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Abstract


Although antiviral development against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been dominated by replication-directed strategies, structural and accessory proteins offer a complementary and increasingly important opportunity for small-molecule intervention. These proteins control key processes outside the core replication machinery, including viral entry, membrane remodelling, virion assembly, egress, and host immune modulation, thereby expanding the mechanistic scope of antiviral design. However, many of these targets are membrane-associated, oligomeric, conformationally dynamic, or function through protein–protein interactions, creating distinct challenges in target validation, assay design, and chemical optimisation. In this review, we comprehensively and critically evaluate the structural and accessory proteomes of SARS-CoV-2, with a strict focus on small-molecule tractability and translational relevance. We highlight the most credible direct-acting opportunities, focusing on the membrane (M), envelope (E), and nucleocapsid (N) structural proteins, together with the accessory protein open reading frame 3a (ORF3a), for which emerging chemical matter strengthens confidence in druggability. In contrast, Spike (S) and several host-interface accessory proteins, including ORF6, ORF8, ORF9b, and ORF10, are best viewed as more selective or earlier-stage opportunities that require stronger on-target chemical validation. Emphasis is placed on structural accessibility, mechanism-based assay systems, evidence quality, cellular and in vivo activity, and developability constraints relevant to exposure at the infection site. Rather than replacing replication-directed antivirals, these non-canonical targets are best considered adjunctive or complementary components of future combination strategies designed to broaden antiviral coverage, enhance robustness, and improve pandemic preparedness.
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1. Introduction


Since its emergence in 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has underscored the need for antiviral strategies that remain effective despite viral evolution, incomplete immune protection, and the practical limitations of first-generation therapies [1,2,3,4,5,6]. While the most clinically successful direct-acting antivirals (DAAs) have targeted enzymes within the non-structural proteome, the broader coronavirus life cycle contains additional vulnerabilities that may enable mechanistically complementary intervention [7,8,9]. In particular, the structural and accessory proteins of SARS-CoV-2 govern a distinct layer of viral biology that extends beyond genome replication (Figure 1), encompassing host–cell entry, membrane remodelling, virion assembly, genome packaging, egress, and host-pathway subversion [10,11,12]. These processes shape viral fitness, transmissibility, and pathogenesis and therefore define a complementary target space for next-generation antiviral design. A detailed discussion of non-structural proteins (Nsps) as antiviral targets is beyond the scope of the present review and is addressed separately in the companion article focused on the SARS-CoV-2 non-structural proteome [13].



The four structural proteins, Spike (S), Envelope (E), Membrane (M), and Nucleocapsid (N), form the physical virion, but each also contributes active and potentially druggable functions [14]. Spike mediates receptor engagement and membrane fusion and thus remains the principal determinant of host–cell entry [15]. By contrast, E and M coordinate envelope organisation, secretory-pathway remodelling, and virion assembly, whereas N controls genome encapsidation, ribonucleoprotein organisation, and assembly-linked protein—ribonucleic acid (RNA) interactions [16]. Collectively, these proteins offer opportunities to disrupt entry, fusion, assembly, and release through mechanisms that are orthogonal to inhibition of the replication–transcription complex [17]. However, they also pose a significant drug-discovery challenge: many are membrane-associated, oligomeric, conformationally dynamic, or dominated by protein–protein and protein–RNA interfaces rather than deep catalytic pockets. This has historically made small-molecule development more challenging, but it also creates opportunities for conformation-selective, allosteric, or interface-disrupting intervention strategies that may complement, rather than replace, enzyme-directed therapies [18].



The accessory proteome adds another layer of therapeutic interest. Although accessory proteins are generally dispensable for efficient replication in standard cell cultures, they play disproportionate roles in immune evasion, inflammatory dysregulation, tissue adaptation, and virulence in more physiologically relevant settings [19,20]. Several accessory proteins act at host-interface nodes that are mechanistically distinct from canonical replication enzymes. Mechanistic anchors include open reading frame 6 (ORF6), which binds the nucleoporin 98 (Nup98)–ribonucleic acid export 1 (Rae1) nuclear pore complex to block host messenger RNA (mRNA) export and signal transducer and activator of transcription 1 (STAT1) nuclear import, thereby crippling interferon (IFN) signalling; ORF9b, which targets translocase of outer mitochondrial membrane 70 (TOM70) to blunt retinoic acid-inducible gene I (RIG-I)/mitochondrial antiviral-signalling protein (MAVS) signalling; ORF3a, a viroporin reported to promote NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome activation and cell stress; and ORF7a, which antagonises bone marrow stromal antigen 2 (BST-2), also known as tetherin or cluster of differentiation 317 (CD317), facilitating virion release [21,22,23,24,25,26,27,28]. ORF8 exemplifies their contribution to pathogenesis: it downregulates major histocompatibility complex class I (MHC-I) to evade cytotoxic T cells, and naturally occurring Δ382 deletions, which remove ORF8, were associated with milder disease early in the pandemic, highlighting both immune-evasion function and the variability of accessory loci [29,30]. In contrast, ORF10 remains debated: multiple studies find it non-essential and dispensable for replication in vitro and in vivo, although overexpression studies have suggested possible innate-immunity effects; overall, its druggability and clinical relevance are uncertain [31,32].



These features make accessory proteins particularly attractive adjunctive targets. Inhibiting them is unlikely to sterilise the infection in isolation, but it may reduce pathogenesis, blunt viral immune evasion, and enhance the performance of DAAs that suppress replication more proximally. Their chief liabilities, however, include higher sequence variability, context-dependent phenotypes, and greater dependence on physiologically relevant assay systems to establish on-target activity.



Several reviews have previously summarised the biology, structure, pathogenesis and therapeutic relevance of SARS-CoV-2 structural and accessory proteins [18,19,20,33]. However, the present review differs in both scope and purpose. Earlier reviews have mainly focused on viral protein biology, immune evasion, host–pathogen interactions, structural features, or broad therapeutic relevance. In contrast, this review is framed from a medicinal chemistry and translational drug-discovery perspective, with a strict focus on small-molecule tractability. We evaluate each structural and selected accessory protein according to ligandability, assay readiness, quality of available chemical matter, cellular and in vivo evidence, target-engagement confidence, resistance considerations, pharmacokinetics/pharmacodynamics (PK/PD) or delivery constraints, and current development status. This approach allows us to distinguish targets with credible direct-acting small-molecule potential, such as M, from targets that remain early-stage, adjunctive, host-interface, or virulence-modifying opportunities.



Accordingly, the structural and accessory proteomes should not be viewed as substitutes for clinically validated non-structural enzyme targets, but as a complementary and more selective layer of antiviral opportunity. Their greatest strategic value lies in expanding the mechanistic diversity of the antiviral toolkit through entry, fusion, assembly, egress, and immune-evasion pathways. Rather than treating all such proteins as equivalent targets, this review aims to define where the non-canonical antiviral landscape is already actionable, where it remains exploratory, and how these targets may contribute to more resilient coronavirus therapeutic strategies in the future.
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Figure 1. Genome organisation of SARS-CoV-2. The ~30 kb positive-sense RNA genome encodes non-structural proteins (Nsps) within ORF1a/ORF1b and, in the 3′ region, the structural (S, E, M, N) and accessory proteins [34]. Structural and accessory proteins are expressed from a 3′-nested set of subgenomic mRNAs synthesised by discontinuous transcription. Representative available protein structures are shown with their Protein Data Bank (PDB) accession codes. Where experimentally determined and biologically relevant, proteins are represented in their functional oligomeric state, including dimers, trimers, pentamers, or hexamers. Monomeric proteins or isolated domains are shown where the monomeric form is biologically relevant, where the corresponding oligomeric assembly is not available or not structurally resolved, or where a domain-level structure is most informative. Monomers are shown in green; dimers in green and beige; the Spike trimer in green, beige, and cyan; the Envelope pentamer in green, beige, cyan, purple, and pink; and the Nsp15 hexamer in green, beige, cyan, purple, pink, and yellow. 
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2. Structural Proteins as Molecular Targets


SARS-CoV-2 comprises four structural proteins: S, E, M, and N (Figure 2). These proteins not only form the physical virion but also play a role in pathogenic processes [35]. Antivirals targeting these structural proteins primarily aim to disrupt viral entry (S) or influence viral assembly and release (E, M, N). Although small-molecule development against structural proteins has been less successful than that against Nsps, notable progress has been made for M. Below, we examine each structural protein as a potential drug target.



2.1. Spike (S) Glycoprotein


2.1.1. Biology and Rationale


The S glycoprotein (1273 amino acids) is the principal determinant of SARS-CoV-2 entry, mediating receptor engagement and membrane fusion. S is a trimeric class I fusion protein composed of S1 (receptor binding) and S2 (fusion), and it initiates infection by binding to angiotensin-converting enzyme 2 (ACE2; Figure 3), followed by proteolytic activation and large conformational rearrangements that drive membrane merger [36,37]. Because S is surface-exposed and essential for entry, it is an attractive antiviral target. In practice, however, the most clinically advanced S-directed modalities have been biologics such as vaccines, neutralising monoclonal antibodies (mAbs), and related protein-based formats, reflecting both the accessibility of the S ectodomain and the historical difficulty of achieving potent, selective small-molecule inhibition of a large, glycosylated, conformationally dynamic trimer [38,39]. From a therapeutic perspective, blocking the S–ACE2 interaction or the fusion process can prevent cell infection. Early in the pandemic, mAbs targeting the S protein receptor-binding domain (RBD) showed strong neutralising activity and clinical efficacy [40]. Several were approved for emergency use. For small-molecule discovery, S is a high-value but structurally and evolutionarily challenging target. The RBD and N-terminal domain (NTD) are among the most variable regions of the viral proteome, and variant turnover has repeatedly eroded the activity of single-epitope biologics, underscoring the ease of escape at exposed antigenic surfaces [41]. These constraints imply that durable S-directed small molecules, if achievable, will likely need to act through conserved, function-critical sites (particularly within S2), or allosteric mechanisms that stabilise non-productive conformational states of the prefusion trimer. Accordingly, in the context of small-molecule antivirals, S is best viewed as a selective opportunity, where the strongest near-term value may lie in structure-guided allosteric modulation and/or entry-pathway adjuncts that complement replication-directed therapy.




2.1.2. Assays and Structural Biology


S alternates between “RBD-down” and “RBD-up” prefusion states to engage ACE2, then undergoes furin cleavage at S1/S2 and transmembrane serine protease 2 (TMPRSS2)- or cathepsin-dependent activation at S2′ prior to refolding into the post-fusion form. Notably, the S2 subunit is substantially more conserved than S1 but is metastable, functioning as a spring-loaded fusion machinery that transitions from the prefusion to post-fusion state upon receptor engagement and proteolytic activation, which both motivate S2-focused interventions and highlight the conformational challenge for durable inhibitor design [42]. Cryo-electron microscopy (cryo-EM) structures (e.g., PDB IDs 6VSB, 6VXX) define these conformational states and the RBD–ACE2 interface, while glycoproteomics has mapped a dense N-glycan shield across ~22 sites that shapes antigenicity and access to epitopes and small-molecule binding surfaces [37,43,44]. Several complementary assay systems are used to interrogate S-mediated entry. RBD–ACE2 binding can be quantified using surface plasmon resonance (SPR) or bio-layer interferometry (BLI). Lentiviral or vesicular stomatitis virus (VSV)-based pseudovirus neutralisation platforms are widely used to assess entry inhibition under lower-containment conditions, whereas authentic-virus assays, including plaque-reduction and focus-reduction neutralisation tests, provide more direct virological validation. Additional cell–cell fusion or syncytia readouts, such as split-luciferase assays, are useful for monitoring membrane-fusion inhibition. Finally, route-of-entry experiments comparing TMPRSS2-high and endosomal-entry systems help distinguish inhibitors of surface-entry pathways from those acting through cathepsin-dependent endosomal entry [45,46]. Importantly for small-molecule discovery, structural work has also revealed a free-fatty-acid pocket within the RBD that stabilises the closed trimer, highlighting an allosteric site that can be exploited to bias the conformational ensemble away from productive ACE2 engagement [47].




2.1.3. Therapeutic Modalities


Most clinically advanced S inhibitors are biologics [48,49,50,51]. Nevertheless, several small-molecule strategies have been explored. First, small molecules that stabilise the prefusion trimer in a closed, ACE2-inaccessible state (“trimer-cavity binders”) provide a structure-guided route to allosteric entry inhibition [52]. These compounds have generally shown low-μM antiviral activity in cellular systems and should currently be regarded as proof-of-concept leads rather than as mature drug candidates. The key medicinal chemistry opportunity in this class is to convert conformational stabilisation into robust cellular potency while maintaining developability, given the large, dynamic, and glycosylated nature of the target surface. Second, various repurposed agents with entry-inhibiting potential have been identified. Among these, Arbidol (Umifenovir) is proposed to disrupt S-mediated fusion or stabilise prefusion states; however, it has shown only modest in vitro efficacy alongside inconsistent results in clinical trials [53]. While Arbidol (Figure 3) illustrates that small-molecule modulation of viral entry is possible, the overall quality and consistency of evidence do not currently support it as a strong benchmark for modern S-directed small-molecule campaigns. Third, entry can be inhibited indirectly through host-protease blockade of S priming. TMPRSS2 inhibitors (e.g., Camostat and Nafamostat) have supportive in vitro data but inconclusive clinical trial outcomes to date, while next-generation agents such as the peptidomimetic TMPRSS2 inhibitor N-0385 show nM potency and intranasal protection in animal models [54,55]. These approaches do not target S directly, but they remain relevant as small-molecule entry-pathway adjuncts that may be particularly useful in combination therapies.



Note on non-small-molecule modalities: Several potent entry blockers are peptides or protein-based ligands rather than small molecules, including heptad repeat 1 (HR1) and heptad repeat 2 (HR2) fusion-inhibitory peptides (e.g., EK1 and its cholesterol-conjugated derivative EK1C4) and de novo miniproteins (LCB1 series) [56,57]. These formats can achieve nM to pM neutralisation and intranasal protection in animal models, but they are discussed here only for mechanistic context and to clarify the current modality landscape.



Metal-based and inorganic compounds have also been explored as entry-directed agents, although this area remains much less developed than the organic small-molecule and biologic modalities discussed above. Screening of structurally diverse metallodrugs against the SARS-CoV-2 S–ACE2 interaction identified titanium-based complexes and polyoxometalates as inhibitors of viral attachment, with some polyoxometalates reaching high apparent potency in biochemical binding assays [58]. Gold-based compounds, including auranofin and related organometallic complexes, have also been reported to inhibit the S–ACE2 interaction in enzyme-linked immunosorbent assay (ELISA)-based assays, with half-maximal inhibitory concentration (IC50) values generally in the low- to mid-μM range [59]. However, these compounds often act through coordination chemistry, thiol reactivity, high charge density, or multivalent electrostatic interactions, and their selectivity, cellular target engagement, pharmacokinetics and antiviral translation remain less clearly established than for more conventional drug-like small molecules [58,59]. Therefore, metallodrugs currently provide useful mechanistic and chemical-biology leads for S-mediated entry inhibition and represent an interesting area for future investigation, although additional work is needed to establish their selectivity, cellular target engagement, PK, and translational potential for structural/accessory protein targeting.




2.1.4. PK/PD and Clinical Data


De novo miniproteins (LCB1 series) achieve very high neutralisation activity and intranasal protection in mice but remain preclinical. Similarly, HR1/HR2 fusion-inhibitory peptides (EK1/EK1C4) have potent in vitro activity with intranasal efficacy in animals [60,61]. Additionally, structure-enabled trimer-cavity binders that stabilise the closed spike conformation show low-μM antiviral activity in cells (preclinical proof of concept). Furthermore, TMPRSS2 inhibition (e.g., N-0385) yields nM potency and intranasal protection in mice, but clinical validation is pending [62,63]. As a result, for small molecules, the key translational requirement is to demonstrate meaningful airway-relevant antiviral activity at exposures compatible with practical dosing and, ideally, early outpatient use. In particular, the pharmacology of entry inhibitors must align with the short window in which blocking new rounds of infection is maximally impactful.




2.1.5. Resistance


Experience with anti-S mAbs illustrates the central resistance challenge for S-directed interventions: single-epitope pressure can be escaped rapidly, and deep mutational-scanning maps across the RBD and the NTD “supersite” identify numerous substitutions that ablate binding, several of which later emerged in variants of concern [64,65,66]. In immunocompromised hosts, prolonged infection under selective pressure from antibodies or convalescent plasma has repeatedly promoted within-host evolution, including S mutations that reduce neutralisation, underscoring the risks of monotherapy [67,68]. The same principles apply to small-molecule entry inhibitors. Durable strategies will likely need to target conserved, function-critical elements (particularly within S2) and/or be deployed as part of combination regimens to reduce the selective pressure concentrated on a single-entry epitope.



The major SARS-CoV-2 variants of concern illustrate how S evolution can influence the design of S-directed small molecules. Functionally and therapeutically relevant substitutions have clustered mainly in the NTD, RBD, furin-cleavage region, and selected S2-proximal sites. Alpha carried changes such as Δ69–70, N501Y and P681H; Beta and Gamma combined mutations including K417N/T, E484K and N501Y; Delta introduced L452R, T478K and P681R; and Omicron and its sublineages accumulated a much broader S mutational burden, including multiple RBD substitutions such as K417N, G446S, S477N, T478K, E484A, Q493R, Q498R, N501Y and Y505H, together with mutations around the S1/S2 and S2 regions [69,70,71]. These changes can alter ACE2 engagement, antigenicity, conformational equilibria, proteolytic activation, and fusion behaviour. For small-molecule design, this means that ligands directed at exposed or highly variable RBD/NTD surfaces are likely to require systematic testing across variant panels. By contrast, inhibitors targeting conserved S2 elements, internal allosteric pockets, or functionally constrained conformational transitions may offer greater potential for variant-resilient activity, although this must be demonstrated experimentally [69,72]. Host-directed entry inhibitors, such as TMPRSS2 inhibitors, are not directly affected by RBD or NTD substitutions, but their efficacy may still depend on variant-specific entry-route preferences [73].




2.1.6. Development Status


As of 2026, small-molecule closed-state stabilisers remain at the lead-discovery/proof-of-concept stage. De novo mini-binders and S2 fusion-inhibitory peptides show potent neutralisation and intranasal protection in animal models, and remain preclinical [60]. Trimer-cavity stabilisers that lock S in closed prefusion states provide structure-guided leads with low-μM cellular activity, whereas host-protease inhibitors that block S priming represent an indirect small-molecule entry strategy with mixed clinical validation. In contrast, several biologic modalities (mAbs and related protein-based agents) have advanced furthest clinically, but their utility has been repeatedly constrained by variant susceptibility.




2.1.7. Challenges and Opportunities


Variant turnover remains the central challenge for S as a durable antiviral target, particularly for interventions that engage RBD or NTD, which rapidly accumulate escape substitutions. Consequently, the most credible small-molecule opportunities are those that act through conserved, function-critical mechanisms (e.g., S2 fusion machinery) or exploit allosteric sites that stabilise non-productive conformations and may tolerate moderate sequence drift [66,74]. The S2 pathway is especially attractive for pan-coronavirus potential, but current high-potency activity in this region is dominated by peptides and biologics, highlighting an unmet need for truly small-molecule S2-directed chemical matter [75]. From a translational perspective, combination therapy is a practical hedge against rapid escape and compartmentalised pharmacodynamics. Pairing a rapid-onset entry blocker (direct or indirect) with a replication-directed antiviral can, in principle, reduce new cell infections while simultaneously suppressing replication in already infected cells, mirroring the established combination logic in antiviral therapy. Host-pathway adjuncts that block S protein activation, such as TMPRSS2 inhibitors, remain mechanistically compelling. However, randomised controlled trials of Camostat and Nafamostat have yielded inconclusive or negative results to date, while next-generation intranasal candidates such as N-0385 remain at the preclinical stage [54,76,77]. Finally, delivery remains an opportunity: intranasal or inhaled delivery strategies may maximise airway exposure where infection initiates, a feature that could be particularly valuable for entry-directed agents, provided that robust target engagement and antiviral effects can be demonstrated in physiologically relevant airway models.
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Figure 3. (Left): Cryo-EM structure of the SARS-CoV-2 spike trimer in complex with one ACE2 molecule (PDB ID 7A94). The S1 subdomains (Q14-R685) are shown in red, pink, and orange, the S2 subdomains (S686-D1146) in cyan, purple, and green, and ACE2 in blue. Bound N-acetylg lucosamine and zinc ions are not included in the figure. (Right): Arbidol (Umifenovir) [78], a reported spike-fusion/trimer-stabilising inhibitor, and N-0385 [62], a nM TMPRSS2 inhibitor that blocks spike priming. 
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2.2. Envelope (E) Protein


2.2.1. Biology and Rationale


The E protein is a small (75 amino acids) viroporin that oligomerises as a homopentameric cation channel in membranes, a property defined at atomic resolution in lipid bilayers that mimic the endoplasmic reticulum–Golgi intermediate compartment (ERGIC) [79,80]. E contributes to virion assembly, budding, and release. It also modulates host stress and inflammatory pathways. In severe acute respiratory syndrome coronavirus (SARS-CoV), its ion channel activity transports Ca2+ and triggers NLRP3 inflammasome activation and interleukin (IL)-1β production [81,82]. Although not strictly essential for coronavirus replication in vitro, E is a key virulence factor: deletion of E attenuates SARS-CoV in animal models, and mutations that disrupt channel activity reduce pathogenicity [83,84]. Mechanistically, E localises to the ERGIC, where budding occurs and can influence S/M protein maturation and particle assembly. Its C-terminal postsynaptic density protein 95/discs large/zonula occludens-1 (PDZ)-binding motif also engages host protein associated with Lin Seven 1 (PALS1), a junctional scaffold implicated in epithelial barrier integrity [14,85].




