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Abstract

SARS-CoV-2, the virus responsible for the COVID-19 pandemic, has been 
associated with substantial global morbidity and mortality. Despite a 
tropism that is largely confined to the airways, COVID-19 is associated 
with multiorgan dysfunction and long-term cognitive pathologies.  
A major driver of this biology stems from the combined effects of virus-
mediated interference with the host antiviral defences in infected cells 
and the sensing of pathogen-associated material by bystander cells.  
Such a dynamic results in delayed induction of type I and III interferons 
(IFN-I and IFN-III) at the site of infection, but systemic IFN-I and IFN-III 
priming in distal organs and barrier epithelial surfaces, respectively.  
In this Review, we examine the relationship between SARS-CoV-2 biology 
and the cellular response to infection, detailing how antagonism and 
dysregulation of host innate immune defences contribute to disease 
severity of COVID-19.
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(ORF1a and ORF1ab), followed by the structural genes for the spike (S),  
envelope (E), membrane (M) and nucleocapsid (N) proteins, amid a 
number of intergenic accessory factors13,18,19. The SARS-CoV-2 posi-
tive-sense, single-stranded RNA genome encodes ~30 proteins. These 
include the ORF1a and ORF1ab polyproteins (pp1a and pp1ab), which 
are cleaved by viral proteases (PLpro and 3CLpro) into 16 non-structural 
proteins (Nsps) that largely form the RNA-dependent viral replicase, 
four structural proteins that form the physical virion and nine accessory 
proteins not required for viral replication, but essential for hijacking 
aspects of cell biology13,18,19.

As with most viral infections, a crucial first step in the host innate 
immune response to coronavirus infections is the production of type I 
and type III interferons (IFN-I and IFN-III, respectively), as well as pro-
inflammatory cytokines and chemokines20. IFN-I and IFN-III are produced 
by a variety of cell types following recognition of viral PAMPs and/or 
host danger-associated molecular patterns (DAMPs), such as exposed 
mitochondrial DNA, via specialized cellular pattern recognition recep-
tors (PRRs)20. For SARS-CoV-2, RNA-based replication intermediates are 
thought to represent the major viral PAMP, recognized by the RIG-I-like  
and Toll-like receptors (RLRs and TLRs, respectively)21. The RLRs 
comprise a family of RNA-binding helicases that include two central  

Introduction
The evolutionary success of a virus hinges on its ability to enter a cell 
and gain access to the raw genetic material, amino acids and basic cel-
lular machinery that are required for de novo generation of progeny 
viruses. Given the value of these resources, cells have evolved surveil-
lance strategies to detect their usage. In vertebrates, actively replicating 
viruses are identified through the recognition of foreign RNA or DNA 
structures. Virus-derived RNA can be discerned as a result of missing 
modifications (for example, 2′-O-methylation), inclusion of certain 
virus-distinguishing elements (for example, an exposed 5′-triphos-
phate) and/or the presence of extensive secondary structures (for 
example, double-stranded RNA (dsRNA))1. By contrast, virus-derived 
DNA can be identified by its location within the cell (for example,  
endosomal or cytosolic DNA) or by distinct aspects of sequence and/or  
structure not present in host DNA (for example, unmethylated  
CpG motifs)2. In both examples, cellular detection of these so-called 
pathogen-associated molecular patterns (PAMPs) within the infected 
cell is either direct or aided by autophagy, a process by which the cell 
engulfs and hydrolyses an internal portion of itself and subsequently 
releases the content back into the cytoplasm3. As these PAMPs represent 
unavoidable by-products of replication, viruses are under constant 
evolutionary pressure to minimize their levels, prevent their detection 
and/or block any consequential downstream biology4.

Viral strategies to subvert cellular detection, if successful, not only 
enable productive infection to occur in the cognate host, but can also 
facilitate zoonotic events, as many cellular defence components are 
conserved among phylogenetically related species5. For this reason, 
encroachment of one species into the ecosystem of another is a com-
mon source of zoonotic diseases and is a dynamic common to popula-
tion overgrowth — as evidenced by the fact that many emergent viruses 
have been the product of deforestation6–9 (Box 1). Close contact with 
other vertebrate species through animal husbandry, live wet markets 
or the acquisition of bush meat is also a primary source for zoonotic 
transmission and is believed to have enabled the pandemic spread of 
human immunodeficiency virus and countless influenza viruses10,11. 
Zoonoses-enabling environments such as live wet markets also con-
tributed to the emergence of two highly pathogenic coronaviruses, 
Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) in 2003 
and SARS-CoV-2 in 2019, the latter being responsible for the coronavirus 
disease 2019 (COVID-19) pandemic12,13.

