal domain binds Rae1 with nanomolar af�nity competing
with host mRNAs for transport through the nucleopore complex
and hence, inhibiting their nuclear export (including IRF3 and
ISG3). To gain high binding af�nity uses a similar strategy to M
protein of VSV and ORF10 Murine Gammaherpesvirus 68 (36, 37),
with a conserved Met58 residue that inserts into a hydrophobic
pocket on Rae1; mutation Met58Arg abolishes Nup98 interaction
but not KPNA2 binding (35, 38–40). These interactions allow ORF6
to block nuclear import of key IFN-I signalling factors.

ORF7a (121 amino acids) consists of an N-terminal signal
peptide, an Ig-like b-sandwich ectodomain, a transmembrane
domain, and a short C-terminal tail with an ER retention signal
(41) (Figure 3). It suppresses STAT2 phosphorylation via K63-
linked polyubiquitination at Lys119 by the ER-associated RNF121
E3 ligase, inhibiting ISG expression such as ISG56, IFITM1, and
OAS (2, 42).

The roles of ORF7b (43 amino acids) and ORF8 (121 residues)
in IFN-I modulation are controversial. ORF7b is a membrane-
associated protein unique to SARS-CoV-2. It adopts an a-helical
structure with a leucine zipper motif enabling multimerization and
interaction with host proteins. ORF7b forms tetramers interacting
with MAVS, disrupting MAVS-TRAF6 interaction and IFN-b
production (43). Some studies have found that ORF7b inhibits
STAT1/2 phosphorylation and ISG transcription (2, 44), while
others report minimal effects (45). A truncated ORF7b variant
(D382) loses IFN suppression ability and correlates with milder
disease (45, 46). ORF8 (121 amino acids) is structurally similar to
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ORF7a (Figure 3) with an immunoglobulin-like fold. However,
ORF8 includes two novel dimerization interfaces and several unique
features. Particularly, it includes a glycosylation site (Asn78), a lipid
binding pocket and three functional loops resembling antibody
complementarity determining regions (47–49). These features are
strategically positioned to facilitate interactions with host proteins.
Variants with deletions or mutations such as D382 or Leu84Ser
modulate IFN-I responses and disease severity (50–52). ORF8
interacts with HSP90B1, potentially disrupting IRF3 activation
and nuclear translocation, although its inhibitory effect on IFN-I
signalling appears weaker than ORF6 (34, 53).

ORF9b (97 amino acids) acts upstream of IFN-I expression by
binding to the C-terminal domain of the mitochondrial translocase
TOM70. This interaction disrupts mitochondrial recruitment and
phosphorylation of TBK1, thereby suppressing IFN-I production
(54–59).ORF9b exists as a homodimer with a hydrophobic cavity
capable of accommodating lipids and hence, potential binding to
membranes. It undergoes a dramatic conformational change upon
TOM70 binding (from b-stand to helix, Figure 3) (54, 60, 61). The
mechanism underlying this conformational shift remains unclear.
In fact, the functionality of ORF9b is dependent on its ability to
dimerize. Small molecules that inhibit the homodimerization of
ORF9b have been shown experimentally to disrupt ORF9b–ORF9b
interactions, promoting mitochondrial eviction of ORF9b,
inhibiting ORF9b-induced activation of caspase-1, and restoring
type I interferon (IFN-I) signalling (59). Also, ORF9b harbours
multiple phosphorylation sites, a speci�c phosphorylation signature
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that may act as a switch for structural rearrangement (54, 61). Host
E3 ubiquitin ligases mediate the proteasomal degradation of
ORF9b, a process counteracted by the deubiquitinating enzyme
USP29, regulating ORF9b levels and IFN-I suppression (57, 58).
Therefore, the impact of ORF9b on IFN-I signalling appears to
depend on a dynamic balance between its structural inhibition of
mitochondrial signalling and its post-translational regulation
through the ubiquitin-proteasome system.

Finally, putative ORF10 (38 amino acids) promotes MAVS
degradation through interaction with the CUL2ZYG11B E3 ubiquitin
ligase complex, mediating protein ubiquitination and subsequent
proteasomal degradation (13, 62). In this context, ORF10 upregulates
NIX-expression, a mitochondrial receptor known to interact with
LC3B, a key component of the autophagosome membrane. This
interaction facilitates mitophagy, leading to MAVS degradation and
IFN-I suppression (13, 63). Despite being classi�ed as a putative AP
(Figure 1A), high levels of ORF10 transcripts have been reported in
patients with severe COVID-19, whereas protein levels were not
included in the analysis (64). Thus, conclusions regarding ORF10’s
involvement in IFN-I modulation should be interpreted with caution.
2.2 In�ammatory pathways and cytokine
induction

Beyond the IFN-I response, viral infections profoundly alter
proin�ammatory cytokine expression. Viral components and
FIGURE 2