2.2.2. Assays and Structural Biology


Solid-state nuclear magnetic resonance (NMR) of the SARS-CoV-2 E transmembrane domain in ERGIC-like bilayers shows a five-helix bundle that forms a narrow, druggable pore (Figure 4). This structural arrangement enables direct mapping of small-molecule binding sites and channel-blocking mechanisms [79]. Functional assays reconstituting E in lipid bilayers quantify ion conductance and selectivity, including Ca2+ flux linked to NLRP3 activation, while cell-based readouts (e.g., virus-like particle release and co-expression with M/S) report on assembly/egress functions [14,82]. Subcellular localisation is supported by defined targeting signals in E’s cytoplasmic tail that direct it to the Golgi/ERGIC, consistent with its role at the budding site [85].




2.2.3. Chemical Matter


The E protein has long been considered a potential viroporin target, with early work showing that hexamethylene amiloride (HMA) (Figure 4) blocks E-channel conductance of human coronavirus (HCoV)-229E and Mouse Hepatitis Virus (MHV) in bilayers and reduces viral replication in cells, establishing tractability for small-molecule channel blockers [86]. More recently, Amantadine and HMA were shown to inhibit SARS-CoV-2 E ion-channel activity in cell-based reconstitution and electrophysiology assays, while Rimantadine was inactive against SARS-CoV-2 E, confirming that E is druggable with repurposed chemotypes, albeit with modest potencies [87]. Orthogonal, bacteria-based assays likewise identified Gliclazide and Memantine as E-channel blockers and linked channel inhibition to reduced SARS-CoV-2 replication, further validating E as a pharmacological target [88]. Structure-guided efforts have begun to move beyond repurposing: an NMR ligand-screen campaign targeting the C-terminal helical bundle of E detected small-molecule binders (e.g., “ligand 3: ZINC06220062”) with an equilibrium dissociation constant (Kd) of 142 μM, providing tangible fragment-like starting points for optimisation against an experimentally supported epitope [89,90].



A notable advance is BIT225, a clinical-stage viroporin inhibitor developed for human immunodeficiency virus type 1 (HIV-1) viral protein U (Vpu) and Hepatitis C Virus p7, that inhibits SARS-CoV-2 E channel activity and shows broad-spectrum antiviral activity in Vero and Calu-3 cells against multiple strains. Selectivity was demonstrated in oocytes (no inhibition of Anoctamin-1), supporting an on-target mechanism [91]. Solid-state NMR has begun to clarify drug–channel binding modes in SARS-CoV-2 E (e.g., HMA binds one per pentamer at the protein–lipid interface), offering structure-level hypotheses to guide medicinal chemistry [92].




2.2.4. PK/PD and Safety


Amantadine and related cationic amines have favourable oral PK and central nervous system (CNS) penetration from historical use, but their anti-E potencies are in the low- to mid-μM range, implying that clinically achievable exposures may be insufficient for reliable antiviral efficacy as monotherapy [87]. HMA demonstrates antiviral proof-of-concept but is not a clinical candidate, and recent biophysical work suggests membrane-interfacial binding, raising off-target risk at higher exposures [86,92]. By contrast, BIT225 has an established human safety and PK record from HIV and Hepatitis C Virus trials (Phase I/II), offering a potential fast-follower path for E-targeted therapy if clinical efficacy against coronavirus disease 2019 (COVID-19) is demonstrated [93]. From a class-safety perspective, E-channel inhibitors must be screened broadly against human ion channels and membrane-active liabilities. Nonetheless, mechanistic selectivity (e.g., lack of Anoctamin-1 block for BIT225) and structure-enabled design around the E lumen and interface provide credible routes to therapeutic windows [91].
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Figure 4. (Top left): NMR structure of the SARS-CoV-2 E transmembrane E8-R38 (TM) domain (PDB ID 7K3G). The five protomers of the helical bundle are shown in purple, cyan, pink, beige, and green. C and N indicate the C- and N-termini, respectively. (Top right): NMR structure of the SARS-CoV E protein (PDB ID 5X29). The TM domain E8-R38 is shown in red, the juxtamembrane middle helical segment (JM) L39-S50 in yellow, and the C-terminal helix L51-L65 in magenta, while the other four protomers are shown in grey. (Bottom): Reported and putative E-channel inhibitors, including hexamethylene amiloride (HMA) [92], amantadine [94], gliclazide [95], ZINC06220062 [89], memantine [96], and BIT225 (an investigational viroporin inhibitor) [91]. 
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2.2.5. Development Status


As of 2026, E-targeted antiviral inhibitors are in the hit-to-lead stage. Repurposed blockers (e.g., Amantadine and HMA) serve as tool compounds but lack clinical validation for COVID-19 [87]. BIT225 remains the most advanced E-inhibitor with anti-SARS-CoV-2 activity, supported by robust cellular efficacy and selectivity. It is a clinical-stage drug from other viroporin programmes, and preclinical results support progression to COVID-19 studies [91]. However, recently, in a randomised, double-blind Phase 2 trial in Thailand (Trial ACTRN12623000035628), BIT225 met safety and tolerability but did not meet the primary virologic endpoint (change in nasal SARS-CoV-2 load in days 1–7 versus placebo); time to sustained recovery and clinical improvement were also similar. When dosed 200/400 mg once daily (QD) for seven days, the study saw no primary or key secondary efficacy benefit; an exploratory days 3–9 signal (p = 0.02) was noted but was hypothesis-generating only.




2.2.6. Challenges and Opportunities


Potency and selectivity are the key hurdles: many first-wave hits are μM and membrane-active, necessitating structure-guided optimisation (helped by NMR structures of E pentamers and drug-binding site mapping) [88,92]. Demonstrating clinically meaningful viroporin PD in the ERGIC/Golgi compartment is non-trivial, but cellular and organotypic assays now exist to bridge ion-flux readouts to viral egress and pathogenesis [88]. From a resistance standpoint, the E channel is functionally constrained, and many E mutations are attenuating, suggesting a higher barrier to resistance than for entry-neutralising epitopes. Earlier coronavirus studies showed E deletions or channel-dead mutations markedly impair virulence and assembly [86]. Finally, polypharmacology opportunities are attractive: agents that occlude the pore or stabilise non-conductive oligomers could be combined with inhibitors of E–PDZ interactions (e.g., PALS1 axis) to couple antiviral effects with mitigation of E-driven inflammation, an avenue supported by the demonstrated PDZ-binding motif and host-pathway data [89].





2.3. Membrane (M) Protein


2.3.1. Biology and Rationale


The M protein is the most abundant structural protein (222 amino acids) and is a central organiser of virion morphogenesis. It scaffolds the envelope, drives budding at the ERGIC, and coordinates assembly via multiprotein contacts with S, N, and E. Single-particle cryo-EM of SARS-CoV-2 M resolved a 50 kDa homodimer in lipid nanodiscs at 3.5 Å. The fold is structurally related to the accessory protein ORF3a, consistent with a matrix-like role beneath the envelope [97]. Complementary work captured two M conformers (“long” and “short”), and cryogenic electron tomography and biochemistry map M–N–RNA contacts, supporting a model in which M dimers oligomerise, shape ERGIC membranes and recruit the ribonucleoprotein (RNP) during budding [98,99]. Beyond morphogenesis, M antagonises type I IFN signalling by disrupting assembly of the retinoic acid-inducible gene I (RIG-I)/melanoma differentiation-associated protein 5 (MDA5)–mitochondrial antiviral-signalling protein (MAVS)–tumour necrosis factor receptor-associated factor 3 (TRAF3)/TANK-binding kinase 1 (TBK1) axis and impairing interferon regulatory factor 3 (IRF3) activation, indicating a conserved role in immune evasion [100,101].




2.3.2. Assays and Structural Biology


Single-particle cryo-EM resolved SARS-CoV-2 M in nanodiscs, showing a homodimer (“mushroom” shape) built from two domain-swapped three-helix bundles in the membrane and two cytosolic domains (Figure 5). Conserved hinge elements likely mediate assembly-linked conformational changes [97,98]. This architecture rationalises a membrane-scaffolding function distinct from ion channels [97]. For function, interaction assays, such as co-immunoprecipitation (co-IP), split reporters, and bimolecular fluorescence complementation, quantify M–N and M–S contacts. Recent experiments demonstrate that N’s C-terminal region and linker drive packaging with M and RNA [102]. Virus-like particle (VLP) systems offer a phenotypic assembly readout: in coronaviruses, M and E can be sufficient for VLPs, with N enhancing RNP incorporation and S contributing to Spike maturation and retention, an approach now widely used to screen for assembly disruptors [103,104,105].




2.3.3. Chemical Matter


A first-in-class, direct-acting M inhibitor, JNJ-9676 (Figure 5), exhibits double-digit nM potency against SARS-CoV-2 (including Omicron BA.1 and Delta), SARS-CoV, and several zoonotic sarbecoviruses (e.g., WIV-1, SHC014, and Pangolin coronavirus), with weaker activity against other β-coronaviruses and no activity against common α-coronaviruses. In primary human nasal epithelium (air–liquid interface), JNJ-9676 reduced viral RNA concentrations with a half-maximal effective concentration (EC50) of 94 nM and a 90% effective concentration (EC90) of 132 nM, comparable to Nirmatrelvir in the same system. Time-of-addition and replication assays indicated a late assembly and egress mechanism. Cryo-EM of M in complex with JNJ-9676 revealed a ligand-induced pocket at the dimer transmembrane interface, and compound binding stabilises an altered state between the canonical M-long and M-short conformers, rationalising the block in infectious particle formation. In vitro resistance selection maps escape-associated substitutions to the M dimer interface, thereby providing genetic validation of the target [106].



An independent chemotype, CIM-834, emerged from a 350,000-compound phenotypic screen followed by optimisation. CIM-834 inhibits SARS-CoV-2 variants with EC50 values of 84–112 nM (A549-ACE2/TMPRSS2 and green fluorescent protein-expressing Vero E6 cells), retains activity against SARS-CoV, and shows reduced or absent activity against Middle East respiratory syndrome coronavirus (MERS-CoV) and α-coronaviruses. Primary human nasal air-liquid interface (ALI) cultures showed 4–5 log10 reductions in virus yield at low-μM concentrations. Mechanistically, CIM-834 acts late: it does not affect RNA synthesis in single-cycle assays but blocks the formation of infectious particles, disrupts M oligomerisation, and inhibits VLP release. Cryo-EM places the inhibitor between transmembrane segment 2 (TM2) and TM3 and the conserved hinge (residues 106–116 of M), stabilising M-short and preventing the short-to-long conformational switch required for budding. Resistance mapping identifies mutant P132S of M as a determinant of escape. For instance, substitutions such as M91K and N117K confer only modest EC50 shifts, consistent with the hinge and interface mechanism [107].




2.3.4. PK/PD and Safety


In Syrian hamster models, oral JNJ-9676 administered pre-exposure at 25 mg kg−1 twice daily (BID) reduced lung viral RNA by approximately 3.5 log10 and infectious virus by approximately 4 log10, with concomitant normalisation of lung histopathology. In post-exposure studies, efficacy remained significant when dosing at 75 mg kg−1 BID was initiated 48 h after infection. Together with the ALI data, these results demonstrate on-target pharmacodynamics for an M-directed assembly inhibitor and support oral developability (human PK/PD pending) [106].



For CIM-834, oral dosing showed good bioavailability, favourable lung distribution, and robust efficacy in severe combined immunodeficiency (SCID) mice and Syrian hamsters, including reduction in lung infectious titres by approximately 3–4 log10 and, importantly, prevention of transmission to sentinels in hamsters under study conditions. Ritonavir boosting was used in hamsters for PK support. These in vivo data independently validate M-target engagement and late-stage PD [107].




2.3.5. Development Status


Two preclinical M-targeting series with in vivo proof of concept have now been disclosed: JNJ-9676 and CIM-834. Both show direct binding to purified M, resistance mutations mapping to the dimer and hinge interface, potent cellular antiviral activity including in primary airway epithelia, and oral efficacy in animal infection models [106,107]. To date, no M-targeted agent has entered human clinical trials. Within the structural and accessory proteome reviewed here, M currently represents the most advanced and translationally compelling small-molecule target.




2.3.6. Challenges and Opportunities


The conformational plasticity of the M dimer (short and long states) suggested an “undruggable” surface. However, structure-enabled campaigns have revealed ligand-induced pockets and conformation-locking as practical strategies. Notably, CIM-834 (P132S escape) and JNJ-9676 (overlapping interface substitutions) map to distinct but convergent regions of the dimer and hinge interface, indicating non-overlapping resistance pathways and motivating within-target combinations to increase the genetic barrier. The high conservation of M across sarbecoviruses (i.e., SARS-CoV and SARS-CoV-2) supports pan-sarbecovirus potential and makes it an attractive combination partner for the main protease (Mpro; Nsp5) and the RNA-dependent RNA polymerase (RdRp; Nsp12) inhibitors, providing an orthogonal and largely variant-agnostic mechanism of action. Prospective work should quantify fitness costs of M-interface substitutions, extend ERGIC-aware phenotypic assays, and track surveillance for rare interface variants as programmes advance [106,107].





2.4. Nucleocapsid (N) Protein


2.4.1. Biology and Rationale


The SARS-CoV-2 N protein is a 419-residue multidomain RNA-binding protein that packages the ~30 kb genome into ribonucleoprotein (RNP) assemblies and supports replication and virion assembly. It comprises an N-terminal RNA-binding domain (NTD) and a C-terminal dimerisation/RNA-binding domain (CTD) linked by a Ser/Arg-rich intrinsically disordered region/linker region (IDR/LKR). Both NTD and CTD present basic grooves that engage single-stranded/double-stranded RNA (ss/dsRNA), with high-resolution structures (e.g., PDB ID 6YUN, 7CE0, and 6ZCO) defining conserved, positively charged pockets for RNA interaction [98,99,108]. N undergoes RNA-driven liquid–liquid phase separation (LLPS), forming condensates that are thought to concentrate viral components and scaffold replication and packaging. LLPS is chemically tuneable in vitro (e.g., by 1,6-hexanediol, lipoic acid, and Kanamycin), underscoring tractability [109,110]. The protein also interfaces with host pathways, including stress-granule biology and innate immune signalling, and its functions are tightly regulated by phosphorylation within the Ser/Arg-rich linker, which modulates RNA affinity, oligomerisation and condensate behaviour, while creating phospho-motifs recognised by 14-3-3 proteins [111,112]. During assembly, the CTD of N engages the cytosolic domain of M protein to recruit N–RNA to budding membranes, rationalising protein–protein-interface (PPI) disruption as a complementary antiviral strategy; VLP systems recapitulate the M–N dependency in coronavirus assembly [98,99].




2.4.2. Assays and Structural Biology


Structural work has defined an NTD β-sheet core with a basic β-hairpin forming the primary RNA-binding pocket and a strand-swapped CTD dimer with basic surfaces that also bind RNA (Figure 6). These features guide ligand design against the NTD cleft and CTD dimer interface [113]. Biochemical readouts include fluorescence-polarisation or electrophoretic mobility shift assay (EMSA) for RNA binding (isolated NTD/CTD and full-length N) [114], and biophysical/biochemical assays for PPIs (e.g., 14-3-3 engagement of defined phospho-motifs; M–N recruitment in co-expression/VLP systems). Because full-length N is highly dynamic and forms RNA-driven condensates, LLPS assays (turbidity and fluorescence microscopy) provide orthogonal, function-proximal readouts that complement RNA-binding and dimerization assays. Small molecules that perturb LLPS offer an additional screening and mode of action validation axis [115,116].




2.4.3. Chemical Matter


Multiple orthogonal campaigns have demonstrated that the SARS-CoV-2 N protein is ligandable at both its RNA-binding surfaces and allosteric sites. A high-throughput fluorescence-polarisation screen (more than 3200 bioactives) identified Chicoric acid (Figure 6) as a CTD-binding modulator that disrupts the association of N protein with RNA. Crystallography revealed a 1.7 Å CTD–Chicoric acid complex, defining a shallow pocket adjacent to the basic RNA groove with a Kd of 250 nM by isothermal titration calorimetry (ITC), and showing reduced viral replication in cell culture, thus delivering the first small-molecule structure of N and a validated allosteric site for structure-guided optimisation [117]. Polyanionic scaffolds also inhibit N–RNA engagement. Suramin binds the NTD, perturbs N–RNA interactions, and interferes with packaging and condensate functions in vitro and in cells, although its size and promiscuity limit drug potential. These studies nonetheless pharmacologically validate N-targeting at the NTD surface [118,119].



Repurposing-led and structure-guided efforts provide complementary support. Structural biology studies report Ceftriaxone binding to NTD, with biophysical evidence that it blocks RNA binding and inhibits RNP assembly in vitro; useful as a mechanistic probe [120,121]. Additional small-molecule hits that disrupt the N–RNA interface have emerged from biochemical assays, including “G12”, an N–RNA interaction blocker with effects on N assemblies and LLPS, adding diverse starting points for medicinal chemistry [122]. Pre-pandemic coronavirus work remains instructive: PJ34 (HCoV-OC43) and 5-benzyloxygramine (“P3”) (MERS-CoV) target NTD interfaces to inhibit RNA binding or induce non-native oligomerisation. Despite virological distance, these chemotypes map conserved basic pockets and PPI surfaces that informed SARS-CoV-2 targeting [123,124].




2.4.4. PK/PD and Safety


Most first-wave N ligands are highly polar (polyphenols, polysulphonates) and show sub-μM biochemical but modest cellular potency, foreshadowing permeability and clearance challenges (e.g., Chicoric acid and Suramin) [117,118]. None have been reported to have in vivo pharmacokinetics against SARS-CoV-2. Suramin’s known systemic liabilities and Chicoric acid’s polyphenolic character argue for prodrug or local (e.g., inhaled) delivery concepts if such chemotypes are pursued. From a selectivity standpoint, N lacks a close human orthologue. However, polyanions and nucleic-acid-interacting dyes may exhibit off-target binding to host RNA-binding proteins (RBPs) and RNA, limiting their selectivity and developability; therefore, broad panel screening and condensate-aware cell assays are essential before animal studies [125].




2.4.5. Development Status


As of 2026, N targeting antiviral programmes largely remain at the hit-to-lead stage. The most advanced SARS-CoV-2 data comprise validated tool compounds (e.g., Chicoric acid co-crystal; Suramin as NTD binders) and biophysical/structural probes (e.g., NTD–Ceftriaxone complex), alongside increasing mechanistic understanding of N LLPS and assembly that enables target-engagement readouts in cells [117,118]. Authoritative reviews emphasise the opportunity but also the current preclinical stage of N chemical biology [125].




2.4.6. Challenges and Opportunities


Associated challenges include targeting multivalent, highly basic RNA-binding surfaces and intrinsically disordered regions that drive LLPS, which often necessitate either highly charged ligands with poor PK properties or finely tuned allosteric or PPI binders. Moreover, phase-separation phenotypes can confound nonspecific modifiers, necessitating orthogonal assays (e.g., biochemical RNA displacement, LLPS microscopy and/or VLP/M–N recruitment) [124].



Opportunities include the exploitation of allosteric CTD pockets (e.g., the Chicoric acid site of action) that provide structure-enabled vectors for potency and drug-likeness without competing with RNA phosphates directly. This site is partly conserved across β-coronaviruses, supporting breadth [117]. In addition, the NTD RNA groove and adjacent basic patches are ligandable (Suramin/Ceftriaxone), supporting fragment-to-lead campaigns for compact anionic or H-bond-rich chemotypes [118]. Furthermore, targeting assembly interfaces (e.g., M–N recruitment) offers a complementary mechanism to polymerase or protease inhibitors, potentially collapsing infectious yield even with partial inhibition. Finally, N is function-constrained and relatively conserved compared with Spike, which may slow resistance pathways. Phosphorylation-dependent regulation and 14-3-3 protein engagement add exploitable host-PPI nodes for adjunct strategies [125].
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Figure 6. (Top left): Crystal structure of the SARS-CoV-2 N protein N-terminal domain (NTD) in complex with 5-benzyloxygramine (PDB ID 8IV3), with RNA (cyan; PDB ID 7XWZ) superposed for comparison. The NTD and 5-benzyloxygramine are shown in purple and red, respectively. (Top right): Crystal structure of the SARS-CoV-2 N protein C-terminal domain (CTD) dimer in complex with chicoric acid (PDB ID 7UXZ). The two N-CTD monomers are shown in green and beige, and chicoric acid is shown in blue. (Bottom): Representative small-molecule modulators reported to affect N, including (−)-Chicoric acid [117], 5-Benzyloxygramine [126], Suramin [127], Ceftriaxone [121], and PJ34 [128]. 
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3. Accessory Proteins as Potential Targets


SARS-CoV-2 encodes eleven accessory proteins: ORF3a, ORF3b, ORF3c, ORF3d, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c, and ORF10 [129]. Accessory proteins are dispensable for basic replication in standard cell culture, yet play significant roles in immune evasion, virulence, and tissue tropism through targeted rewiring of host pathways [130,131]. Collectively, they act as IFN antagonists and modulators of membrane trafficking and inflammatory signalling, although their contribution to viral fitness and pathogenesis is often context-dependent [20,132]. From a therapeutic standpoint, accessory proteins are attractive adjunct targets: inhibiting them is unlikely to sterilise infection on its own but could dearm immune evasion and reduce pathology, especially in combination with DAAs. Their host-interface mechanisms (e.g., ORF6–Nup98/Rae1, ORF7a–BST-2, and ORF9b–TOM70) create PPI surfaces that may be tractable to small molecules or biologics. The chief challenges are sequence variability, context-dependent phenotypes and ensuring on-target readouts in physiologically relevant systems [20].