Despite the rapid development and deployment of vaccines  
and antivirals, SARS-CoV-2 caused more than 650 million infections and 
6.6 million deaths from the beginning of 2020 to the end of 2022 (ref. 14). 
As global spread continues, SARS-CoV-2 undergoes countless rounds 
of selection: adapting to our biology, circumventing our immune 
defences and improving transmission efficiency. Individual strains that 
have acquired a competitive fitness advantage because of this selec-
tion have been defined as variants of concern (VOCs) and designated 
with letters of the Greek alphabet15. In this Review, we summarize the 
mechanisms employed by SARS-CoV-2 to circumvent our first line of 
innate antiviral defences and discuss how this relates to COVID-19 sever-
ity. For comparable reviews that focus on the later stages of the adap-
tive immune response to SARS-CoV-2, we refer the reader to several 
well-written and comprehensive summaries available elsewhere16,17.

Cellular response to SARS-CoV-2 infection
The genome of SARS-CoV-2, like all members of its genus, is ~30,000 
nucleotides in length, with an invariant gene order. Starting at the 5′ 
end are the genes for replicase and other non-structural components 

Box 1

SARS-CoV-2 as a warning 
beacon
Humanity’s impact on global ecosystems has been so profound 
that many feel we have entered into a new epoch dubbed the 
Anthropocene201. Regardless of whether this demarcation of 
geologic time is officially recognized, humanity’s net negative 
impact on planetary health is undeniable. Despite almost 4 billion 
years of self-sustaining life, humanity has disrupted this equilibrium 
in countless ways within just a few thousand years. The expanding 
human population has led to deforestation, pollution and increased 
global temperatures — disrupting ecosystems at a time when 
global travel is limitless. These changes force species to seek new 
habitats, bringing them and their pathogens closer to potential new 
hosts. As exposure frequency increases, viruses and other microbial 
pathogens have the opportunity to adapt to these immune-naïve 
hosts, spilling into a new ecological niche where they can acquire 
pandemic potential. In just the past century, humanity has observed 
the emergence of dozens of new viral epidemics, half of which have 
materialized into pandemics202. Humanity should recognize the 
increased frequency of these events for what they represent — the 
by-product of our planetary neglect. Additionally, our expanding 
knowledge about the immune evasion strategies of viruses such as 
SARS-CoV-2 can serve an important role in informing measures of 
surveillance and testing to help prioritize attention towards various 
emerging threats. Moving forward, we should dedicate as much 
time to reducing our environmental impact and understanding the 
link between human behaviour and emerging infectious disease 
as we do to developing new technologies and therapeutics to 
minimize future pandemics.
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intracellular sentinels, RIG-I and MDA5, in addition to a third RLR called 
LGP2, the function of which remains unclear22. Although they exhibit 
structural similarities, RLRs have different binding preferences, allow-
ing them to make up a diversified and complementary defence system22. 
Generally, RIG-I is thought to sense RNAs with an exposed 5′-triphos-
phate, a common feature of negative-strand RNA viruses, whereas MDA5 
activation is mediated by engaging dsRNA, a common motif formed dur-
ing replication of all viruses22. In contrast to these intracellular sentinels, 
TLRs sample the extracellular milieu for the presence of PAMPs or DAMPs 
resulting from distal infections23. As it relates to the sensing of an RNA 
virus infection, extracellular dsRNA, single-stranded RNA or DNA can be 
sensed by TLR3, TLR7/TLR8 or TLR9, respectively23. Although all of these 
canonical sensing mechanisms, as well as some non-canonical systems, 
have been suggested to contribute to host recognition of SARS-CoV-2, 
MDA5 is thought to be most critical in this process24–30.

Cellular recognition of SARS-CoV-2 promotes the recruitment of 
adaptor proteins and production of IFN-I and IFN-III21. In the absence 
of interference, RLR activation would result following the produc-
tion of viral subgenomic RNA (sgRNA), which can readily form dsRNA 
structures by engaging the genomic template21,31. MDA5 aggregates on 
dsRNA structures and subsequently engages the mitochondrial antivi-
ral signalling protein (MAVS), leading to the recruitment of ubiquitin 
ligases and serine/threonine kinases that coordinate the activation of 
two central transcription factor family members, nuclear factor-κB 
(NF-κB, comprising subunits p50 and p65) and interferon regulatory 
factors (IRFs) such as IRF3 (refs. 21,31). Similarly, TLR recognition of 
an appropriate viral ligand initiates recruitment of either MyD88 or 
TRIF cellular adaptor proteins and triggers activation of NF-κB and 
IRFs through a similar signalling cascade32. Activation of these tran-
scription factors, in addition to other factors associated with cellular 
stress, causes the formation of a large complex termed the enhanceo-
some, which binds upstream of the transcriptional start site of both 
IFN-I members (notably IFNβ) and IFN-III members (such as IFNλ-1, 
IFNλ-2 and IFNλ-3) to initiate the antiviral response33. Despite inducing 
similar transcriptional outputs, several characteristics give these two 
antiviral cytokine families distinct biologies, including the makeup 
and distribution of cell surface receptors for IFN-I versus IFN-III, varia-
tions in protein stabilities, and the magnitude, kinetics and anatomical 
location of each response34. Whereas IFN-I can prime almost any cell to 
induce an antiviral state, IFN-III activity is more selective and thought 
to be limited to epithelial barrier tissues, including the respiratory and 
gastrointestinal tracts as well as the blood–brain barrier34.