Inhibition of IFN-I response by SARS-CoV-2 APs. Schematic diagram illustrating the roles of SARS-CoV-2 APs in inhibiting the IFN-I response from
viral entry and internalization of its genetic material onward. The left cell represents the signalling cascade leading to IFN-I production, whereas the
right cell depicts the downstream signalling pathway leading to the expression of ISGs. The antiviral state is indicated in both cells to emphasize the
autocrine (left) and paracrine (right) nature of IFN-I response. Inconclusive results are indicated with an asterisk (*). Figure created with
Biorender.com.
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FIGURE 3

Known APs structural features. ORF3a is a transmembrane dimeric protein with long �exible regions extending on both sides of the membrane. Its
structure has been determined from nanodisc-embedded samples using cryo-electron microscopy samples. Several binding motifs have been
identi�ed through structural data, sequence analysis, and mutagenesis studies. The structure of ORF6 has been resolved by NMR, and its interaction
mechanism with rae1 has been elucidated using macromolecular crystallography, denoting the relevance of a conserved Met. ORF7a and ORF8
possess Ig-like domains, whose structures have also been determined by macromolecular crystallography. ORF9b exhibits an enriched b-strand fold
containing a hydrophobic pocket capable of accommodating lipids, potentially anchoring dimers to membranes. The structure of ORF9b in complex
with TOM70 revealed a dramatic conformational change in which two b-strands rearrange into a helix, suggesting possible folding transitions
depending on the targeted host protein. In the �gure, APs structures are shown in cyan cartoon representation (also displaying mesh representation
for ORF3a and ORF8), with dimeric forms in light blue. Omicron mutations (Figure 5) are highlighted in dark blue and stick or sphere representations,
when possible (i.e. the corresponding region in the protein is structured). Host-interacting proteins are in grey, either in cartoon (Rae1) or surface
(Nup98, TOM70) representation, and lipids highlighted in pink. PDBs 6xdc (ORF3a), 7vph (Nup98-Rae1-ORF6), 7ci3 (ORF7a), 7jtl (ORF8), 7ye8
(ORF9b) and, 7dhg (TOM70-ORF9b) were used to create the corresponding �gures in Pymol.
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cytokines activate pattern recognition receptors such as Toll-like
receptors (TLRs), tumour necrosis factor receptor (TNFR),
interleukin receptors (IL1R, IL17RA), triggering a signalling
cascade via TAK1 activation. TAK1 is recruited and activated
through ubiquitination mediated by TAB1/2/3 and TRAF6.
Activated TAK1 phosphorylates IKKb , which in turn
phosphorylates the inhibitor IkBa. Phosphorylated IkBa is
degraded, freeing NF-kB (p50-p65) to translocate into the nucleus
and promote transcription of proin�ammatory cytokines including
IL-1b, IL-6, and TNFa. The phosphorylation and degradation of
IkBa thus constitute a critical regulatory step in NF-kB–mediated
in�ammation (65, 66) (Figure 4).

While NF-kB activation initiates in�ammation, a second
mechanism involves in�ammasome assembly. Pro-IL-1b, an
inactive cytokine precursor, requires proteolytic cleavage by
caspase-1 for activation. The NLRP3 in�ammasome—a
multiprotein complex—is assembled upon detection of various
pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs), including K+ ef�ux, Ca�+

in�ux, and reactive oxygen species (ROS) release. These signals
trigger caspase-1 activation and subsequent maturation of IL-1b,
amplifying the in�ammatory response (67) (Figure 4).
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Among SARS-CoV-2 APs, ORF3a plays a pivotal role in
modulating in�ammation. ORF3a promotes NF-kB activation by
inducing IkBa phosphorylation and degradation in HEK293T and
A549 cells (68). However, the exact molecular target through which
ORF3a triggers IkBa degradation remains unde�ned. Notably, ORF3a’s
effect on NF-kB is independent of the cGAS-STING pathway. Indeed,
co-expression of ORF3a with cGAS and STING reduces NF-kB
activation compared to cGAS-STING alone, likely via direct
interactions with STING’s N- and C-terminal domains and
intracellular co-localization (69, 70). Moreover, ORF3a induces K+

ef�ux, a well-known in�ammasome activator, leading to increased
NLRP3, caspase-1 activation, and cleavage of IL-1b (68, 71). It further
promotes TRAF3-dependent ubiquitination that enhances NLRP3
in�ammasome activation (72). ORF3a is also implicated in
mitochondrial damage and ROS production, culminating in
in�ammatory cell death or pyroptosis (3, 73–75). Collectively, these
�ndings identify ORF3a as a critical mediator of in�ammatory signaling,
acting through both NF-kB activation and in�ammasome stimulation.
Thus, it is plausible to suggest ORF3a as a central contributor to the
cytokine storm observed in severe COVID-19 cases (76, 77).

Other APs, notably ORF7a and ORF7b, modulate in�ammatory
pathways. Unlike its SARS-CoV homolog, SARS-CoV-2 ORF7a
FIGURE 4

Modulation of the apoptotic pathways and the in�ammatory response by SARS-CoV-2 APs. Extrinsic and intrinsic apoptotic pathways are
respectively represented within a lilac and green background, whereas in�ammatory response (NF-kb signalling and NLRP3 in�ammasome
activation) is coloured in orange. Inconclusive results are indicated with an asterisk (*). Figure created with BioRender.com.
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