3.1. ORF3a: Viroporin and Virulence Factor


3.1.1. Biology and Rationale


Within the ORF3 region, ORF3a should be distinguished from the smaller overlapping alternative-frame ORFs ORF3b, ORF3c, and ORF3d. Unlike ORF3a, these overlapping ORFs are not supported by comparable structural, trafficking, or pharmacological evidence. They are discussed mainly in the context of immune modulation and remain less mature from the standpoint of direct small-molecule tractability [131,133].



ORF3a is a 275-amino-acid multipass membrane protein that localises to endo-lysosomal and Golgi membranes and is strongly implicated in virion egress and immune modulation. A 2.1 Å cryo-EM structure revealed a dimer/tetramer architecture with a polar cavity and putative ion-conduction pathways (Figure 7). Reconstitution in liposomes showed Ca2+-permeable, non-selective cation flux and sensitivity to polycationic blockers, supporting a viroporin-like function [134]. ORF3a has been reported to prime and activate the NLRP3 inflammasome by promoting nuclear factor kappa B (NF-κB)-dependent pro-interleukin-1 beta (pro-IL-1β) induction, potassium ion (K+) efflux, and apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC)/caspase-1 activation. In human cells, ORF3a can also trigger interleukin-1 beta (IL-1β) maturation, linking it to COVID-19-associated hyperinflammation [23,135]. It has also been reported to block autophagosome–lysosome fusion by engaging the homotypic fusion and vacuole protein sorting (HOPS) tethering machinery, perturb Ras-related protein Rab-7a (Rab7) and lysosomal dynamics, and promote lysosomal exocytosis, thereby enhancing virion release [136,137]. Genetic studies in vivo indicate that accessory proteins, including ORF3a, contribute substantially to pathogenesis in keratin 18-human ACE2 (K18-hACE2) mice. Moreover, multi-accessory-gene deletion viruses, including ΔORF3a, are markedly attenuated yet immunogenic, underscoring the role of ORF3a as a virulence factor [138,139].



It is important to note that the ion channel interpretation is debated. Some studies report that ORF3a does not form a classical cation channel (and instead modulates lysosomal water and acidification), so therapeutics may need to address both pore-blocking and trafficking- and lysosome-centric mechanisms [140,141].




3.1.2. Assays and Structural Biology


Structural work using cryo-EM defines the druggable cavities and oligomer interfaces in ORF3a. Functional assessment can then be performed across complementary assays. Channel activity is typically measured using liposome ion flux assays or patch-clamp recordings in heterologous systems. In parallel, inflammasome-related effects can be evaluated through established readouts of activation, including changes in pro-IL-1β expression, caspase-1/ASC speck formation, and IL-1β processing. Likewise, effects on autophagy and lysosomal trafficking can be monitored using markers of autophagic flux, membrane-fusion machinery, Rab7-dependent trafficking, lysosomal membrane exposure, and lysosomal pH [23,134]. These orthogonal assays are important given the ongoing debate over the precise transport function of ORF3a and help ensure that putative hits are validated across channel-, trafficking-, and inflammasome-centred phenotypes [141].




3.1.3. Chemical Matter


Emodin, an anthraquinone (Figure 7), inhibits the SARS-CoV ORF3a channel with a half-maximal blocking concentration (K½) of 20 µM, and reduces HCoV-OC43 release [142]. For SARS-CoV-2 ORF3a specifically, recombinant-system electrophysiology shows inhibition by classical viroporin blockers (e.g., Amantadine and Rimantadine) and with several flavonoids and phenolics, with correlation between channel block and reduced ORF3a-induced cytotoxicity [143]. The structure also revealed sensitivity to polycationic species, which is consistent with pore blocking, nominating cationic scaffolds as tractable starting points [134].



Niclosamide, a protonophore with endo-lysosomal effects, inhibits SARS-CoV-2 in vitro and has been clinically explored [144,145]. While not ORF3a-selective, its ability to neutralise acidic compartments and perturb exocytosis aligns mechanistically with ORF3a-driven lysosomal egress and autophagy blockade. In a proof-of-concept “nasal swab” assay, Emodin and Gliclazide reportedly suppressed ORF3a and E channel signals across variants. Although methodologically unconventional, it reinforces on-target tractability for small molecules at mucosal surfaces [95]. Finally, at least one study failed to detect bona fide cation conductance attributable to ORF3a, highlighting potential system-dependent artifacts. Chemical campaigns should therefore include lysosome-function and inflammasome assays, not only ion flux [141].




3.1.4. PK/PD and Safety


Amantadine and Rimantadine have well-characterised oral PK but limited antiviral exposure margins for COVID-19. Their lack of selectivity raises on-target and off-target concerns [143]. Niclosamide is poorly bioavailable orally and inhaled or nebulised formulations are being tested to achieve airway concentrations compatible with its endo-lysosomal pharmacology [146]. For any future ORF3a-directed agent, distribution to the endo-lysosomal and Golgi compartments of airway epithelium and minimisation of host-channel liabilities (e.g., cation transporters and/or lysosomal homeostasis) will be the key PD and safety gates [147].




3.1.5. Development Status


ORF3a-directed small-molecule discovery remains at an early, preclinical proof-of-concept stage, and current chemical matter is largely limited to repurposed or non-selective modulators whose on-target relevance still requires careful validation. Multiple repurposing trials, including studies of niclosamide and inhaled formulations, have reported mixed outcomes, and clinical efficacy remains unproven [146]. In contrast, ORF3a is being leveraged for live-attenuated vaccine design: deletion of accessory genes, including ORF3a, yields robust attenuation with preserved immunogenicity in animal models [138].




3.1.6. Resistance


ORF3a is polymorphic (e.g., Q57H among common variants); however, several functions, such as inflammasome activation and lysosome and exocytosis control, are retained across isolates. As ORF3a is not strictly essential for replication in cell culture, escape via mutation or loss is possible. However, in vivo, such changes tend to attenuate disease, implying a favourable resistance trade-off for pathogenesis-focused therapeutics [139,148].




3.1.7. Challenges and Opportunities


The central challenge is mechanistic heterogeneity, as data support both ion transport activity and lysosome/trafficking control, and some groups do not observe canonical cation currents. This argues for poly-assay development funnels that include lysosomal pH, acidification, exocytosis, autophagy flux, and inflammasome outputs alongside ion-flux [136,141]. Several therapeutic opportunities remain open in the ORF3a space. These include structure-guided pore-blocking chemotypes informed by high-resolution ORF3a structures and legacy Emodin and Adamantane SAR, as well as lysosome-directed modulators that reverse ORF3a-driven deacidification and exocytosis. In parallel, anti-inflammatory adjuncts that dampen NLRP3 inflammasome activation may offer a complementary strategy for reducing downstream pathology. Combination strategies with E-protein inhibitors (two viroporins) or with replication inhibitors may yield additive reductions in infectious virus output [134,143].
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Figure 7. (Left): Cryo-EM structure of the SARS-CoV-2 ORF3a dimer (PDB ID 7KJR). The transmembrane regions (TMs) S40-A143 of the two subunits are shown in purple and grey, and the cytosolic domains (CDs) N144-D238 are coloured in green and beige. Bound membrane scaffold protein 1E3D1 and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) lipids are not included in the figure. (Right): Representative small molecules reported to modulate ORF3a/viroporin activity: Emodin [142], Rimantadine [96], Niclosamide [149], and Gliclazide [95]. 
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3.2. ORF6: Interferon Antagonist


3.2.1. Biology and Rationale


ORF6 is a small accessory protein (61 amino acids) that localises to the ER/Golgi and nuclear pore interface, where it potently antagonises IFN signalling by binding the Nup98–Rae1 complex and blocking Karyopherin-mediated nuclear import of STAT1, STAT2, and other transcription factors. Mechanistically, its C-terminal domain engages a basic groove on Rae1. Mutational analyses (e.g., M58R) abrogate Nup98–Rae1 binding and IFN antagonism. Viruses lacking ORF6 (often in combination with other accessory ORFs) are markedly attenuated in immune-competent models, underscoring its contribution to pathogenesis [138,150,151]. While ORF6 is widely recognised as a dominant IFN antagonist, some studies in differentiated respiratory cells report context-dependent effects and limited sufficiency of ORF6 alone, highlighting the importance of cell type and expression level [152].




3.2.2. Assays and Structural Biology


Although obtaining full-length structures has remained challenging, two advances now provide a foundation for medicinal chemistry: First, crystal structures of Rae1–Nup98 in complex with C-terminal peptides of ORF6 (2.4–2.9 Å) define the drug-targetable PPI interface (Figure 8) [27]. Second, NMR in proteoliposomes resolves an α-helical ORF6 topology with a rigid N-terminal segment and flexible C-terminus that mediates host binding [133].



Functional readouts include nuclear import reporters assessing STAT1 and interferon-stimulated gene factor 3 (ISGF3) translocation, bulk mRNA export assays, and co-IP and biophysics for ORF6–Nup98/Rae1 engagement. Quantitative imaging shows SARS-CoV-2 ORF6 is substantially more potent than SARS-CoV ORF6 in inhibiting nuclear import and mRNA export [28,153,154].




3.2.3. Chemical Matter


Although direct ORF6 inhibitors have not yet been reported, tractable strategies, such as interface-guided inhibitors and peptides, are emerging. For instance, the Rae1–Nup98:ORF6 co-crystal structures nominate a narrow, basic pocket on Rae1 engaged by the ORF6 C-terminus, supporting peptide mimetics or small-molecule PPI disruptors that compete for this site and ITC shows nM and sub-μM affinity for ORF6 C-terminus peptides [28,153,154]. In addition, host-pathway modulation (indirect) is also being implemented. The exportin 1 (XPO1) inhibitor Selinexor (Figure 8) was explored clinically in COVID-19 and partially rescued ORF6-induced phenotypes in cell systems in a dose-dependent manner, but it was not ORF6-selective and showed dose-limiting toxicities (DLTs) [155]. Other opportunities include biologics. Based on modelling and cell assays, IFN-γ has been proposed to bind the ORF6 C-terminus and displace Rae1, suggesting a blueprint for peptide and peptidomimetic decoys. IFN-γ itself is not typically used in COVID-19, but these data inform design [156].




3.2.4. PK/PD and Safety


Any ORF6-targeted agent must reach the nuclear pore and ER–Golgi interface in the airway epithelium and avoid perturbing host nucleocytoplasmic transport. Preclinical rescue of ORF6 phenotypes by Selinexor supports the concept but clinical signals have been mixed and on-target toxicities of broad transport inhibition remain a constraint [155].




3.2.5. Development Status and Resistance


ORF6 is a small accessory protein whose C-terminal region is functionally important for binding the Nup98–Rae1 complex and antagonising IFN signalling. Deletions and truncations have been observed in patients and clusters, generally correlating with attenuated phenotypic expression. Thus, resistance via loss-of-function would likely reduce virulence; a favourable trade-off for adjunctive therapeutics [157].




3.2.6. Challenges and Opportunities


As a drug target, ORF6 presents several significant challenges. First, it acts through a PPI centred on the relatively shallow, basic Rae1-binding groove, which is inherently more difficult to target than a well-defined catalytic pocket. Second, the magnitude of its IFN-antagonist phenotype can vary substantially depending on the assay context, including cell type and expression level, complicating the interpretation of on-target activity. Third, because ORF6 acts by perturbing the host nuclear transport machinery, there is a potential risk of on-target toxicity if host trafficking is disrupted too broadly.



Despite these constraints, the target offers several clear opportunities. Structure-guided design may enable the development of peptide, peptidomimetic, or small-molecule disruptors of the ORF6–Rae1 interface. In parallel, poly-assay validation funnels integrating STAT1 nuclear import, mRNA export, and direct ORF6–Rae1 biophysical measurements should help reduce artefactual signals and strengthen confidence in target engagement. Most importantly, ORF6 antagonists are best positioned as adjuncts to direct-acting antivirals. By restoring IFN responsiveness and limiting immune-pathway dysregulation, they may improve overall therapeutic performance through a mechanism distinct from direct inhibition of viral proteases or polymerases [28,153,158].
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Figure 8. (Left): Crystal structure of the Rae1–Nup98 complex, with Rae1 shown in cyan, Nup98 in beige, and the bound C-terminal peptide (D53-D61) of SARS-CoV-2 ORF6 shown in red (PDB ID 7F60). (Centre): Ensemble of ten SARS-CoV-2 ORF6 models derived from NMR chemical shifts using CS-Rosetta (PDB ID 9A8Y). The α-helical segment (I11–T45) is shown in purple, whereas the N-terminal region (M1–T10) and the flexible C-terminus (E46–D61) are shown in green. (Right): Selinexor [159], an XPO1 inhibitor explored as an indirect countermeasure to ORF6 activity. 
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3.3. ORF8: Immune Modulator and Evasion Protein


3.3.1. Biology and Rationale


ORF8 is a 121-amino-acid accessory glycoprotein with an immunoglobulin (Ig)-like fold that forms disulfide-linked dimers (Figure 9). It is capable of extracellular secretion, although the extent of secretion appears to be context- and variant-dependent [160,161,162]. ORF8 should be distinguished from the ORF8a/ORF8b arrangement described for SARS-CoV: in SARS-CoV, a 29-nucleotide deletion split the ancestral ORF8 into ORF8a and ORF8b, whereas SARS-CoV-2 encodes a single intact ORF8 protein [163]. Functionally, ORF8 downregulates surface MHC-I, thereby promoting escape from cytotoxic T-cell surveillance, in part by routing MHC-I toward lysosomal- and autophagy-linked degradation [29,164]. ORF8 has also been reported to act as a secreted pro-inflammatory factor, inducing cytokine responses and inflammasome-linked signalling in human monocytes. Several studies further propose IL-17-like signalling through IL-17 receptors (e.g., IL-17 receptor A; IL-17RA), although the precise downstream inflammatory mechanism remains under active debate [165,166,167]. Clinically, natural loss-of-function variants affecting the ORF8 region, most notably the Δ382 deletion, have been associated with milder disease, supporting the view that this axis contributes to virulence and may represent a therapeutically relevant target for attenuating disease severity [30,168].




3.3.2. Assays and Structural Biology


Multiple crystal structures define ORF8 Ig-like dimers and interfaces suitable for ligand design. Structural comparisons with bat coronavirus ORF8 highlight the variability of surface loops that may underlie this functional divergence. Assay systems include flow cytometry for MHC-I surface levels in ORF8-expressing and infected cells. Colocalization with microtubule-associated protein 1A/1B-light chain 3 (LC3) and lysosomal markers to read out autophagy-dependent MHC-I degradation, and monocyte assays for inflammasome activation (IL-1β processing/ASC specks) and NF-κB/IL-17–axis readouts. Secreted ORF8 can be quantified in supernatants or plasma and used to stimulate primary monocytes [160,161,164,167,169].




3.3.3. Chemical Matter


Direct small-molecule inhibitors of ORF8 have not yet been established. Current tractable strategies are largely biological- or pathway-targeted. On the one hand, neutralising antibodies against ORF8 reduce the binding of ORF8 to myeloid receptors and dampen its cytokine-inducing activity in cell systems, nominating antibody or decoy approaches to neutralise secreted ORF8 [170]. On the other hand, given ORF8’s NLRP3-dependent activation of monocytes, small-molecule NLRP3 inhibitors such as MCC950-class (Figure 9) are a rational adjunct to blunt ORF8-driven inflammation, which is a concept supported by mechanistic human-cell data [167,171]. Finally, studies reporting IL-17 mimicry show that blocking IL-17RA can reduce ORF8-induced inflammation in preclinical models, supporting anti-IL-17/IL-17RA biologics or peptide mimetics as route(s) to neutralise the virokine-like activity [165,172]. In silico reports of polyphenols or small molecules docking to ORF8 (e.g., at the dimer interface) exist, but experimental confirmation and potency remain limited; these should be treated as hypothesis-generating rather than validated leads [173].




3.3.4. PK/PD and Safety


Because ORF8 is secreted, systemic or local (e.g., inhaled) biologics that neutralise extracellular ORF8 could achieve target engagement in the airway without entering cells. For pathway-directed approaches, NLRP3 blockade offers a downstream PD readout (IL-1β/IL-6 reduction); however, it requires careful safety profiling in virally infected hosts. Any small-molecule aimed at intracellular ORF8 mechanisms (e.g., MHC-I routing) would need to reach the endoplasmic reticulum (ER) and lysosomal compartments and avoid broad interference with antigen presentation [167].




3.3.5. Development Status


As of 2026, no selective ORF8 inhibitors have been reported. Nevertheless, natural loss-of-function variants affecting the ORF8 region, including the Δ382 deletion, provide human genetic evidence that disruption of this virulence axis can be associated with attenuated disease, while accumulating structural and mechanistic data have defined assayable ORF8-linked phenotypes, notably MHC-I downregulation and monocyte and inflammasome activation, that can now support discovery efforts [29,30,162,174].




3.3.6. Challenges and Opportunities


ORF8 presents several challenges as a therapeutic target. Its sequence varies across lineages, which may limit the durability of any intervention strategy. In addition, ORF8 is pleiotropic, with both intracellular effects on MHC-I modulation and extracellular cytokine-like activity, making it difficult to define a single dominant pharmacological readout. Its subcellular distribution also complicates targeting, as relevant functions may arise in the secreted form as well as within ER- and lysosome-associated compartments.



Despite these constraints, the target offers distinct opportunities. Its secreted component creates scope for neutralising antibodies or decoy-based approaches, while downstream pathway modulation, including blockade of NLRP3 or IL-17RA signalling, may help counter ORF8-driven inflammation. Simultaneously, structure-defined dimer interfaces provide a potential foundation for future small-molecule discoveries. Notably, this target may also offer a favourable resistance trade-off, since loss-of-function escape would be expected to attenuate virulence rather than enhance it [161,165,167].
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Figure 9. (Left): Crystal structure of the SARS-CoV-2 ORF8 dimer (PDB ID 7JTL). The two monomers are shown in cyan and green, and Cys20 from each monomer, forming the intermolecular disulfide bond, is shown as sticks. (Right): MCC950 [167,171], a selective NLRP3 inflammasome inhibitor used as a host-directed countermeasure to ORF8-driven IL-1β signalling. 
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3.4. ORF9b: Mitochondrial Antagonist of Interferon


3.4.1. Biology and Rationale


ORF9b should be distinguished from the shorter overlapping N-frame product ORF9c. Unlike ORF9b, ORF9c remains much less well validated experimentally and is not supported by comparable structural or mechanistic evidence, so it is not discussed further here [131,175]. ORF9b (97 amino acids) is an accessory protein encoded by an alternative reading frame within the N gene. It localises to mitochondria and binds the import receptor TOM70, thereby disrupting the role of TOM70 as a scaffold for chaperone-delivered TBK1/IRF3 and dampening MAVS-dependent type I IFN signalling. Structural and cellular studies show that ORF9b engages a hydrophobic pocket on TOM70’s C-terminal domain, sterically/allosterically hindering heat shock protein 90 (Hsp90)–TOM70 complex formation and blunting IFN induction [176]. ORF9b also exhibits a phosphorylation switch at Ser50/Ser53: phosphomimetic changes weaken TOM70 binding and lessen IFN antagonism, suggesting host kinases can modulate ORF9b activity [177]. Together, these data position ORF9b as a virulence factor that subverts mitochondrial antiviral signalling and a plausible target to restore early innate responses [178].




3.4.2. Assays and Structural Biology


Cryo-EM and X-ray structures capture the central P43–M78 region of ORF9b bound to TOM70 (e.g., PDB ID 7DHG). In this complex, ORF9b binds as a monomeric α-helical segment within the TOM70 pocket, thereby rationalising how ORF9b occupancy can interfere with Hsp90-EEVD (Glu-Glu-Val-Asp) peptide binding [176,179,180]. This TOM70-bound state contrasts with isolated or lipid-bound ORF9b, which forms a β-sheet-rich homodimer with a lipid-binding tunnel (Figure 10). Lipid binding stabilises the ORF9b dimer and influences the monomer–dimer equilibrium, indicating that TOM70 engagement is coupled to a substantial conformational rearrangement of ORF9b. Functional readouts include IFN-β promoter reporter assays, co-immunoprecipitation, ITC for ORF9b–TOM70 binding, and peptide-competition assays measuring disruption of Hsp90–TOM70 interactions in the presence of ORF9b [181]. Recent biophysical work quantifies how ORF9b dimerisation, lipid binding, and TOM70 recognition are coupled, informing mechanism-aware screening [181].




3.4.3. Chemical Matter


Drug-discovery proposals therefore focus on two tractable mechanisms: Disrupting the ORF9b–TOM70 PPI (guided by 7DHG and mutational hot-spots such as ORF9b S53/TOM70 E477) [177] and allosterically biasing ORF9b’s monomer–dimer–lipid equilibria to disfavour the TOM70-binding conformation [182]. Additionally, in silico and peptide-based efforts have begun: antiviral peptides designed to dock ORF9b’s pocket (and conceptually compete with TOM70) show μM-range cellular signals in preliminary studies, while a recent study described small molecules that inhibit ORF9b homodimerization as a surrogate for function (e.g., EN300 and Compound 2, Figure 10) [183]. These constitute starting points rather than drug-like leads and still require orthogonal, TOM70-centric cellular validation (e.g., restoration of IFN signalling and rescue of Hsp90–TOM70 binding).




3.4.4. PK/PD and Safety


Because ORF9b acts at the outer mitochondrial membrane, candidates must have sufficient cell permeability and partition into ER/mitochondrial membranes without broadly perturbing mitochondrial import. On-target PD should restore early IFN responses (e.g., IFN-β reporter rescue; increased TBK1 phosphorylation and IRF3 nuclear translocation), whereas off-target risks include interference with TOM70’s essential import functions and Hsp90 client trafficking. Selectivity windows will likely require PPI-surface specificity rather than generic hydrophobic binders [177,184]. Timing is critical: the intended clinical use would be early in infection to re-enable innate control.




3.4.5. Development Status


To date, no drug-like, advanced small-molecule ORF9b antagonists have been reported, although proof-of-concept chemical matter has begun to emerge. The most advanced work remains the structural and biophysical characterisation of ORF9b–TOM70 and early computational peptide concepts. There are no small-molecule inhibitors with demonstrated on-target rescue of IFN signalling in vivo. The growing structural and mechanistic base (PDB ID 7DHG), mapping of phosphorylation control, and quantitative conformational models) provides a realistic springboard for mechanism-guided PPI inhibitor discovery [177,181].




3.4.6. Resistance, Challenges and Opportunities


ORF9b is relatively conserved across sarbecoviruses and embeds in a host-protein interface that may be mutationally constrained by fitness (mutations that weaken TOM70 binding would be expected to reduce IFN antagonism). Phospho-regulatory sites (e.g., Ser53) also suggest host-driven attenuation routes. Nonetheless, resistance via surface substitutions at the TOM70-contact patch is possible and should be monitored with deep mutational scanning once bona fide inhibitors exist. Given the accessory role of ORF9b, any escape could carry a virulence cost rather than a replication advantage [177].
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Figure 10. (Left): Structure of TOM70 in complex with the P43–M78 region of SARS-CoV-2 ORF9b. TOM70 is shown in beige and grey, and the ORF9b P43–M78 region is shown in red (PDB ID 7DHG). The N-terminal (NTD) N109-E248 and C-terminal (CTD) P249-K600 domains of TOM70 are shown in beige and cyan, respectively. (Centre): Crystal structure of the SARS-CoV-2 ORF9b dimer bound to lipid octane (PDB ID 9N55). The two ORF9b monomers are shown in green and grey, with the P43–M78 region in one monomer highlighted in teal. Lipid octane is shown in blue. (Right): Representative small-molecule chemotypes, EN300 and Compound 2, proposed to target the ORF9b dimer interface [183]. 
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3.5. ORF10: Cullin E3 Ligase Hijacker


3.5.1. Biology and Rationale


ORF10 is an unusually small SARS-CoV-2 accessory protein (38 amino acids) encoded within the N locus (Figure 11). It is dispensable for replication in vitro and in vivo challenge models, indicating a non-essential role for basic replication, but it can modulate host pathways that influence disease biology [31]. Two host-hijacking mechanisms are supported by these findings. First, ORF10 engages the cullin-RING E3 ubiquitin ligase 2 containing zyg-11 family member B (CRL2ZYG11B) ubiquitin ligase via an N-terminal glycine degron. Furthermore, a recent co-crystal structure at 2.9 Å of CUL2ZYG11B with the ORF10 N-terminal heptapeptide (PDB ID 7YC2) confirms that ORF10 mimics a Gly/N-degron, with G1 and Y2 anchoring recognition. Mutational disruption (e.g., G1P and Y2A) weakens ZYG11B binding and blunts intraflagellar transport protein 46 (IFT46) degradation in cells [185]. Functionally, ORF10 enhances CRL2ZYG11B activity to trigger proteasomal degradation of ciliary protein IFT46, leading to loss of airway motile cilia and impaired mucociliary clearance in human nasal epithelial cultures and hACE2 mouse airways [186,187]. Second, ORF10 can induce mitophagy-mediated MAVS degradation through interaction with the mitophagy receptor NIX, also known as BCL2-interacting protein 3-like (BNIP3L), suppressing RIG-I/MAVS signalling and type I IFN induction [188]. While one study concluded the ORF10–CRL2ZYG11B axis is not required for SARS-CoV-2 replication in standard cell culture, these pathways clarify how ORF10 may tune pathogenesis (cilia integrity and IFN antagonism) rather than core RNA replication [32].




3.5.2. Assays and Structural Biology


Structural tools now include the ZYG11B–ORF10 peptide complex (PDB ID 7XV7), enabling structure-guided design of interface disruptors. The literature uses several assay classes to interrogate this axis [185,186,188]. These include biochemical and biophysical binding assays for the ZYG11B–ORF10 interaction, such as degron-competition studies by fluorescence polarization and ITC, alongside proteomic readouts of CRL2ZYG11B activity. Cell-based assays include degradation reporters and pharmacological rescue with proteasome inhibitors (e.g., MG132) or neddylation inhibitors (e.g., MLN4924/pevonedistat) to confirm cullin-RING ligase dependence. Additional models include airway epithelial systems that quantify ciliary protein abundance and motile-cilia coverage, together with IFN-β promoter or interferon-stimulated gene reporter assays to assess reversal of ORF10-mediated innate-immune suppression through the NIX–MAVS pathway.




3.5.3. Chemical Matter


Tool compounds support tractability at the pathway level: MLN4924, also known as Pevonedistat (Figure 11), blocks neural precursor cell expressed, developmentally downregulated 8 (NEDD8) activation and thereby broadly disables cullin–RING ligase (CRL) E3 ubiquitin ligases. In cell systems, MLN4924 blocks CRL2ZYG11B-dependent substrate degradation, providing a useful mechanistic control, although its broad activity and toxicity make it unsuitable as a direct antiviral therapy. The ZYG11B–ORF10 complex structure recommends peptide and peptidomimetic degron decoys or small molecules targeting the ZYG11B substrate pocket as rational starting points [185,186,187].



Reports that Amantadine (vide supra) blocks ion-channel activity ascribed to ORF10 in Xenopus oocytes are preclinical and are debated. The E protein is an accepted viroporin target of Amantadine, whereas assigning bona fide ion-channel function to ORF10 requires stronger criteria. Accordingly, any “ORF10 channel blocker” claim should be considered provisional [87,189]. Finally, for the mitophagy route, the ORF10–NIX interaction nominates interface-blocking peptides or small molecules as a concept, but no selective molecules have been published to date [188].




3.5.4. PK/PD and Safety


Given the host-complex targets of ORF10, on-target liabilities are a concern for pathway-level inhibitors. For example, MLN4924 inhibits NEDD8 activation and thereby broadly suppresses cullin-RING ligase activity, rather than selectively blocking the ORF10–CRL2ZYG11B interaction. Such broad inhibition would be expected to disrupt many ubiquitination pathways and is therefore more suitable as a mechanistic tool than as a selective antiviral strategy. Interface-targeted agents (ZYG11B pocket binders or NIX-interface blockers) could, in principle, achieve selectivity, but would require careful off-target and immune-activation window profiling, as amplifying IFN signalling late in disease can worsen inflammation [186].




3.5.5. Development Status


As of 2026, no validated selective small-molecule ORF10 inhibitors have been reported. Structural and mechanistic advances (ZYG11B–ORF10 complex, CRL2ZYG11B, and NIX-dependent phenotypes) establish tractable hypotheses and screening strategies for PPI-disruptors and degron-competitive ligands, but programs remain in early stages [187].




3.5.6. Resistance


Because ORF10 is non-essential for replication in standard systems and is sometimes truncated in clinical isolates, resistance via loss or mutation of ORF10 would likely carry a limited fitness cost for the virus. That argues ORF10-targeted agents would be best positioned as adjuncts to replication-directed DAAs (e.g., Mpro or RdRp inhibitors) to reduce pathogenesis (cilia loss, IFN antagonism) rather than as monotherapy [31].




3.5.7. Challenges and Opportunities


Key challenges include the very small size of ORF10 (classical pocket scarcity) and the host-targeted nature of its mechanisms. Opportunities stem from structure-enabled intervention at the ZYG11B substrate pocket, airway-relevant phenotypic assays (cilia preservation in human nasal epithelial cells) that provide translational readouts, and potential immunologic synergy. Additionally, blocking ORF10 could preserve cilia function and restore MAVS-dependent IFN signalling, complementing DAAs early in infection [186,188].
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Figure 11. (Left): Cryo-EM structure of the CUL2ZYG11B ligase, shown in grey, in complex with SARS-CoV-2 ORF10, shown in red (PDB ID 9BIE). The bound Elongin B/C complex is not included in the figure. (Right): Pevonedistat (MLN4924), an inhibitor of the NEDD8-activating enzyme that functionally inactivates cullin–RING ligases and blocks ORF10-driven hijacking of CRL2ZYG11B [190]. 
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3.6. Other Accessory Proteins


Among the accessory proteins not examined in detail, ORF7a is the most immediately relevant. Its reported antagonism of BST-2 (tetherin), together with broader roles in host pathway manipulation, makes it a plausible adjunctive target, although direct chemical validation remains very limited [191]. Beyond ORF7a, several additional accessory products are biologically interesting but are not discussed here in depth because they currently lack the structural, mechanistic, or chemical maturity needed for prioritised small molecule evaluation. ORF7b remains comparatively under-characterised, while ORF3b, ORF3c, ORF3d, and ORF9c have been proposed or implicated in immune modulation, interferon antagonism, or lineage-specific phenotypes [20,175,192,193]. For most of these proteins, however, target validation remains incomplete, structural information is limited or absent, and experimentally supported small molecule chemical matter is scarce. They are therefore best regarded at present as hypothesis-generating or lower-priority adjunctive opportunities rather than near-term medicinal chemistry programmes.





4. Discussion


4.1. Translational Hierarchy of Structural and Accessory Protein Targets


The structural and accessory proteomes of SARS-CoV-2 define a complementary antiviral landscape whose value lies not in replacing clinically validated non-structural enzyme targets but in expanding the mechanistic diversity of therapeutic interventions. Whereas the first generation of successful DAAs was built around the inhibition of viral proteolysis and RNA synthesis, the proteins discussed in this review govern entry, fusion, assembly, egress, and immune-pathway manipulation, processes that are upstream, downstream, or orthogonal to the replication–transcription complex [10,11,12]. Consequently, the central translational question is not whether these targets can substitute for the non-structural proteome, but which of them are sufficiently tractable, validated, and biologically important to justify development as direct or adjunctive antiviral targets.



From this perspective, the current target hierarchy is not evenly distributed. At present, the strongest disclosed direct small-molecule target outside the non-structural proteome is the M protein. Historically regarded as a difficult membrane scaffold, M has emerged as a credible antiviral target through the identification of independent chemotypes, such as JNJ-9676 and CIM-834, supported by direct binding, mapped resistance, cellular antiviral activity in physiologically relevant systems, and oral efficacy in animal infection models [106,107]. These findings reposition M from a conceptual assembly target to a mechanistically validated antiviral node and provide rare evidence that a coronavirus structural protein can support direct-acting small-molecule discovery at a level approaching genuine preclinical maturity. In contrast, N remains attractive but at an earlier stage, with promising allosteric and interface-focused chemical matter but still limited progression beyond tool compounds and assay-development chemistry [98,99,108,109,110,111,112,113,114,115,116]. E and ORF3a retain clear biological interest as viroporin-like proteins implicated in membrane remodelling, egress, and inflammatory signalling. Nevertheless, the gap between mechanistic plausibility and robust on-target small-molecule validation remains wider than that for M [194,195]. The S protein remains biologically central, but for small-molecule discovery, it occupies a more selective and difficult niche [196,197]. Its high sequence variability, glycan shielding, and dominance of biologic modalities make it a less robust foundation for durable small-molecule antiviral design than the strongest assembly-linked targets.




4.2. Druggability and Structural Biology of Non-Canonical Antiviral Targets


From a medicinal chemistry perspective, the structural and accessory proteomes impose a distinct set of constraints compared with catalytic non-structural enzymes. Many of these proteins are membrane-associated, oligomeric, conformationally plastic, or dominated by protein–protein and protein–RNA interfaces rather than well-defined catalytic pockets [18]. Consequently, the most useful ligands in this space often emerge not from classical substrate-mimetic logic but from conformational locking, allosteric modulation, interface disruption, or phenotypically guided discovery.



Recent structural biology has substantially changed this landscape. Cryo-EM and NMR studies have defined conformational states and ligandable regions in several previously challenging targets, including M, E, ORF3a, ORF6, ORF9b, and ORF10. These advances are particularly important for membrane and host-interface proteins, where druggability may depend on transient pockets, oligomeric interfaces, or conformational states that are not obvious from sequence analysis alone. The M protein provides the clearest example: ligand-induced pockets and conformation-locking mechanisms have converted an apparently difficult membrane scaffold into a credible small-molecule assembly target [106,107]. For N, structural information on the NTD, CTD, RNA-binding surfaces, and allosteric pockets has enabled ligand discovery, although the intrinsically disordered linker region, multivalent RNA binding, and LLPS behaviour continue to complicate chemical optimisation.



Across the organic small molecules discussed in this review, the most informative structure–target relationships are target-class-specific rather than universal. For S, durable chemical matter is likely to require engagement of conserved allosteric or fusion-associated sites rather than exposed and highly variable RBD/NTD surfaces. For M, the clearest emerging relationship is between compact, membrane-compatible chemotypes and ligand-induced conformational locking at the transmembrane dimer interface, as illustrated by JNJ-9676 and CIM-834. For E and ORF3a, several reported modulators contain cationic, amphiphilic or membrane-partitioning features compatible with viroporin or membrane-associated activity, but these same properties increase the risk of nonspecific membrane perturbation and ion-channel promiscuity. For N, early active chemotypes are often anionic, polyphenolic, polyanionic or hydrogen-bond-rich scaffolds that engage basic RNA-binding or allosteric surfaces, but these features also create permeability, selectivity and PK liabilities. For host-interface accessory proteins such as ORF6, ORF8, ORF9b and ORF10, the relevant chemical space is less mature and may favour interface-directed or allosteric chemotypes rather than classical active-site inhibitors. Thus, chemical structure–target relationships can already guide prioritisation, but most remain preliminary and require systematic SAR, orthogonal target engagement and developability optimisation before they can support true candidate selection.




4.3. Screening Platforms and Target-Engagement Validation


Because many structural and accessory protein targets lack canonical enzymatic activity, screening strategies must be adapted to the biological function of each protein. Classical biochemical assays are useful where defined binding or displacement events can be measured, for example RBD–ACE2 binding, N–RNA binding, NTD/CTD ligand binding, or ORF6–Rae1/Nup98 and ORF9b–TOM70 interactions. However, these assays are rarely sufficient on their own. For membrane and assembly-linked targets, high-content phenotypic screening, VLP systems, pseudovirus assays, authentic-virus assays, ion-flux assays, LLPS readouts, co-immunoprecipitation, and target-engagement assays all provide complementary information. In practice, discovery campaigns in this space are likely to require a combination of high-throughput screening, structure-guided virtual screening, fragment-based approaches, and phenotypic assays, depending on whether the target offers a defined binding pocket, a measurable protein–protein or protein–RNA interaction, or primarily a functional cellular phenotype.



The key requirement is orthogonal validation. For membrane proteins such as M, E, and ORF3a, compelling evidence should ideally integrate direct binding or structural localisation of the ligand, a functional assay linked to the relevant stage of the viral life cycle, and a cellular phenotype that cannot be readily explained by nonspecific membrane perturbation. For N and other assembly-linked factors, biochemical RNA-displacement assays, LLPS microscopy, and VLP-based systems are informative only when coupled with more direct measures of target engagement and infectious output. Similarly, for host-interface accessory proteins such as ORF6, ORF8, ORF9b, and ORF10, screening platforms must distinguish true modulation of the viral protein–host pathway from broad perturbation of nuclear transport, inflammation, mitochondrial function, ubiquitination, or innate immune signalling. In practice, the evidentiary threshold should therefore be higher, not lower, for non-canonical antiviral targets.




4.4. Mutation, Conservation, and Combination Therapy


A major strategic advantage of expanding beyond the non-structural enzyme targets is the possibility of combining mechanistically orthogonal interventions. An assembly inhibitor targeting M, an entry-directed modulator acting on S, or a virulence-focused adjunct affecting ORF3a, ORF6, or ORF9b is expected to impose different evolutionary and functional pressures on the virus than an Mpro or RdRp inhibitor [198]. Mechanistic orthogonality is valuable because it can reduce dependence on a single class of replication-directed agents, increase the barrier to escape, and improve biological coverage across different phases of infection.



However, not all targets are equally suited for resistance management or broad-spectrum preparedness. M and, to a lesser extent, N appear functionally constrained and relatively conserved, making them stronger candidates for variant-resilient or broader sarbecovirus-oriented development than S. In contrast, S is highly exposed and genetically labile, especially in the RBD and NTD, and therefore remains vulnerable to immune and therapeutic escape [42,199]. Accessory proteins may confer important in vivo vulnerabilities, but their sequence variability, context-dependent phenotypes, and frequent roles in virulence rather than core replication make them less reliable as stand-alone preparedness anchors. These features support a development logic in which the most mature assembly-linked structural targets are prioritised for direct antiviral optimisation, while host-interface accessory proteins are advanced more selectively as adjunctive or pathology-modifying components of combination regimens.




4.5. Challenges in Developing Small-Molecule Inhibitors


The development of small-molecule inhibitors against structural and accessory proteins faces several target-class-specific challenges. Membrane proteins such as M, E, and ORF3a require assays that preserve relevant oligomeric states, lipid environments, and subcellular localisation. Apparent activity against these targets can be confounded by nonspecific membrane perturbation, ion-channel promiscuity, or disruption of organelle homeostasis. Intrinsically disordered or phase-separating proteins such as N present a different problem: compounds may perturb condensates or RNA interactions without producing selective or drug-like target engagement [200]. Similarly, accessory proteins that act through host complexes raise a narrow therapeutic window, because pathway-level inhibition can disrupt essential host processes.



Developability also remains important. Potency alone may be misleading if adequate exposure is not achieved at the relevant site of action, such as the airway epithelium, ERGIC/Golgi compartment, endolysosomal system, mitochondrial interface, or virion assembly site. The encouraging performance of M-targeting compounds in primary airway systems and oral animal models illustrates the type of translational evidence needed for this class: not only biochemical or structural plausibility, but a clear pharmacodynamic link between target engagement, reduced infectious virus, and practical deployability [106,107].




4.6. Strategic Prioritisation


Overall, the most credible path forward is not to treat all structural and accessory proteins as equivalent drug-discovery opportunities. Instead, future programmes should prioritise targets with convergent evidence across structure, chemistry, cellular activity, resistance mapping, and in vivo pharmacodynamics. Such programmes should combine structure-enabled design, robust screening platforms, orthogonal target-engagement validation, resistance-aware development, and delivery-conscious pharmacology. The comparative framework summarised in Table 1 highlights the current balance of biological rationale, chemical tractability, translational maturity, and likely therapeutic role across the principal structural and accessory protein targets discussed in this review.





5. Conclusions


The structural and accessory proteomes of SARS-CoV-2 define a complementary antiviral landscape to the enzyme-rich non-structural proteome. Their principal value lies not in replacing the clinically validated benchmark targets of the replication–transcription complex, but in broadening the mechanistic scope of antiviral intervention through orthogonal disruption of entry, fusion, assembly, egress, and host-interface virulence functions. As the field has matured, it has become increasingly clear that these targets should not be viewed as uniform classes. Rather, they span a continuum from genuinely emerging direct-acting opportunities to more exploratory or adjunctive strategies, whose therapeutic value may depend on combination use and careful biological context.



At present, the clearest direct small-molecule opportunity in this landscape lies in assembly-linked structural targets, particularly M, whereas N and E remain earlier-stage opportunities and S is best pursued selectively. By contrast, accessory proteins are more credibly positioned as adjunctive or virulence-modifying targets than as stand-alone antiviral anchors. Future progress will therefore depend on disciplined prioritisation: advancing the strongest structural programmes first, and pursuing accessory-protein strategies only where rigorous target-engagement data in physiologically relevant systems support a clear translational rationale. Under this framework, structural and accessory proteins are unlikely to displace the best-established coronavirus antiviral targets, but they can broaden the therapeutic toolkit by adding mechanistically distinct and potentially resistance-complementary intervention points.
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The following abbreviations are used in this manuscript:



	ACE2
	Angiotensin-converting enzyme 2



	ALI
	Air–liquid interface



	ASC
	Apoptosis-associated speck-like protein containing a caspase recruitment domain



	BD(s)
	β-sheet domain(s)



	BID
	Twice daily



	BLI
	Biolayer interferometry



	BNIP3L
	BCL2/adenovirus E1B 19 kDa protein-interacting protein 3-like (NIX)



	BST-2
	Bone marrow stromal cell antigen 2 (tetherin)



	CD317
	Cluster of differentiation 317



	CD(s)
	Cytosolic domain(s)



	CNS
	Central nervous system



	Co-IP
	Co-immunoprecipitation



	CoV
	Coronavirus



	COVID-19
	Coronavirus Disease 2019



	CRL
	Cullin–RING ligase



	CRL2ZYG11B
	Cullin–RING ligase 2 containing zyg-11 family member B



	CUL2ZYG11B
	Cullin 2–ZYG11B E3 ubiquitin ligase complex



	Cryo-EM
	Cryo-electron microscopy



	CTD
	C-terminal dimerisation/RNA-binding domain (of N protein)



	DAA(s)
	Direct-acting antiviral(s)



	DLT(s)
	Dose-limiting toxicity/toxicities



	DOPE
	1,2-dioleoyl-sn-glycero-3-phosphoethanolamine



	E
	Envelope (protein)



	E3
	E3 ubiquitin ligase



	EC50
	Half-maximal effective concentration



	EC90
	90% effective concentration



	EEVD
	Glu-Glu-Val-Asp peptide motif



	ELISA
	Enzyme-linked immunosorbent assay



	EMSA
	Electrophoretic mobility shift assay



	ER
	Endoplasmic reticulum



	ERGIC
	ER–Golgi intermediate compartment



	HCoV
	Human coronavirus



	HE
	Hemagglutinin-esterase



	HIV-1
	Human immunodeficiency virus type 1



	HMA
	Hexamethylene amiloride



	HOPS
	Homotypic fusion and vacuole protein sorting



	Hsp90
	Heat shock protein 90



	IC50
	Half-maximal inhibitory concentration



	IDR
	Intrinsically disordered region



	IFN
	Interferon



	IFT46
	Intraflagellar transport protein 46



	Ig
	Immunoglobulin



	IL
	Interleukin



	IL-17RA
	Interleukin-17 receptor A



	IRF3
	Interferon regulatory factor 3



	ISG
	Interferon-stimulated gene



	ISGF3
	Interferon-stimulated gene factor 3



	ITC
	Isothermal titration calorimetry



	JM
	Juxtamembrane



	K18-hACE2
	Keratin 18 human angiotensin-converting enzyme 2 transgenic model



	Kd
	Equilibrium dissociation constant



	LC3
	Microtubule-associated protein 1A/1B-light chain 3



	LKR
	Ser/Arg-rich linker



	LLPS
	Liquid–liquid phase separation



	M
	Membrane (protein)



	mAb(s)
	Monoclonal antibody/antibodies



	MAVS
	Mitochondrial antiviral-signalling protein



	MDA5
	Melanoma differentiation-associated protein 5



	MERS-CoV
	Middle East Respiratory Syndrome Coronavirus



	MHC-I
	Major histocompatibility complex class I



	MHV
	Mouse hepatitis virus



	MRC
	Medical Research Council (UK)



	Mpro
	Main protease (Nsp5)



	mRNA
	Messenger RNA



	N
	Nucleocapsid (protein)



	NEDD8
	Neural precursor cell expressed, developmentally downregulated 8



	NF-kB
	Nuclear factor kappa B



	NIX
	Mitochondrial outer-membrane receptor BNIP3L (see BNIP3L)



	NLRP3
	NOD-, LRR- and pyrin domain-containing protein 3



	NMR
	Nuclear magnetic resonance



	Nsp(s)
	Non-Structural Protein(s)



	NTD
	N-terminal RNA-binding domain (of N protein)



	Nup98
	Nucleoporin 98



	ORF
	Open reading frame



	PALS1
	Protein associated with Lin Seven 1



	PDB
	Protein Data Bank



	PK/PD
	Pharmacokinetics/pharmacodynamics



	PPI
	Protein–protein interaction



	QD
	Once daily



	Rae1
	RNA export 1



	Rab7
	Ras-related protein Rab-7a



	RBD
	Receptor-binding domain (of Spike)



	RBP(s)
	RNA-binding protein(s)



	RdRp
	RNA-dependent RNA polymerase (Nsp12)



	RIG-I
	Retinoic acid-inducible gene I



	RNA
	Ribonucleic acid



	RNP
	Ribonucleoprotein



	S
	Spike (glycoprotein)



	SARS-CoV
	Severe Acute Respiratory Syndrome Coronavirus (2002–2003)



	SARS-CoV-2
	Severe Acute Respiratory Syndrome Coronavirus 2



	SCID
	Severe combined immunodeficiency



	SPR
	Surface Plasmon Resonance



	STAT
	Signal transducer and activator of transcription (e.g., STAT1/STAT2)



	TBK1
	TANK-binding kinase 1



	TM
	Transmembrane



	TMPRSS2
	Transmembrane protease, serine 2



	TOM70
	Translocase of outer mitochondrial membrane 70



	TRAF3
	Tumour necrosis factor receptor-associated factor 3



	VLP
	Virus-like particle



	Vpu
	Viral protein U



	VSV
	Vesicular stomatitis virus



	XPO1
	Exportin 1



	ZYG11B
	Zyg-11 family member B









References


	



DeWolf, S.; Laracy, J.C.; Perales, M.-A.; Kamboj, M.; van den Brink, M.R.M.; Vardhana, S. SARS-CoV-2 in Immunocompromised Individuals. Immunity 2022, 55, 1779–1798. [Google Scholar] [CrossRef]

	



Mistry, P.; Barmania, F.; Mellet, J.; Peta, K.; Strydom, A.; Viljoen, I.M.; James, W.; Gordon, S.; Pepper, M.S. SARS-CoV-2 Variants, Vaccines, and Host Immunity. Front. Immunol. 2022, 12, 809244. [Google Scholar] [CrossRef]

	



Malik, J.A.; Ahmed, S.; Mir, A.; Shinde, M.; Bender, O.; Alshammari, F.; Ansari, M.; Anwar, S. The SARS-CoV-2 Mutations versus Vaccine Effectiveness: New Opportunities to New Challenges. J. Infect. Public Health 2022, 15, 228–240. [Google Scholar] [CrossRef]

	



Andrews, N.; Stowe, J.; Kirsebom, F.; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O’Connell, A.-M.; et al. COVID-19 Vaccine Effectiveness against the Omicron (B.1.1.529) Variant. N. Engl. J. Med. 2022, 386, 1532–1546. [Google Scholar] [CrossRef]

	



Zabidi, N.Z.; Liew, H.L.; Farouk, I.A.; Puniyamurti, A.; Yip, A.J.W.; Wijesinghe, V.N.; Low, Z.Y.; Tang, J.W.; Chow, V.T.K.; Lal, S.K. Evolution of SARS-CoV-2 Variants: Implications on Immune Escape, Vaccination, Therapeutic and Diagnostic Strategies. Viruses 2023, 15, 944. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Pan, X.; Zhang, S.; Li, M.; Ma, K.; Fan, C.; Lv, Y.; Guan, X.; Yang, Y.; Ye, X.; et al. Efficacy and Safety of Paxlovid in Severe Adult Patients with SARS-Cov-2 Infection: A Multicenter Randomized Controlled Study. Lancet Reg. Health–West. Pac. 2023, 33, 100694. [Google Scholar] [CrossRef] [PubMed]

	



Gorkhali, R.; Koirala, P.; Rijal, S.; Mainali, A.; Baral, A.; Bhattarai, H.K. Structure and Function of Major SARS-CoV-2 and SARS-CoV Proteins. Bioinform. Biol. Insights 2021, 15, 11779322211025876. [Google Scholar] [CrossRef]

	



Yan, W.; Zheng, Y.; Zeng, X.; He, B.; Cheng, W. Structural Biology of SARS-CoV-2: Open the Door for Novel Therapies. Signal Transduct. Target. Ther. 2022, 7, 26. [Google Scholar] [CrossRef]

	



Naqvi, A.A.T.; Fatima, K.; Mohammad, T.; Fatima, U.; Singh, I.K.; Singh, A.; Atif, S.M.; Hariprasad, G.; Hasan, G.M.; Hassan, M.I. Insights into SARS-CoV-2 Genome, Structure, Evolution, Pathogenesis and Therapies: Structural Genomics Approach. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165878. [Google Scholar] [CrossRef]

	



Katiyar, H.; Arduini, A.; Li, Y.; Liang, C. SARS-CoV-2 Assembly: Gaining Infectivity and Beyond. Viruses 2024, 16, 1648. [Google Scholar] [CrossRef] [PubMed]

	



Yu, H.; Guan, F.; Miller, H.; Lei, J.; Liu, C. The Role of SARS-CoV-2 Nucleocapsid Protein in Antiviral Immunity and Vaccine Development. Emerg. Microbes Infect. 2023, 12, e2164219. [Google Scholar] [CrossRef] [PubMed]

	



Murigneux, E.; Softic, L.; Aubé, C.; Grandi, C.; Judith, D.; Bruce, J.; Le Gall, M.; Guillonneau, F.; Schmitt, A.; Parissi, V.; et al. Proteomic Analysis of SARS-CoV-2 Particles Unveils a Key Role of G3BP Proteins in Viral Assembly. Nat. Commun. 2024, 15, 640. [Google Scholar] [CrossRef]

	



Porta, E.O.J.; AlKharboush, D.F.; Jackson, L.; Pang, F.; Darin, A.; Louka, J.; Quamruzzaman, M.; Shi, X.; Wells, G.; Kozielski, F. Targeting SARS-CoV-2 Non-Structural Proteins: A Blueprint for Next-Generation Small-Molecule Coronavirus Antivirals. Pharmaceutics 2026, 18, 693. [Google Scholar] [CrossRef]

	



Boson, B.; Legros, V.; Zhou, B.; Siret, E.; Mathieu, C.; Cosset, F.-L.; Lavillette, D.; Denolly, S. The SARS-CoV-2 Envelope and Membrane Proteins Modulate Maturation and Retention of the Spike Protein, Allowing Assembly of Virus-like Particles. J. Biol. Chem. 2021, 296, 100111. [Google Scholar] [CrossRef]

	



Duan, L.; Zheng, Q.; Zhang, H.; Niu, Y.; Lou, Y.; Wang, H. The SARS-CoV-2 Spike Glycoprotein Biosynthesis, Structure, Function, and Antigenicity: Implications for the Design of Spike-Based Vaccine Immunogens. Front. Immunol. 2020, 11, 576622. [Google Scholar] [CrossRef]

	



Masters, P.S. Coronavirus Genome Packaging and Nucleocapsid Assembly. J. Virol. 2026, 100, e01330-25. [Google Scholar] [CrossRef] [PubMed]

	



Senger, M.R.; Evangelista, T.C.S.; Dantas, R.F.; da Silva Santan, M.V.; Gonçalves, L.C.S.; de Souza Neto, L.R.; Ferreira, S.B.; Silva-Junior, F.P. COVID-19: Molecular Targets, Drug Repurposing and New Avenues for Drug Discovery. Mem. Inst. Oswaldo Cruz 2020, 115, e200254. [Google Scholar] [CrossRef] [PubMed]

	



Kakavandi, S.; Zare, I.; VaezJalali, M.; Dadashi, M.; Azarian, M.; Akbari, A.; Ramezani Farani, M.; Zalpoor, H.; Hajikhani, B. Structural and Non-Structural Proteins in SARS-CoV-2: Potential Aspects to COVID-19 Treatment or Prevention of Progression of Related Diseases. Cell Commun. Signal. 2023, 21, 110. [Google Scholar] [CrossRef]

	



Zandi, M.; Shafaati, M.; Kalantar-Neyestanaki, D.; Pourghadamyari, H.; Fani, M.; Soltani, S.; Kaleji, H.; Abbasi, S. The Role of SARS-CoV-2 Accessory Proteins in Immune Evasion. Biomed. Pharmacother. 2022, 156, 113889. [Google Scholar] [CrossRef]

	



Redondo, N.; Zaldívar-López, S.; Garrido, J.J.; Montoya, M. SARS-CoV-2 Accessory Proteins in Viral Pathogenesis: Knowns and Unknowns. Front. Immunol. 2021, 12, 708264. [Google Scholar] [CrossRef]

	



Martin-Sancho, L.; Lewinski, M.K.; Pache, L.; Stoneham, C.A.; Yin, X.; Becker, M.E.; Pratt, D.; Churas, C.; Rosenthal, S.B.; Liu, S.; et al. Functional Landscape of SARS-CoV-2 Cellular Restriction. Mol. Cell 2021, 81, 2656–2668.e8. [Google Scholar] [CrossRef]

	



Hagelauer, E.; Lotke, R.; Kmiec, D.; Hu, D.; Hohner, M.; Stopper, S.; Nchioua, R.; Kirchhoff, F.; Sauter, D.; Schindler, M. Tetherin Restricts SARS-CoV-2 despite the Presence of Multiple Viral Antagonists. Viruses 2023, 15, 2364. [Google Scholar] [CrossRef]

	



Xu, H.; Akinyemi, I.A.; Chitre, S.A.; Loeb, J.C.; Lednicky, J.A.; McIntosh, M.T.; Bhaduri-McIntosh, S. SARS-CoV-2 Viroporin Encoded by ORF3a Triggers the NLRP3 Inflammatory Pathway. Virology 2022, 568, 13–22. [Google Scholar] [CrossRef]

	



Han, L.; Zhuang, M.; Deng, J.; Zheng, Y.; Zhang, J.; Nan, M.; Zhang, X.; Gao, C.; Wang, P. SARS-CoV-2 ORF9b Antagonizes Type I and III Interferons by Targeting Multiple Components of the RIG-I/MDA-5–MAVS, TLR3–TRIF, and cGAS–STING Signaling Pathways. J. Med. Virol. 2021, 93, 5376–5389. [Google Scholar] [CrossRef]

	



Jiang, H.-W.; Zhang, H.-N.; Meng, Q.-F.; Xie, J.; Li, Y.; Chen, H.; Zheng, Y.-X.; Wang, X.-N.; Qi, H.; Zhang, J.; et al. SARS-CoV-2 Orf9b Suppresses Type I Interferon Responses by Targeting TOM70. Cell. Mol. Immunol. 2020, 17, 998–1000. [Google Scholar] [CrossRef]

	



Makio, T.; Zhang, K.; Love, N.; Mast, F.D.; Liu, X.; Elaish, M.; Hobman, T.; Aitchison, J.D.; Fontoura, B.M.A.; Wozniak, R.W. SARS-CoV-2 Orf6 Is Positioned in the Nuclear Pore Complex by Rae1 to Inhibit Nucleocytoplasmic Transport. MBoC 2024, 35, ar62. [Google Scholar] [CrossRef]

	



Li, T.; Wen, Y.; Guo, H.; Yang, T.; Yang, H.; Ji, X. Molecular Mechanism of SARS-CoVs Orf6 Targeting the Rae1–Nup98 Complex to Compete With mRNA Nuclear Export. Front. Mol. Biosci. 2022, 8, 813248. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Tian, H.; Zhu, K.; Li, Q.; Hao, W.; Wang, L.; Qin, B.; Deng, H.; Cui, S. Structural Basis for Sarbecovirus ORF6 Mediated Blockage of Nucleocytoplasmic Transport. Nat. Commun. 2022, 13, 4782. [Google Scholar] [CrossRef]

	



Zhang, Y.; Chen, Y.; Li, Y.; Huang, F.; Luo, B.; Yuan, Y.; Xia, B.; Ma, X.; Yang, T.; Yu, F.; et al. The ORF8 Protein of SARS-CoV-2 Mediates Immune Evasion through down-Regulating MHC-Ι. Proc. Natl. Acad. Sci. USA 2021, 118, e2024202118. [Google Scholar] [CrossRef] [PubMed]

	



Young, B.E.; Fong, S.-W.; Chan, Y.-H.; Mak, T.-M.; Ang, L.W.; Anderson, D.E.; Lee, C.Y.-P.; Amrun, S.N.; Lee, B.; Goh, Y.S.; et al. Effects of a Major Deletion in the SARS-CoV-2 Genome on the Severity of Infection and the Inflammatory Response: An Observational Cohort Study. Lancet 2020, 396, 603–611. [Google Scholar] [CrossRef] [PubMed]

	



Pancer, K.; Milewska, A.; Owczarek, K.; Dabrowska, A.; Kowalski, M.; Łabaj, P.P.; Branicki, W.; Sanak, M.; Pyrc, K. The SARS-CoV-2 ORF10 Is Not Essential in Vitro or in Vivo in Humans. PLoS Pathog. 2020, 16, e1008959. [Google Scholar] [CrossRef] [PubMed]

	



Mena, E.L.; Donahue, C.J.; Vaites, L.P.; Li, J.; Rona, G.; O’Leary, C.; Lignitto, L.; Miwatani-Minter, B.; Paulo, J.A.; Dhabaria, A.; et al. ORF10–Cullin-2–ZYG11B Complex Is Not Required for SARS-CoV-2 Infection. Proc. Natl. Acad. Sci. USA 2021, 118, e2023157118. [Google Scholar] [CrossRef] [PubMed]

	



Minigulov, N.; Boranbayev, K.; Bekbossynova, A.; Gadilgereyeva, B.; Filchakova, O. Structural Proteins of Human Coronaviruses: What Makes Them Different? Front. Cell. Infect. Microbiol. 2024, 14, 1458383. [Google Scholar] [CrossRef]

	



Kim, D.; Lee, J.-Y.; Yang, J.-S.; Kim, J.W.; Kim, V.N.; Chang, H. The Architecture of SARS-CoV-2 Transcriptome. Cell 2020, 181, 914–921.e10. [Google Scholar] [CrossRef]

	



Rashid, F.; Xie, Z.; Suleman, M.; Shah, A.; Khan, S.; Luo, S. Roles and Functions of SARS-CoV-2 Proteins in Host Immune Evasion. Front. Immunol. 2022, 13, 940756. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, C.B.; Farzan, M.; Chen, B.; Choe, H. Mechanisms of SARS-CoV-2 Entry into Cells. Nat. Rev. Mol. Cell Biol. 2022, 23, 3–20. [Google Scholar] [CrossRef]

	



Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.-L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM Structure of the 2019-nCoV Spike in the Prefusion Conformation. Science 2020, 367, 1260–1263. [Google Scholar] [CrossRef]

	



Dai, L.; Gao, G.F. Viral Targets for Vaccines against COVID-19. Nat. Rev. Immunol. 2021, 21, 73–82. [Google Scholar] [CrossRef]

	



Asrorov, A.M.; Ayubov, M.S.; Tu, B.; Shi, M.; Wang, H.; Mirzaakhmedov, S.; Kumar Nayak, A.; Abdurakhmonov, I.Y.; Huang, Y. Coronavirus Spike Protein-Based Vaccines. Vaccine Delivery Systems. Med. Drug Discov. 2024, 24, 100198. [Google Scholar] [CrossRef]

	



Taylor, P.C.; Adams, A.C.; Hufford, M.M.; de la Torre, I.; Winthrop, K.; Gottlieb, R.L. Neutralizing Monoclonal Antibodies for Treatment of COVID-19. Nat. Rev. Immunol. 2021, 21, 382–393. [Google Scholar] [CrossRef]

	



Mittal, A.; Khattri, A.; Verma, V. Structural and antigenic variations in the spike protein of emerging SARS-CoV-2 variants. PLoS Pathog. 2022, 18, e1010260. [Google Scholar] [CrossRef]

	



Lee, J.; Stewart, C.; Schäfer, A.; Leaf, E.M.; Park, Y.-J.; Asarnow, D.; Powers, J.M.; Treichel, C.; Sprouse, K.R.; Corti, D.; et al. A Broadly Generalizable Stabilization Strategy for Sarbecovirus Fusion Machinery Vaccines. Nat. Commun. 2024, 15, 5496. [Google Scholar] [CrossRef]

	



Walls, A.C.; Park, Y.-J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2 Spike Glycoprotein. Cell 2020, 181, 281–292.e6. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, Y.; Allen, J.D.; Wrapp, D.; McLellan, J.S.; Crispin, M. Site-Specific Glycan Analysis of the SARS-CoV-2 Spike. Science 2020, 369, 330–333. [Google Scholar] [CrossRef]

	



Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H.; Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 2020, 181, 271–280.e8. [Google Scholar] [CrossRef]

	



Crawford, K.H.D.; Eguia, R.; Dingens, A.S.; Loes, A.N.; Malone, K.D.; Wolf, C.R.; Chu, H.Y.; Tortorici, M.A.; Veesler, D.; Murphy, M.; et al. Protocol and Reagents for Pseudotyping Lentiviral Particles with SARS-CoV-2 Spike Protein for Neutralization Assays. Viruses 2020, 12, 513. [Google Scholar] [CrossRef] [PubMed]

	



Toelzer, C.; Gupta, K.; Yadav, S.K.N.; Borucu, U.; Davidson, A.D.; Kavanagh Williamson, M.; Shoemark, D.K.; Garzoni, F.; Staufer, O.; Milligan, R.; et al. Free Fatty Acid Binding Pocket in the Locked Structure of SARS-CoV-2 Spike Protein. Science 2020, 370, 725–730. [Google Scholar] [CrossRef]

	



Chen, Y.; Zhao, X.; Zhou, H.; Zhu, H.; Jiang, S.; Wang, P. Broadly Neutralizing Antibodies to SARS-CoV-2 and Other Human Coronaviruses. Nat. Rev. Immunol. 2023, 23, 189–199. [Google Scholar] [CrossRef]

	



Zhou, P.; Song, G.; Liu, H.; Yuan, M.; He, W.-T.; Beutler, N.; Zhu, X.; Tse, L.V.; Martinez, D.R.; Schäfer, A.; et al. Broadly Neutralizing Anti-S2 Antibodies Protect against All Three Human Betacoronaviruses That Cause Deadly Disease. Immunity 2023, 56, 669–686.e7. [Google Scholar] [CrossRef]

	



Gupta, A.; Gonzalez-Rojas, Y.; Juarez, E.; Casal, M.C.; Moya, J.; Falci, D.R.; Sarkis, E.; Solis, J.; Zheng, H.; Scott, N.; et al. Early Treatment for Covid-19 with SARS-CoV-2 Neutralizing Antibody Sotrovimab. N. Engl. J. Med. 2021, 385, 1941–1950. [Google Scholar] [CrossRef] [PubMed]

	



Radcliffe, C.; Malinis, M.; Azar, M.M. Antiviral Treatment of Coronavirus Disease-2019 Pneumonia. Clin. Chest Med. 2023, 44, 279–297. [Google Scholar] [CrossRef]

	



Daniels, A.; Padariya, M.; Fletcher, S.; Ball, K.; Singh, A.; Carragher, N.; Hupp, T.; Tait-Burkard, C.; Kalathiya, U. Molecules Targeting a Novel Homotrimer Cavity of Spike Protein Attenuate Replication of SARS-CoV-2. Antivir. Res. 2024, 228, 105949. [Google Scholar] [CrossRef]

	



Dong, M.; Galvan Achi, J.M.; Du, R.; Rong, L.; Cui, Q. Development of SARS-CoV-2 Entry Antivirals. Cell Insight 2024, 3, 100144. [Google Scholar] [CrossRef]

	



Hernández-Mitre, M.P.; Morpeth, S.C.; Venkatesh, B.; Hills, T.E.; Davis, J.; Mahar, R.K.; McPhee, G.; Jones, M.; Totterdell, J.; Tong, S.Y.C.; et al. TMPRSS2 Inhibitors for the Treatment of COVID-19 in Adults: A Systematic Review and Meta-Analysis of Randomized Clinical Trials of Nafamostat and Camostat Mesylate. Clin. Microbiol. Infect. 2024, 30, 743–754. [Google Scholar] [CrossRef] [PubMed]

	



Morpeth, S.C.; Venkatesh, B.; Totterdell, J.A.; McPhee, G.M.; Mahar, R.K.; Jones, M.; Bandara, M.; Barina, L.A.; Basnet, B.K.; Bowen, A.C.; et al. A Randomized Trial of Nafamostat for COVID-19. NEJM Evid. 2023, 2, EVIDoa2300132. [Google Scholar] [CrossRef]

	



Xia, S.; Liu, M.; Wang, C.; Xu, W.; Lan, Q.; Feng, S.; Qi, F.; Bao, L.; Du, L.; Liu, S.; et al. Inhibition of SARS-CoV-2 (Previously 2019-nCoV) Infection by a Highly Potent Pan-Coronavirus Fusion Inhibitor Targeting Its Spike Protein That Harbors a High Capacity to Mediate Membrane Fusion. Cell Res. 2020, 30, 343–355. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Xu, W.; Liu, Z.; Wang, C.; Xia, S.; Lan, Q.; Cai, Y.; Su, S.; Pu, J.; Xing, L.; et al. A Highly Potent and Stable Pan-Coronavirus Fusion Inhibitor as a Candidate Prophylactic and Therapeutic for COVID-19 and Other Coronavirus Diseases. Acta Pharm. Sin. B 2022, 12, 1652–1661. [Google Scholar] [CrossRef] [PubMed]

	



Gil-Moles, M.; Türck, S.; Basu, U.; Pettenuzzo, A.; Bhattacharya, S.; Rajan, A.; Ma, X.; Büssing, R.; Wölker, J.; Burmeister, H.; et al. Metallodrug Profiling against SARS-CoV-2 Target Proteins Identifies Highly Potent Inhibitors of the S/ACE2 Interaction and the Papain-like Protease PLpro. Chem. Eur. J. 2021, 27, 17928–17940. [Google Scholar] [CrossRef] [PubMed]

	



Gil-Moles, M.; Basu, U.; Büssing, R.; Hoffmeister, H.; Türck, S.; Varchmin, A.; Ott, I. Gold Metallodrugs to Target Coronavirus Proteins: Inhibitory Effects on the Spike-ACE2 Interaction and on PLpro Protease Activity by Auranofin and Gold Organometallics**. Chem. Eur. J. 2020, 26, 15140–15144. [Google Scholar] [CrossRef]

	



Cao, L.; Goreshnik, I.; Coventry, B.; Case, J.B.; Miller, L.; Kozodoy, L.; Chen, R.E.; Carter, L.; Walls, A.C.; Park, Y.-J.; et al. De Novo Design of Picomolar SARS-CoV-2 Miniprotein Inhibitors. Science 2020, 370, 426–431. [Google Scholar] [CrossRef]

	



Case, J.B.; Chen, R.E.; Cao, L.; Ying, B.; Winkler, E.S.; Johnson, M.; Goreshnik, I.; Pham, M.N.; Shrihari, S.; Kafai, N.M.; et al. Ultrapotent Miniproteins Targeting the SARS-CoV-2 Receptor-Binding Domain Protect against Infection and Disease. Cell Host Microbe 2021, 29, 1151–1161.e5. [Google Scholar] [CrossRef]

	



Shapira, T.; Monreal, I.A.; Dion, S.P.; Buchholz, D.W.; Imbiakha, B.; Olmstead, A.D.; Jager, M.; Désilets, A.; Gao, G.; Martins, M.; et al. A TMPRSS2 Inhibitor Acts as a Pan-SARS-CoV-2 Prophylactic and Therapeutic. Nature 2022, 605, 340–348. [Google Scholar] [CrossRef]

	



Keller, C.; Böttcher-Friebertshäuser, E.; Lohoff, M. TMPRSS2, a Novel Host-Directed Drug Target against SARS-CoV-2. Signal Transduct. Target. Ther. 2022, 7, 251. [Google Scholar] [CrossRef]

	



Greaney, A.J.; Loes, A.N.; Crawford, K.H.D.; Starr, T.N.; Malone, K.D.; Chu, H.Y.; Bloom, J.D. Comprehensive Mapping of Mutations in the SARS-CoV-2 Receptor-Binding Domain That Affect Recognition by Polyclonal Human Plasma Antibodies. Cell Host Microbe 2021, 29, 463–476.e6. [Google Scholar] [CrossRef]

	



Greaney, A.J.; Starr, T.N.; Barnes, C.O.; Weisblum, Y.; Schmidt, F.; Caskey, M.; Gaebler, C.; Cho, A.; Agudelo, M.; Finkin, S.; et al. Mapping Mutations to the SARS-CoV-2 RBD That Escape Binding by Different Classes of Antibodies. Nat. Commun. 2021, 12, 4196. [Google Scholar] [CrossRef]

	



McCallum, M.; De Marco, A.; Lempp, F.A.; Tortorici, M.A.; Pinto, D.; Walls, A.C.; Beltramello, M.; Chen, A.; Liu, Z.; Zatta, F.; et al. N-Terminal Domain Antigenic Mapping Reveals a Site of Vulnerability for SARS-CoV-2. Cell 2021, 184, 2332–2347.e16. [Google Scholar] [CrossRef]

	



Kemp, S.A.; Collier, D.A.; Datir, R.P.; Ferreira, I.A.T.M.; Gayed, S.; Jahun, A.; Hosmillo, M.; Rees-Spear, C.; Mlcochova, P.; Lumb, I.U.; et al. SARS-CoV-2 Evolution during Treatment of Chronic Infection. Nature 2021, 592, 277–282. [Google Scholar] [CrossRef]

	



Weigang, S.; Fuchs, J.; Zimmer, G.; Schnepf, D.; Kern, L.; Beer, J.; Luxenburger, H.; Ankerhold, J.; Falcone, V.; Kemming, J.; et al. Within-Host Evolution of SARS-CoV-2 in an Immunosuppressed COVID-19 Patient as a Source of Immune Escape Variants. Nat. Commun. 2021, 12, 6405. [Google Scholar] [CrossRef]

	



Harvey, W.T.; Carabelli, A.M.; Jackson, B.; Gupta, R.K.; Thomson, E.C.; Harrison, E.M.; Ludden, C.; Reeve, R.; Rambaut, A.; COVID-19 Genomics UK (COG-UK) Consortium; et al. SARS-CoV-2 Variants, Spike Mutations and Immune Escape. Nat. Rev. Microbiol. 2021, 19, 409–424. [Google Scholar] [CrossRef]

	



Carabelli, A.M.; Peacock, T.P.; Thorne, L.G.; Harvey, W.T.; Hughes, J.; COVID-19 Genomics UK Consortium; De Silva, T.I.; Peacock, S.J.; Barclay, W.S.; De Silva, T.I.; et al. SARS-CoV-2 Variant Biology: Immune Escape, Transmission and Fitness. Nat. Rev. Microbiol. 2023, 21, 162–177. [Google Scholar] [CrossRef]

	



Cerutti, G.; Guo, Y.; Liu, L.; Liu, L.; Zhang, Z.; Luo, Y.; Huang, Y.; Wang, H.H.; Ho, D.D.; Sheng, Z.; et al. Cryo-EM Structure of the SARS-CoV-2 Omicron Spike. Cell Rep. 2022, 38, 110428. [Google Scholar] [CrossRef]

	



Starr, T.N.; Greaney, A.J.; Hilton, S.K.; Ellis, D.; Crawford, K.H.D.; Dingens, A.S.; Navarro, M.J.; Bowen, J.E.; Tortorici, M.A.; Walls, A.C.; et al. Deep Mutational Scanning of SARS-CoV-2 Receptor Binding Domain Reveals Constraints on Folding and ACE2 Binding. Cell 2020, 182, 1295–1310.e20. [Google Scholar] [CrossRef]

	



Meng, B.; Abdullahi, A.; Ferreira, I.A.T.M.; Goonawardane, N.; Saito, A.; Kimura, I.; Yamasoba, D.; Gerber, P.P.; Fatihi, S.; Rathore, S.; et al. Altered TMPRSS2 Usage by SARS-CoV-2 Omicron Impacts Infectivity and Fusogenicity. Nature 2022, 603, 706–714. [Google Scholar] [CrossRef]

	



Cameroni, E.; Bowen, J.E.; Rosen, L.E.; Saliba, C.; Zepeda, S.K.; Culap, K.; Pinto, D.; VanBlargan, L.A.; De Marco, A.; di Iulio, J.; et al. Broadly Neutralizing Antibodies Overcome SARS-CoV-2 Omicron Antigenic Shift. Nature 2022, 602, 664–670. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, D.; Sauer, M.M.; Czudnochowski, N.; Low, J.S.; Tortorici, M.A.; Housley, M.P.; Noack, J.; Walls, A.C.; Bowen, J.E.; Guarino, B.; et al. Broad Betacoronavirus Neutralization by a Stem Helix-Specific Human Antibody. Science 2021, 373, 1109–1116. [Google Scholar] [CrossRef]

	



Quinn, T.M.; Gaughan, E.E.; Bruce, A.; Antonelli, J.; O’Connor, R.; Li, F.; McNamara, S.; Koch, O.; MacKintosh, C.; Dockrell, D.; et al. Randomised Controlled Trial of Intravenous Nafamostat Mesylate in COVID Pneumonitis: Phase 1b/2a Experimental Study to Investigate Safety, Pharmacokinetics and Pharmacodynamics. eBioMedicine 2022, 76, 103856. [Google Scholar] [CrossRef]

	



Kim, Y.-S.; Jeon, S.-H.; Kim, J.; Koh, J.H.; Ra, S.W.; Kim, J.W.; Kim, Y.; Kim, C.K.; Shin, Y.C.; Kang, B.D.; et al. A Double-Blind, Randomized, Placebo-Controlled, Phase II Clinical Study To Evaluate the Efficacy and Safety of Camostat Mesylate (DWJ1248) in Adult Patients with Mild to Moderate COVID-19. Antimicrob. Agents Chemother. 2023, 67, e00452-22. [Google Scholar] [CrossRef]

	



Wang, X.; Cao, R.; Zhang, H.; Liu, J.; Xu, M.; Hu, H.; Li, Y.; Zhao, L.; Li, W.; Sun, X.; et al. The Anti-Influenza Virus Drug, Arbidol Is an Efficient Inhibitor of SARS-CoV-2 In Vitro. Cell Discov. 2020, 6, 28. [Google Scholar] [CrossRef]

	



Mandala, V.S.; McKay, M.J.; Shcherbakov, A.A.; Dregni, A.J.; Kolocouris, A.; Hong, M. Structure and Drug Binding of the SARS-CoV-2 Envelope Protein Transmembrane Domain in Lipid Bilayers. Nat. Struct. Mol. Biol. 2020, 27, 1202–1208. [Google Scholar] [CrossRef]

	



Somberg, N.H.; Wu, W.W.; Medeiros-Silva, J.; Dregni, A.J.; Jo, H.; DeGrado, W.F.; Hong, M. The SARS-CoV-2 Envelope Protein Forms Clustered Pentamers in Lipid Bilayers. Biochemistry 2022, 61, 2280–2294. [Google Scholar] [CrossRef]

	



Ruch, T.R.; Machamer, C.E. The Coronavirus E Protein: Assembly and Beyond. Viruses 2012, 4, 363–382. [Google Scholar] [CrossRef] [PubMed]

	



Nieto-Torres, J.L.; Verdiá-Báguena, C.; Jimenez-Guardeño, J.M.; Regla-Nava, J.A.; Castaño-Rodriguez, C.; Fernandez-Delgado, R.; Torres, J.; Aguilella, V.M.; Enjuanes, L. Severe Acute Respiratory Syndrome Coronavirus E Protein Transports Calcium Ions and Activates the NLRP3 Inflammasome. Virology 2015, 485, 330–339. [Google Scholar] [CrossRef]

	



Regla-Nava, J.A.; Nieto-Torres, J.L.; Jimenez-Guardeño, J.M.; Fernandez-Delgado, R.; Fett, C.; Castaño-Rodríguez, C.; Perlman, S.; Enjuanes, L.; DeDiego, M.L. Severe Acute Respiratory Syndrome Coronaviruses with Mutations in the E Protein Are Attenuated and Promising Vaccine Candidates. J. Virol. 2015, 89, 3870–3887. [Google Scholar] [CrossRef] [PubMed]

	



DeDiego, M.L.; Alvarez, E.; Almazán, F.; Rejas, M.T.; Lamirande, E.; Roberts, A.; Shieh, W.-J.; Zaki, S.R.; Subbarao, K.; Enjuanes, L. A Severe Acute Respiratory Syndrome Coronavirus That Lacks the E Gene Is Attenuated in Vitro and in Vivo. J. Virol. 2007, 81, 1701–1713. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, J.R.; Lin, L.D.; Machamer, C.E. Identification of a Golgi Complex-Targeting Signal in the Cytoplasmic Tail of the Severe Acute Respiratory Syndrome Coronavirus Envelope Protein. J. Virol. 2011, 85, 5794–5803. [Google Scholar] [CrossRef]

	



Wilson, L.; Gage, P.; Ewart, G. Hexamethylene Amiloride Blocks E Protein Ion Channels and Inhibits Coronavirus Replication. Virology 2006, 353, 294–306. [Google Scholar] [CrossRef]

	



Toft-Bertelsen, T.L.; Jeppesen, M.G.; Tzortzini, E.; Xue, K.; Giller, K.; Becker, S.; Mujezinovic, A.; Bentzen, B.H.; Andreas, L.B.; Kolocouris, A.; et al. Amantadine Inhibits Known and Novel Ion Channels Encoded by SARS-CoV-2 in Vitro. Commun. Biol. 2021, 4, 1347. [Google Scholar] [CrossRef]

	



Singh Tomar, P.P.; Arkin, I.T. SARS-CoV-2 E Protein Is a Potential Ion Channel That Can Be Inhibited by Gliclazide and Memantine. Biochem. Biophys. Res. Commun. 2020, 530, 10–14. [Google Scholar] [CrossRef]

	



Mukherjee, S.; Harikishore, A.; Bhunia, A. Targeting C-Terminal Helical Bundle of NCOVID19 Envelope (E) Protein. Int. J. Biol. Macromol. 2021, 175, 131–139. [Google Scholar] [CrossRef]

	



AlKharboush, D.F.; Kozielski, F.; Wells, G.; Porta, E.O.J. Fragment-Based Drug Discovery: A Graphical Review. Curr. Res. Pharmacol. Drug Discov. 2025, 9, 100233. [Google Scholar] [CrossRef]

	



Ewart, G.; Bobardt, M.; Bentzen, B.H.; Yan, Y.; Thomson, A.; Klumpp, K.; Becker, S.; Rosenkilde, M.M.; Miller, M.; Gallay, P. Post-Infection Treatment with the E Protein Inhibitor BIT225 Reduces Disease Severity and Increases Survival of K18-hACE2 Transgenic Mice Infected with a Lethal Dose of SARS-CoV-2. PLoS Pathog. 2023, 19, e1011328. [Google Scholar] [CrossRef]

	



Somberg, N.H.; Medeiros-Silva, J.; Jo, H.; Wang, J.; DeGrado, W.F.; Hong, M. Hexamethylene Amiloride Binds the SARS-CoV-2 Envelope Protein at the Protein-Lipid Interface. Protein Sci. 2023, 32, e4755. [Google Scholar] [CrossRef]

	



Luscombe, C.A.; Avihingsanon, A.; Supparatpinyo, K.; Gatechompol, S.; Han, W.M.; Ewart, G.D.; Thomson, A.S.; Miller, M.; Becker, S.; Murphy, R.L. Human Immunodeficiency Virus Type 1 Vpu Inhibitor, BIT225, in Combination with 3-Drug Antiretroviral Therapy: Inflammation and Immune Cell Modulation. J. Infect. Dis. 2021, 223, 1914–1922. [Google Scholar] [CrossRef]

	



Lim, S.-Y.; Guo, Z.; Liu, P.; McKay, L.G.A.; Storm, N.; Griffiths, A.; Qu, M.D.; Finberg, R.W.; Somasundaran, M.; Wang, J.P. Anti-SARS-CoV-2 Activity of Adamantanes In Vitro and in Animal Models of Infection. COVID 2022, 2, 1551–1563. [Google Scholar] [CrossRef] [PubMed]

	



Yu, H.-G.; Sizemore, G.; Martinez, I.; Perrotta, P. Inhibition of SARS-CoV-2 Viral Channel Activity Using FDA-Approved Channel Modulators Independent of Variants. Biomolecules 2022, 12, 1673. [Google Scholar] [CrossRef]

	



Zhou, Y.; Gammeltoft, K.A.; Galli, A.; Offersgaard, A.; Fahnøe, U.; Ramirez, S.; Bukh, J.; Gottwein, J.M. Efficacy of Ion-Channel Inhibitors Amantadine, Memantine and Rimantadine for the Treatment of SARS-CoV-2 In Vitro. Viruses 2021, 13, 2082. [Google Scholar] [CrossRef] [PubMed]

	



Dolan, K.A.; Dutta, M.; Kern, D.M.; Kotecha, A.; Voth, G.A.; Brohawn, S.G. Structure of SARS-CoV-2 M Protein in Lipid Nanodiscs. eLife 2022, 11, e81702. [Google Scholar] [CrossRef]

	



Zhang, Z.; Nomura, N.; Muramoto, Y.; Ekimoto, T.; Uemura, T.; Liu, K.; Yui, M.; Kono, N.; Aoki, J.; Ikeguchi, M.; et al. Structure of SARS-CoV-2 Membrane Protein Essential for Virus Assembly. Nat. Commun. 2022, 13, 4399. [Google Scholar] [CrossRef]

	



Han, Y.; Zhou, H.; Liu, C.; Wang, W.; Qin, Y.; Chen, M. SARS-CoV-2 N Protein Coordinates Viral Particle Assembly through Multiple Domains. J. Virol. 2024, 98, e0103624. [Google Scholar] [CrossRef]

	



Zheng, Y.; Zhuang, M.-W.; Han, L.; Zhang, J.; Nan, M.-L.; Zhan, P.; Kang, D.; Liu, X.; Gao, C.; Wang, P.-H. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Membrane (M) Protein Inhibits Type I and III Interferon Production by Targeting RIG-I/MDA-5 Signaling. Signal Transduct. Target. Ther. 2020, 5, 299. [Google Scholar] [CrossRef]

	



Sui, L.; Zhao, Y.; Wang, W.; Wu, P.; Wang, Z.; Yu, Y.; Hou, Z.; Tan, G.; Liu, Q. SARS-CoV-2 Membrane Protein Inhibits Type I Interferon Production Through Ubiquitin-Mediated Degradation of TBK1. Front. Immunol. 2021, 12, 662989. [Google Scholar] [CrossRef]

	



Zhao, H.; Syed, A.M.; Khalid, M.M.; Nguyen, A.; Ciling, A.; Wu, D.; Yau, W.-M.; Srinivasan, S.; Esposito, D.; Doudna, J.A.; et al. Assembly of SARS-CoV-2 Nucleocapsid Protein with Nucleic Acid. Nucleic Acids Res. 2024, 52, 6647–6661. [Google Scholar] [CrossRef]

	



Sultana, R.; Stahelin, R.V. Strengths and Limitations of SARS-CoV-2 Virus-like Particle Systems. Virology 2025, 601, 110285. [Google Scholar] [CrossRef]

	



Siu, Y.L.; Teoh, K.T.; Lo, J.; Chan, C.M.; Kien, F.; Escriou, N.; Tsao, S.W.; Nicholls, J.M.; Altmeyer, R.; Peiris, J.S.M.; et al. The M, E, and N Structural Proteins of the Severe Acute Respiratory Syndrome Coronavirus Are Required for Efficient Assembly, Trafficking, and Release of Virus-Like Particles. J. Virol. 2008, 82, 11318–11330. [Google Scholar] [CrossRef]

	



Kuo, L.; Hurst-Hess, K.R.; Koetzner, C.A.; Masters, P.S. Analyses of Coronavirus Assembly Interactions with Interspecies Membrane and Nucleocapsid Protein Chimeras. J. Virol. 2016, 90, 4357–4368. [Google Scholar] [CrossRef] [PubMed]

	



Van Damme, E.; Abeywickrema, P.; Yin, Y.; Xie, J.; Jacobs, S.; Mann, M.K.; Doijen, J.; Miller, R.; Piassek, M.; Marsili, S.; et al. A Small-Molecule SARS-CoV-2 Inhibitor Targeting the Membrane Protein. Nature 2025, 640, 506–513. [Google Scholar] [CrossRef]

	



Laporte, M.; Jochmans, D.; Bardiot, D.; Desmarets, L.; Debski-Antoniak, O.J.; Mizzon, G.; Abdelnabi, R.; Leyssen, P.; Chiu, W.; Zhang, Z.; et al. A Coronavirus Assembly Inhibitor That Targets the Viral Membrane Protein. Nature 2025, 640, 514–523. [Google Scholar] [CrossRef] [PubMed]

	



Kang, S.; Yang, M.; Hong, Z.; Zhang, L.; Huang, Z.; Chen, X.; He, S.; Zhou, Z.; Zhou, Z.; Chen, Q.; et al. Crystal Structure of SARS-CoV-2 Nucleocapsid Protein RNA Binding Domain Reveals Potential Unique Drug Targeting Sites. Acta Pharm. Sin. B 2020, 10, 1228–1238. [Google Scholar] [CrossRef]

	



Perdikari, T.M.; Murthy, A.C.; Ryan, V.H.; Watters, S.; Naik, M.T.; Fawzi, N.L. SARS-CoV-2 Nucleocapsid Protein Phase-Separates with RNA and with Human hnRNPs. EMBO J. 2020, 39, e106478. [Google Scholar] [CrossRef]

	



Düster, R.; Kaltheuner, I.H.; Schmitz, M.; Geyer, M. 1,6-Hexanediol, Commonly Used to Dissolve Liquid–Liquid Phase Separated Condensates, Directly Impairs Kinase and Phosphatase Activities. J. Biol. Chem. 2021, 296, 100260. [Google Scholar] [CrossRef]

	



Eisenreichova, A.; Boura, E. Structural Basis for SARS-CoV-2 Nucleocapsid (N) Protein Recognition by 14-3-3 Proteins. J. Struct. Biol. 2022, 214, 107879. [Google Scholar] [CrossRef]

	



Tugaeva, K.V.; Sysoev, A.A.; Kapitonova, A.A.; Smith, J.L.R.; Zhu, P.; Cooley, R.B.; Antson, A.A.; Sluchanko, N.N. Human 14-3-3 Proteins Site-Selectively Bind the Mutational Hotspot Region of SARS-CoV-2 Nucleoprotein Modulating Its Phosphoregulation. J. Mol. Biol. 2023, 435, 167891. [Google Scholar] [CrossRef]

	



Dinesh, D.C.; Chalupska, D.; Silhan, J.; Koutna, E.; Nencka, R.; Veverka, V.; Boura, E. Structural Basis of RNA Recognition by the SARS-CoV-2 Nucleocapsid Phosphoprotein. PLoS Pathog. 2020, 16, e1009100. [Google Scholar] [CrossRef]

	



Estelle, A.B.; Forsythe, H.M.; Yu, Z.; Hughes, K.; Lasher, B.; Allen, P.; Reardon, P.N.; Hendrix, D.A.; Barbar, E.J. RNA Structure and Multiple Weak Interactions Balance the Interplay between RNA Binding and Phase Separation of SARS-CoV-2 Nucleocapsid. PNAS Nexus 2023, 2, pgad333. [Google Scholar] [CrossRef]

	



Wu, Y.; Ma, L.; Cai, S.; Zhuang, Z.; Zhao, Z.; Jin, S.; Xie, W.; Zhou, L.; Zhang, L.; Zhao, J.; et al. RNA-Induced Liquid Phase Separation of SARS-CoV-2 Nucleocapsid Protein Facilitates NF-κB Hyper-Activation and Inflammation. Signal Transduct. Target. Ther. 2021, 6, 167. [Google Scholar] [CrossRef] [PubMed]

	



Iserman, C.; Roden, C.A.; Boerneke, M.A.; Sealfon, R.S.G.; McLaughlin, G.A.; Jungreis, I.; Fritch, E.J.; Hou, Y.J.; Ekena, J.; Weidmann, C.A.; et al. Genomic RNA Elements Drive Phase Separation of the SARS-CoV-2 Nucleocapsid. Mol. Cell 2020, 80, 1078–1091.e6. [Google Scholar] [CrossRef] [PubMed]

	



Mercaldi, G.F.; Bezerra, E.H.S.; Batista, F.A.H.; Tonoli, C.C.C.; Soprano, A.S.; Shimizu, J.F.; Nagai, A.; da Silva, J.C.; Filho, H.V.R.; do Nascimento Faria, J.; et al. Discovery and Structural Characterization of Chicoric Acid as a SARS-CoV-2 Nucleocapsid Protein Ligand and RNA Binding Disruptor. Sci. Rep. 2022, 12, 18500. [Google Scholar] [CrossRef] [PubMed]

	



Somasekharan, S.P.; Gleave, M. SARS-CoV-2 Nucleocapsid Protein Interacts with Immunoregulators and Stress Granules and Phase Separates to Form Liquid Droplets. FEBS Lett. 2021, 595, 2872–2896. [Google Scholar] [CrossRef]

	



Koifman, O.I.; Lebedeva, N.S.; Gubarev, Y.A.; Koifman, M.O. Modeling the Binding of Protoporphyrin IX, Verteporfin, and Chlorin E6 to SARS-CoV-2 Proteins. Chem. Heterocycl. Compd. 2021, 57, 423–431. [Google Scholar] [CrossRef]

	



Huang, Y.; Chen, J.; Chen, S.; Huang, C.; Li, B.; Li, J.; Jin, Z.; Zhang, Q.; Pan, P.; Du, W.; et al. Molecular Characterization of SARS-CoV-2 Nucleocapsid Protein. Front. Cell. Infect. Microbiol. 2024, 14, 1415885. [Google Scholar] [CrossRef]

	



Luan, X.; Li, X.; Li, Y.; Su, G.; Yin, W.; Jiang, Y.; Xu, N.; Wang, F.; Cheng, W.; Jin, Y.; et al. Antiviral Drug Design Based on Structural Insights into the N-Terminal Domain and C-Terminal Domain of the SARS-CoV-2 Nucleocapsid Protein. Sci. Bull. 2022, 67, 2327–2335. [Google Scholar] [CrossRef]

	



Sekine, R.; Tsuno, S.; Irokawa, H.; Sumitomo, K.; Han, T.; Sato, Y.; Nishizawa, S.; Takeda, K.; Kuge, S. Inhibition of SARS-CoV-2 Nucleocapsid Protein–RNA Interaction by Guanosine Oligomeric RNA. J. Biochem. 2023, 173, 447–457. [Google Scholar] [CrossRef]

	



Li, S.; Wang, Y.; Lai, L. Small Molecules in Regulating Protein Phase Separation. Acta Biochim. Biophys. Sin. 2023, 55, 1075–1083. [Google Scholar] [CrossRef] [PubMed]

	



Cascarina, S.M.; Ross, E.D. Phase Separation by the SARS-CoV-2 Nucleocapsid Protein: Consensus and Open Questions. J. Biol. Chem. 2022, 298, 101677. [Google Scholar] [CrossRef]

	



Wu, W.; Cheng, Y.; Zhou, H.; Sun, C.; Zhang, S. The SARS-CoV-2 Nucleocapsid Protein: Its Role in the Viral Life Cycle, Structure and Functions, and Use as a Potential Target in the Development of Vaccines and Diagnostics. Virol. J. 2023, 20, 6. [Google Scholar] [CrossRef] [PubMed]

	



Hong, J.-Y.; Lin, S.-C.; Kehn-Hall, K.; Zhang, K.-M.; Luo, S.-Y.; Wu, H.-Y.; Chang, S.-Y.; Hou, M.-H. Targeting Protein-Protein Interaction Interfaces with Antiviral N Protein Inhibitor in SARS-CoV-2. Biophys. J. 2024, 123, 478–488. [Google Scholar] [CrossRef]

	



Guo, C.; Xu, H.; Li, X.; Yu, J.; Lin, D. Suramin Disturbs the Association of the N-Terminal Domain of SARS-CoV-2 Nucleocapsid Protein with RNA. Molecules 2023, 28, 2534. [Google Scholar] [CrossRef]

	



Ge, Y.; Tian, T.; Huang, S.; Wan, F.; Li, J.; Li, S.; Wang, X.; Yang, H.; Hong, L.; Wu, N.; et al. An Integrative Drug Repositioning Framework Discovered a Potential Therapeutic Agent Targeting COVID-19. Signal Transduct. Target. Ther. 2021, 6, 165. [Google Scholar] [CrossRef]

	



López-Ayllón, B.D.; De Lucas-Rius, A.; Mendoza-García, L.; García-García, T.; Fernández-Rodríguez, R.; Suárez-Cárdenas, J.M.; Santos, F.M.; Corrales, F.; Redondo, N.; Pedrucci, F.; et al. SARS-CoV-2 Accessory Proteins Involvement in Inflammatory and Profibrotic Processes through IL11 Signaling. Front. Immunol. 2023, 14, 1220306. [Google Scholar] [CrossRef]

	



Finkel, Y.; Gluck, A.; Nachshon, A.; Winkler, R.; Fisher, T.; Rozman, B.; Mizrahi, O.; Lubelsky, Y.; Zuckerman, B.; Slobodin, B.; et al. SARS-CoV-2 Uses a Multipronged Strategy to Impede Host Protein Synthesis. Nature 2021, 594, 240–245. [Google Scholar] [CrossRef] [PubMed]

	



Jungreis, I.; Nelson, C.W.; Ardern, Z.; Finkel, Y.; Krogan, N.J.; Sato, K.; Ziebuhr, J.; Stern-Ginossar, N.; Pavesi, A.; Firth, A.E.; et al. Conflicting and Ambiguous Names of Overlapping ORFs in the SARS-CoV-2 Genome: A Homology-Based Resolution. Virology 2021, 558, 145–151. [Google Scholar] [CrossRef]

	



Hassan, S.S.; Choudhury, P.P.; Dayhoff, G.W.; Aljabali, A.A.A.; Uhal, B.D.; Lundstrom, K.; Rezaei, N.; Pizzol, D.; Adadi, P.; Lal, A.; et al. The Importance of Accessory Protein Variants in the Pathogenicity of SARS-CoV-2. Arch. Biochem. Biophys. 2022, 717, 109124. [Google Scholar] [CrossRef]

	



Stewart, H.; Lu, Y.; O’Keefe, S.; Valpadashi, A.; Cruz-Zaragoza, L.D.; Michel, H.A.; Nguyen, S.K.; Carnell, G.W.; Lukhovitskaya, N.; Milligan, R.; et al. The SARS-CoV-2 Protein ORF3c Is a Mitochondrial Modulator of Innate Immunity. iScience 2023, 26, 108080. [Google Scholar] [CrossRef]

	



Kern, D.M.; Sorum, B.; Mali, S.S.; Hoel, C.M.; Sridharan, S.; Remis, J.P.; Toso, D.B.; Kotecha, A.; Bautista, D.M.; Brohawn, S.G. Cryo-EM Structure of SARS-CoV-2 ORF3a in Lipid Nanodiscs. Nat. Struct. Mol. Biol. 2021, 28, 573–582. [Google Scholar] [CrossRef]

	



Ambrożek-Latecka, M.; Kozlowski, P.; Hoser, G.; Bandyszewska, M.; Hanusek, K.; Nowis, D.; Gołąb, J.; Grzanka, M.; Piekiełko-Witkowska, A.; Schulz, L.; et al. SARS-CoV-2 and Its ORF3a, E and M Viroporins Activate Inflammasome in Human Macrophages and Induce of IL-1α in Pulmonary Epithelial and Endothelial Cells. Cell Death Discov. 2024, 10, 191. [Google Scholar] [CrossRef]

	



Walia, K.; Sharma, A.; Paul, S.; Chouhan, P.; Kumar, G.; Ringe, R.; Sharma, M.; Tuli, A. SARS-CoV-2 Virulence Factor ORF3a Blocks Lysosome Function by Modulating TBC1D5-Dependent Rab7 GTPase Cycle. Nat. Commun. 2024, 15, 2053. [Google Scholar] [CrossRef]

	



Sun, Q.; Li, X.; Kuang, E. Subversion of Autophagy Machinery and Organelle-Specific Autophagy by SARS-CoV-2 and Coronaviruses. Autophagy 2023, 19, 1055–1069. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhang, X.; Liu, J.; Xia, H.; Zou, J.; Muruato, A.E.; Periasamy, S.; Kurhade, C.; Plante, J.A.; Bopp, N.E.; et al. A Live-Attenuated SARS-CoV-2 Vaccine Candidate with Accessory Protein Deletions. Nat. Commun. 2022, 13, 4337. [Google Scholar] [CrossRef]

	



Silvas, J.A.; Vasquez, D.M.; Park, J.-G.; Chiem, K.; Allué-Guardia, A.; Garcia-Vilanova, A.; Platt, R.N.; Miorin, L.; Kehrer, T.; Cupic, A.; et al. Contribution of SARS-CoV-2 Accessory Proteins to Viral Pathogenicity in K18 Human ACE2 Transgenic Mice. J. Virol. 2021, 95, e00402-21. [Google Scholar] [CrossRef]

	



Michelucci, A.; Sforna, L.; Focaia, R.; Leonardi, M.V.; Di Battista, A.; Rastelli, G.; Vespa, S.; Boncompagni, S.; Di Cristina, M.; Catacuzzeno, L. SARS-CoV-2 ORF3a Accessory Protein Is a Water-Permeable Channel That Induces Lysosome Swelling. Commun. Biol. 2025, 8, 170. [Google Scholar] [CrossRef]

	



Miller, A.N.; Houlihan, P.R.; Matamala, E.; Cabezas-Bratesco, D.; Lee, G.Y.; Cristofori-Armstrong, B.; Dilan, T.L.; Sanchez-Martinez, S.; Matthies, D.; Yan, R.; et al. The SARS-CoV-2 Accessory Protein Orf3a Is Not an Ion Channel, but Does Interact with Trafficking Proteins. eLife 2023, 12, e84477. [Google Scholar] [CrossRef] [PubMed]

	



Schwarz, S.; Wang, K.; Yu, W.; Sun, B.; Schwarz, W. Emodin Inhibits Current through SARS-Associated Coronavirus 3a Protein. Antivir. Res. 2011, 90, 64–69. [Google Scholar] [CrossRef]

	



Fam, M.S.; Sedky, C.A.; Turky, N.O.; Breitinger, H.-G.; Breitinger, U. Channel Activity of SARS-CoV-2 Viroporin ORF3a Inhibited by Adamantanes and Phenolic Plant Metabolites. Sci. Rep. 2023, 13, 5328. [Google Scholar] [CrossRef]

	



Garrett, T.J.; Coatsworth, H.; Mahmud, I.; Hamerly, T.; Stephenson, C.J.; Ayers, J.B.; Yazd, H.S.; Miller, M.R.; Lednicky, J.A.; Dinglasan, R.R. Niclosamide as a Chemical Probe for Analyzing SARS-CoV-2 Modulation of Host Cell Lipid Metabolism. Front. Microbiol. 2023, 14, 1251065. [Google Scholar] [CrossRef]

	



Zhao, Z.; Lu, K.; Mao, B.; Liu, S.; Trilling, M.; Huang, A.; Lu, M.; Lin, Y. The Interplay between Emerging Human Coronavirus Infections and Autophagy. Emerg. Microbes Infect. 2021, 10, 196–205. [Google Scholar] [CrossRef] [PubMed]

	



Tufts Medical Center. Niclosamide for Patients with Mild to Moderate Disease from Novel Coronavirus (COVID-19); Clinical trial Registration NCT04399356; clinicaltrials.gov. 2022. Available online: https://clinicaltrials.gov/study/NCT04399356 (accessed on 7 October 2025).

	



Cesar-Silva, D.; Pereira-Dutra, F.S.; Moraes Giannini, A.L.; Jacques G. de Almeida, C. The Endolysosomal System: The Acid Test for SARS-CoV-2. Int. J. Mol. Sci. 2022, 23, 4576. [Google Scholar] [CrossRef]

	



Bianchi, M.; Borsetti, A.; Ciccozzi, M.; Pascarella, S. SARS-Cov-2 ORF3a: Mutability and Function. Int. J. Biol. Macromol. 2021, 170, 820–826. [Google Scholar] [CrossRef]

	



Pindiprolu, S.K.S.S.; Pindiprolu, S.H. Plausible Mechanisms of Niclosamide as an Antiviral Agent against COVID-19. Med. Hypotheses 2020, 140, 109765. [Google Scholar] [CrossRef]

	



Addetia, A.; Lieberman, N.A.P.; Phung, Q.; Hsiang, T.-Y.; Xie, H.; Roychoudhury, P.; Shrestha, L.; Loprieno, M.A.; Huang, M.-L.; Gale, M.; et al. SARS-CoV-2 ORF6 Disrupts Bidirectional Nucleocytoplasmic Transport through Interactions with Rae1 and Nup98. mBio 2021, 12, e00065-21. [Google Scholar] [CrossRef] [PubMed]

	



Miorin, L.; Kehrer, T.; Sanchez-Aparicio, M.T.; Zhang, K.; Cohen, P.; Patel, R.S.; Cupic, A.; Makio, T.; Mei, M.; Moreno, E.; et al. SARS-CoV-2 Orf6 Hijacks Nup98 to Block STAT Nuclear Import and Antagonize Interferon Signaling. Proc. Natl. Acad. Sci. USA 2020, 117, 28344–28354. [Google Scholar] [CrossRef]

	



Li, M.; Ayyanathan, K.; Dittmar, M.; Miller, J.; Tapescu, I.; Lee, J.S.; McGrath, M.E.; Xue, Y.; Vashee, S.; Schultz, D.C.; et al. SARS-CoV-2 ORF6 Protein Does Not Antagonize Interferon Signaling in Respiratory Epithelial Calu-3 Cells during Infection. mBio 2023, 14, e01194-23. [Google Scholar] [CrossRef]

	



Yoo, T.Y.; Mitchison, T.J. Quantitative Comparison of Nuclear Transport Inhibition by SARS Coronavirus ORF6 Reveals the Importance of Oligomerization. Proc. Natl. Acad. Sci. USA 2024, 121, e2307997121. [Google Scholar] [CrossRef]

	



Ninot-Pedrosa, M.; Pálfy, G.; Razmazma, H.; Crowley, J.; Fogeron, M.-L.; Bersch, B.; Barnes, A.; Brutscher, B.; Monticelli, L.; Böckmann, A.; et al. NMR Structural Characterization of SARS-CoV-2 ORF6 Reveals an N-Terminal Membrane Anchor. J. Am. Chem. Soc. 2025, 147, 17668–17681. [Google Scholar] [CrossRef]

	



Mostafa-Hedeab, G.; Al-kuraishy, H.M.; Al-Gareeb, A.I.; Welson, N.N.; El-Saber Batiha, G.; Conte-Junior, C.A. Selinexor and COVID-19: The Neglected Warden. Front. Pharmacol. 2022, 13, 884228. [Google Scholar] [CrossRef] [PubMed]

	



Krachmarova, E.; Petkov, P.; Lilkova, E.; Stoynova, D.; Malinova, K.; Hristova, R.; Gospodinov, A.; Ilieva, N.; Nacheva, G.; Litov, L. Interferon-γ as a Potential Inhibitor of SARS-CoV-2 ORF6 Accessory Protein. Int. J. Mol. Sci. 2024, 25, 2155. [Google Scholar] [CrossRef]

	



Quéromès, G.; Destras, G.; Bal, A.; Regue, H.; Burfin, G.; Brun, S.; Fanget, R.; Morfin, F.; Valette, M.; Trouillet-Assant, S.; et al. Characterization of SARS-CoV-2 ORF6 Deletion Variants Detected in a Nosocomial Cluster during Routine Genomic Surveillance, Lyon, France. Emerg. Microbes Infect. 2021, 10, 167–177. [Google Scholar] [CrossRef]

	



Miyamoto, Y.; Itoh, Y.; Suzuki, T.; Tanaka, T.; Sakai, Y.; Koido, M.; Hata, C.; Wang, C.-X.; Otani, M.; Moriishi, K.; et al. SARS-CoV-2 ORF6 Disrupts Nucleocytoplasmic Trafficking to Advance Viral Replication. Commun. Biol. 2022, 5, 483. [Google Scholar] [CrossRef] [PubMed]

	



Kashyap, T.; Murray, J.; Walker, C.J.; Chang, H.; Tamir, S.; Hou, B.; Shacham, S.; Kauffman, M.G.; Tripp, R.A.; Landesman, Y. Selinexor, a Novel Selective Inhibitor of Nuclear Export, Reduces SARS-CoV-2 Infection and Protects the Respiratory System in Vivo. Antivir. Res. 2021, 192, 105115. [Google Scholar] [CrossRef] [PubMed]

	



Matsuoka, K.; Imahashi, N.; Ohno, M.; Ode, H.; Nakata, Y.; Kubota, M.; Sugimoto, A.; Imahashi, M.; Yokomaku, Y.; Iwatani, Y. SARS-CoV-2 Accessory Protein ORF8 Is Secreted Extracellularly as a Glycoprotein Homodimer. J. Biol. Chem. 2022, 298, 101724. [Google Scholar] [CrossRef]

	



Flower, T.G.; Buffalo, C.Z.; Hooy, R.M.; Allaire, M.; Ren, X.; Hurley, J.H. Structure of SARS-CoV-2 ORF8, a Rapidly Evolving Immune Evasion Protein. Proc. Natl. Acad. Sci. USA 2021, 118, e2021785118. [Google Scholar] [CrossRef]

	



Su, Y.C.F.; Anderson, D.E.; Young, B.E.; Linster, M.; Zhu, F.; Jayakumar, J.; Zhuang, Y.; Kalimuddin, S.; Low, J.G.H.; Tan, C.W.; et al. Discovery and Genomic Characterization of a 382-Nucleotide Deletion in ORF7b and ORF8 during the Early Evolution of SARS-CoV-2. mBio 2020, 11, e01610-20. [Google Scholar] [CrossRef]

	



Mohammad, S.; Bouchama, A.; Mohammad Alharbi, B.; Rashid, M.; Saleem Khatlani, T.; Gaber, N.S.; Malik, S.S. SARS-CoV-2 ORF8 and SARS-CoV ORF8ab: Genomic Divergence and Functional Convergence. Pathogens 2020, 9, 677. [Google Scholar] [CrossRef]

	



Moriyama, M.; Lucas, C.; Monteiro, V.S.; Iwasaki, A. Enhanced Inhibition of MHC-I Expression by SARS-CoV-2 Omicron Subvariants. Proc. Natl. Acad. Sci. USA 2023, 120, e2221652120. [Google Scholar] [CrossRef] [PubMed]

	



Lin, X.; Fu, B.; Yin, S.; Li, Z.; Liu, H.; Zhang, H.; Xing, N.; Wang, Y.; Xue, W.; Xiong, Y.; et al. ORF8 Contributes to Cytokine Storm during SARS-CoV-2 Infection by Activating IL-17 Pathway. iScience 2021, 24, 102293. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Xia, T.; Shin, W.-J.; Yu, K.-M.; Jung, W.; Herrmann, A.; Foo, S.-S.; Chen, W.; Zhang, P.; Lee, J.-S.; et al. Viral Mimicry of Interleukin-17A by SARS-CoV-2 ORF8. mBio 2022, 13, e00402-22. [Google Scholar] [CrossRef]

	



Wu, X.; Manske, M.K.; Ruan, G.J.; Witter, T.L.; Nowakowski, K.E.; Abeykoon, J.P.; Tang, X.; Yu, Y.; Gwin, K.A.; Wu, A.; et al. Secreted ORF8 Induces Monocytic Pro-Inflammatory Cytokines through NLRP3 Pathways in Patients with Severe COVID-19. iScience 2023, 26, 106929. [Google Scholar] [CrossRef] [PubMed]

	



Arduini, A.; Laprise, F.; Liang, C. SARS-CoV-2 ORF8: A Rapidly Evolving Immune and Viral Modulator in COVID-19. Viruses 2023, 15, 871. [Google Scholar] [CrossRef]

	



Chen, X.; Zhou, Z.; Huang, C.; Zhou, Z.; Kang, S.; Huang, Z.; Jiang, G.; Hong, Z.; Chen, Q.; Yang, M.; et al. Crystal Structures of Bat and Human Coronavirus ORF8 Protein Ig-Like Domain Provide Insights Into the Diversity of Immune Responses. Front. Immunol. 2021, 12, 807134. [Google Scholar] [CrossRef]

	



Hamdorf, M.; Imhof, T.; Bailey-Elkin, B.; Betz, J.; Theobald, S.J.; Simonis, A.; Di Cristanziano, V.; Gieselmann, L.; Dewald, F.; Lehmann, C.; et al. The Unique ORF8 Protein from SARS-CoV-2 Binds to Human Dendritic Cells and Induces a Hyper-Inflammatory Cytokine Storm. J. Mol. Cell Biol. 2023, 15, mjad062. [Google Scholar] [CrossRef]

	



Ruan, G.J.; Wu, X.; Gwin, K.A.; Manske, M.K.; Abeykoon, J.P.; Bhardwaj, V.; Witter, T.L.; Schellenberg, M.J.; Rabe, K.G.; Kay, N.E.; et al. Monocyte Response to SARS-CoV-2 Protein ORF8 Is Associated with Severe COVID-19 Infection in Patients with Chronic Lymphocytic Leukemia. Haematologica 2024, 109, 2884–2892. [Google Scholar] [CrossRef]

	



Hasan, M.Z.; Islam, S.; Matsumoto, K.; Kawai, T. SARS-CoV-2 Infection Initiates Interleukin-17-Enriched Transcriptional Response in Different Cells from Multiple Organs. Sci. Rep. 2021, 11, 16814. [Google Scholar] [CrossRef]

	



Vinjamuri, S.; Li, L.; Bouvier, M. SARS-CoV-2 ORF8: One Protein, Seemingly One Structure, and Many Functions. Front. Immunol. 2022, 13, 1035559. [Google Scholar] [CrossRef]

	



Fong, S.-W.; Yeo, N.K.-W.; Chan, Y.-H.; Goh, Y.S.; Amrun, S.N.; Ang, N.; Rajapakse, M.P.; Lum, J.; Foo, S.; Lee, C.Y.-P.; et al. Robust Virus-Specific Adaptive Immunity in COVID-19 Patients with SARS-CoV-2 Δ382 Variant Infection. J. Clin. Immunol. 2022, 42, 214–229. [Google Scholar] [CrossRef]

	



Padilla-Blanco, M.; García-García, T.; Grigas, J.; López-Ayllón, B.D.; Garrido, J.J.; Oliva, M.A.; Montoya, M. Hidden Players of COVID-19: The Evolving Roles of SARS-CoV-2 Accessory Proteins. Front. Immunol. 2025, 16, 1726698. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Zhu, K.; Qin, B.; Olieric, V.; Wang, M.; Cui, S. Crystal Structure of SARS-CoV-2 Orf9b in Complex with Human TOM70 Suggests Unusual Virus-Host Interactions. Nat. Commun. 2021, 12, 2843. [Google Scholar] [CrossRef]

	



Brandherm, L.; Kobaš, A.M.; Klöhn, M.; Brüggemann, Y.; Pfaender, S.; Rassow, J.; Kreimendahl, S. Phosphorylation of SARS-CoV-2 Orf9b Regulates Its Targeting to Two Binding Sites in TOM70 and Recruitment of Hsp90. Int. J. Mol. Sci. 2021, 22, 9233. [Google Scholar] [CrossRef]

	



Thorne, L.G.; Bouhaddou, M.; Reuschl, A.-K.; Zuliani-Alvarez, L.; Polacco, B.; Pelin, A.; Batra, J.; Whelan, M.V.X.; Hosmillo, M.; Fossati, A.; et al. Evolution of Enhanced Innate Immune Evasion by SARS-CoV-2. Nature 2022, 602, 487–495. [Google Scholar] [CrossRef]

	



Meier, C.; Aricescu, A.R.; Assenberg, R.; Aplin, R.T.; Gilbert, R.J.C.; Grimes, J.M.; Stuart, D.I. The Crystal Structure of ORF-9b, a Lipid Binding Protein from the SARS Coronavirus. Structure 2006, 14, 1157–1165. [Google Scholar] [CrossRef] [PubMed]

	



Jin, X.; Sun, X.; Chai, Y.; Bai, Y.; Li, Y.; Hao, T.; Qi, J.; Song, H.; Wong, C.C.L.; Gao, G.F. Structural Characterization of SARS-CoV-2 Dimeric ORF9b Reveals Potential Fold-Switching Trigger Mechanism. Sci. China Life Sci. 2023, 66, 152–164. [Google Scholar] [CrossRef] [PubMed]

	



San Felipe, C.; Batra, J.; Muralidharan, M.; Malpotra, S.; Anand, D.; Bauer, R.; Verba, K.A.; Swaney, D.L.; Krogan, N.J.; Grabe, M.; et al. Coupled Equilibria of Dimerization and Lipid Binding Modulate SARS Cov 2 Orf9b Interactions and Interferon Response. eLife 2025, 14, RP106484. [Google Scholar] [CrossRef]

	



Sharma, G.; Paul, P.; Dviwedi, A.; Kaur, P.; Kumar, P.; Gupta, V.K.; Saha, S.B.; Kulshrestha, S. In Silico Screening and Evaluation of Antiviral Peptides as Inhibitors against ORF9b Protein of SARS-CoV-2. 3 Biotech. 2024, 14, 192. [Google Scholar] [CrossRef] [PubMed]

	



Zodda, E.; Pons, M.; DeMoya-Valenzuela, N.; Calvo-González, C.; Benítez-Rodríguez, C.; López-Ayllón, B.D.; Hibot, A.; Zuin, A.; Crosas, B.; Cascante, M.; et al. Induction of the Inflammasome by the SARS-CoV-2 Accessory Protein ORF9b, Abrogated by Small-Molecule ORF9b Homodimerization Inhibitors. J. Med. Virol. 2025, 97, e70145. [Google Scholar] [CrossRef]

	



Backes, S.; Hess, S.; Boos, F.; Woellhaf, M.W.; Gödel, S.; Jung, M.; Mühlhaus, T.; Herrmann, J.M. Tom70 Enhances Mitochondrial Preprotein Import Efficiency by Binding to Internal Targeting Sequences. J. Cell Biol. 2018, 217, 1369–1382. [Google Scholar] [CrossRef]

	



Zhu, K.; Song, L.; Wang, L.; Hua, L.; Luo, Z.; Wang, T.; Qin, B.; Yuan, S.; Gao, X.; Mi, W.; et al. SARS-CoV-2 ORF10 Hijacking Ubiquitination Machinery Reveals Potential Unique Drug Targeting Sites. Acta Pharm. Sin. B 2024, 14, 4164–4173. [Google Scholar] [CrossRef]

	



Wang, L.; Liu, C.; Yang, B.; Zhang, H.; Jiao, J.; Zhang, R.; Liu, S.; Xiao, S.; Chen, Y.; Liu, B.; et al. SARS-CoV-2 ORF10 Impairs Cilia by Enhancing CUL2ZYG11B Activity. J. Cell Biol. 2022, 221, e202108015. [Google Scholar] [CrossRef]

	



Zhang, B.; Li, Y.; Feng, Q.; Song, L.; Dong, C.; Yan, X. Structural Insights into ORF10 Recognition by ZYG11B. Biochem. Biophys. Res. Commun. 2022, 616, 14–18. [Google Scholar] [CrossRef]

	



Li, X.; Hou, P.; Ma, W.; Wang, X.; Wang, H.; Yu, Z.; Chang, H.; Wang, T.; Jin, S.; Wang, X.; et al. SARS-CoV-2 ORF10 Suppresses the Antiviral Innate Immune Response by Degrading MAVS through Mitophagy. Cell. Mol. Immunol. 2022, 19, 67–78. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, N.L.; Abbott, G.W.; Gentzsch, M.; Aleksandrov, A.; Moroni, A.; Thiel, G.; Grant, S.; Nichols, C.G.; Lester, H.A.; Hartel, A.; et al. How Many SARS-CoV-2 “Viroporins” Are Really Ion Channels? Commun. Biol. 2022, 5, 859. [Google Scholar] [CrossRef]

	



Serrano-Maciá, M.; Lachiondo-Ortega, S.; Iruzubieta, P.; Goikoetxea-Usandizaga, N.; Bosch, A.; Egia-Mendikute, L.; Jiménez-Lasheras, B.; Azkargorta, M.; Elortza, F.; Martinez-Redondo, D.; et al. Neddylation Tunes Peripheral Blood Mononuclear Cells Immune Response in COVID-19 Patients. Cell Death Discov. 2022, 8, 316. [Google Scholar] [CrossRef] [PubMed]

	



Smith, A.; Dong, X. BST-2 Inhibits SARS-CoV-2 Egress at Intracellular Membranes and Is Neutralized by ORF7a. Sci. Rep. 2026. [Google Scholar] [CrossRef]

	



Brézellec, P. Re-Annotation of SARS-CoV-2 Proteins Using an HHpred-Based Approach Opens New Opportunities for a Better Understanding of This Virus. Peer Community J. 2024, 4, e109. [Google Scholar] [CrossRef]

	



Zandi, M. ORF9c and ORF10 as Accessory Proteins of SARS-CoV-2 in Immune Evasion. Nat. Rev. Immunol. 2022, 22, 331. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Hom, K.; Zhang, C.; Nasr, M.; Gerzanich, V.; Zhang, Y.; Tang, Q.; Xue, F.; Simard, J.M.; Zhao, R.Y. SARS-CoV-2 ORF3a Protein as a Therapeutic Target against COVID-19 and Long-Term Post-Infection Effects. Pathogens 2024, 13, 75. [Google Scholar] [CrossRef]

	



Breitinger, U.; Farag, N.S.; Sticht, H.; Breitinger, H.-G. Viroporins: Structure, Function, and Their Role in the Life Cycle of SARS-CoV-2. Int. J. Biochem. Cell Biol. 2022, 145, 106185. [Google Scholar] [CrossRef]

	



Wang, Q.; Meng, F.; Xie, Y.; Wang, W.; Meng, Y.; Li, L.; Liu, T.; Qi, J.; Ni, X.; Zheng, S.; et al. In Silico Discovery of Small Molecule Modulators Targeting the Achilles’ Heel of SARS-CoV-2 Spike Protein. ACS Cent. Sci. 2023, 9, 252–265. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez, Y.; Cardoze, S.M.; Obineche, O.W.; Melo, C.; Persaud, A.; Fernández Romero, J.A. Small Molecules Targeting SARS-CoV-2 Spike Glycoprotein Receptor-Binding Domain. ACS Omega 2022, 7, 28779–28789. [Google Scholar] [CrossRef]

	



Xiu, S.; Dick, A.; Ju, H.; Mirzaie, S.; Abdi, F.; Cocklin, S.; Zhan, P.; Liu, X. Inhibitors of SARS-CoV-2 Entry: Current and Future Opportunities. J. Med. Chem. 2020, 63, 12256–12274. [Google Scholar] [CrossRef]

	



Karczmarzyk, K.; Kęsik-Brodacka, M. Challenges and Prospects in the Development of a Universal SARS-CoV-2 Vaccine. Vaccines 2026, 14, 173. [Google Scholar] [CrossRef]

	



Schiavina, M.; Pontoriero, L.; Tagliaferro, G.; Pierattelli, R.; Felli, I.C. The Role of Disordered Regions in Orchestrating the Properties of Multidomain Proteins: The SARS-CoV-2 Nucleocapsid Protein and Its Interaction with Enoxaparin. Biomolecules 2022, 12, 1302. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 18 00706 g002] 





Figure 2. Coronavirus virion architecture. Surface (left) and cut-away (right) views showing Spike (S) trimers, membrane (M) protein, envelope (E) protein, and the ribonucleoprotein core (genomic RNA wrapped by N). Hemagglutinin-esterase (HE) is present in some β-coronaviruses (lineage A) but is not encoded by SARS-CoV-2. 
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Figure 5. (Left): Cryo-EM structure of the SARS-CoV-2 M protein dimer in the short form, with bound CIM-834 (red; PDB ID 9EXA), and JNJ-9676 (blue; PDB ID 8W2E) superposed for comparison. TM1 (L17-N41), TM2 (R42-I73), and TM3 (N74-R105) in the first and second monomers are shown in teal, purple, grey, orange, yellow, and beige. The hinge regions (T106-T116) are shown in pink. The C-terminal β-sheet domains (BDs) (N117-Y204) of the two monomers are shown in cyan and green. (Centre): Cryo-EM structure of the SARS-CoV-2 M protein dimer in the long form (PDB ID 7VGR), with the regions coloured as in the short form. Bound antibodies are not included in the figures. (Right): Representative small-molecule scaffolds explored for M modulation: JNJ-9676 [106] and CIM-834 [107]. Both compounds exhibit double-digit nM potency against SARS-CoV-2. 
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Table 1. Strategic prioritisation of SARS-CoV-2 structural and accessory protein targets for small-molecule antiviral drug development.
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	Target
	Principal

Biological Role
	Most Plausible Small-Molecule Strategy
	Strategic

Positioning
	Current Evidence Maturity
	Main

Translational Challenge
	Suggested

Development

Priority





	Membrane (M)
	Virion assembly, envelope organisation, budding/egress
	Conformation-locking or oligomerisation-disrupting inhibitors
	Direct-acting structural target
	Highest among these targets; direct binding, resistance mapping, cellular activity, and in vivo proof-of-concept support genuine preclinical tractability
	Membrane-protein assay complexity; maintaining selectivity and developability in a hydrophobic target environment
	Highest priority



	Nucleocapsid (N)
	Genome encapsidation, ribonucleoprotein organisation, assembly-linked RNA interactions
	Allosteric modulation, RNA-interface disruption, condensate/assembly perturbation
	Direct-acting but earlier-stage structural target
	Moderate; biologically compelling and relatively conserved, but still dominated by tool compounds and assay-development chemistry rather than mature lead series
	Proving on-target activity in complex RNA-/phase-separation-driven systems; converting tool chemistry into true leads
	High priority (second wave)



	Envelope (E)
	Membrane remodelling, assembly, egress, viroporin-linked functions
	Channel modulation or viroporin interference
	Potential direct-acting structural target
	Early to moderate; strong biological rationale but less convincing direct small-molecule validation than M
	Distinguishing true on-target viroporin inhibition from nonspecific membrane effects
	Medium priority



	Spike (S)
	Receptor engagement, membrane fusion, viral entry
	Entry/fusion modulation (direct small molecules only)
	Selective direct-acting opportunity
	Mixed; biologically central, but small-molecule programmes remain less mature and are overshadowed by biologics
	High sequence variability, glycan shielding, conformational plasticity, and weaker durability for small-molecule design
	Medium priority, highly selective



	ORF3a
	Membrane trafficking, egress-linked functions, inflammasome/stress signalling
	Viroporin-like modulation or trafficking-linked functional disruption
	Borderline direct/adjunctive target
	Early; compelling biology but a wider gap between mechanistic plausibility and validated on-target chemical matter
	Complex membrane biology; risk of indirect phenotypes; need for stronger target-engagement evidence
	Medium-to-lower priority



	ORF6
	Interferon antagonism via nuclear pore interference
	Disruption of host-interface protein–protein interactions
	Adjunctive/virulence-modifying target
	Early; strong mechanistic rationale but highly context-dependent
	Demonstrating selective, on-target modulation of host-interface signalling without broad host liabilities
	Selective adjunctive priority



	ORF8
	Immune evasion, including effects on antigen presentation
	Interface-disrupting or trafficking-modulating strategies
	Adjunctive/virulence-modifying target
	Early; biologically interesting but variable and context-sensitive
	Sequence variability, uncertain durability, and the difficulty of linking target modulation to clear antiviral benefit
	Selective adjunctive priority (lower priority)



	ORF9b
	Suppression of innate immune sensing through TOM70/MAVS-linked pathways
	Host-interface protein–protein interaction disruption
	Adjunctive/virulence-modifying target
	Early; attractive as a host-interface target but not yet a strong stand-alone chemical programme
	Strong dependence on physiologically relevant assay systems; limited direct chemical validation
	Selective adjunctive priority

(lower priority)



	ORF10
	Uncertain; proposed host-interface effects remain debated
	Exploratory interface-disrupting strategies
	Hypothesis-generating/highly speculative target
	Very low; biological relevance and druggability remain uncertain
	Target validity itself remains unresolved
	Lowest priority



	Other accessory proteins (e.g., ORF7a/b, ORF3b/3c/3d, ORF9c)
	Host-interface modulation, interferon antagonism, virion egress, and lineage-specific virulence functions
	Exploratory protein–protein interaction disruption or pathway-modulating adjunct strategies
	Hypothesis-generating/lower-priority adjunctive targets
	Very low to early; biologically relevant but generally lacking complete target validation, structural definition, and experimentally supported small-molecule chemical matter
	Uncertain target validity, limited structural/mechanistic resolution, and minimal on-target chemical validation in physiologically relevant systems
	Reserve for exploratory or follow-on programmes

(lowest priority)
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