IFN-I and IFN-III signalling functions in both autocrine and para-
crine manners to promote upregulation of interferon-stimulated  
genes (ISGs) such as IRF7, a transcription factor related to IRF3 that 
exhibits more promiscuous DNA-binding activity35. The addition of 
IRF7 expands the transcriptional output resulting from virus recog-
nition to include more members of the IFN-I family, most notably 
the IFNα variants36,37. Induction of IRF7 and other ISGs is mediated 
by IFN-I-dependent or IFN-III-dependent receptor dimerization that 
culminates in the activation and assembly of a transcriptional complex 
termed IFN-stimulated gene factor 3 (ISGF3), which comprises mem-
bers of the signal transducer and activator of transcription (STAT1 and 
STAT2) family, as well as an additional IRF family member (IRF9)34,38. 
Activated ISGF3 then migrates to the nucleus, where it orchestrates the 
transcription of hundreds of ISGs that exert antiviral effects directly 
and indirectly through a variety of mechanisms, including repression 
of viral replication, inhibition of viral transcription/translation and 
degradation of viral nucleic acids34.

The importance of IFN signalling as it relates to the host response 
to coronaviruses was first illustrated by studies in animals lacking 
expression of the IFN-I receptor (IFNAR1−/−), in which strains of mouse 
hepatitis virus (MHV) that normally produce mild illness became 
fatal39,40. The basis for this phenotype stems from the fact that coro-
naviruses provoke a systemic IFN-I response in the host that serves to 
protect distal organs from subsequent infection39,40. In the absence of 
this response, distal tissues are left susceptible to low levels of circu-
lating virus, which is often associated with enhanced disease41. This 
dynamic is observed in young patients with life-threatening COVID-19 
who were found to possess mutations in IFNAR1 or TLR genes42,43 and in 
individuals of advanced age for whom evidence of IFN-I-autoantibodies 
has been reported44,45. Differences in the anatomical expression of IFN-I 
or IFN-III, ISGs and PRRs during infection have also been associated 
with disease severity in patients with COVID-19 in an age-dependent 
manner46–48.

In addition to inducing IFN-I or IFN-III, vertebrates also gener-
ate pro-inflammatory cytokines and chemokines to combat virus 
infections. Unlike IFN-I, which represents a ‘call to arms’ at the site 
of infection, cytokines and chemokines aid in coordinating a ‘call for 
reinforcements’ from more distal sites16,17. When functional, these two 
complementary pathways work to slow replication at the site of infec-
tion and provide time for the adaptive immune response to develop 
the capacity for antigen-specific recognition, establishing a formi-
dable barrier to the evolutionary success of any virus. Unfortunately, 
viruses have evolved countless strategies that interfere with these 
host defences, leading to often unpredictable disease outcomes that 
result from the virus directly, from an aberrant host response, or from 
a combination of the two. In the following section, we describe the cur-
rent state of knowledge regarding SARS-CoV-2-mediated manipulation 
of host biology and provide insight as to how this viral interference 
contributes to disease severity.

SARS-CoV-2 evasion of host defences
As obligate intracellular parasites, all viruses depend on the host for 
energy, raw materials and access to complex biologic machines. To 
establish a productive infection, a virus must usurp or inactivate exten-
sive host pathways. SARS-CoV-2 invests substantial resources to block 
the establishment of the antiviral response (Table 1). These strategies 
are divided into five broad categories and are described in detail below.

Minimizing and masking inflammatory RNA
The first step of the coronavirus infection cycle involves binding of the 
trimeric S glycoprotein to the host cell receptor, which leads to either an 
‘early’ entry pathway of direct fusion with the cellular plasma membrane 
or a ‘late’ entry pathway of receptor-mediated uptake via endocytosis49,50. 
In the case of SARS-CoV-2, both pathways are mediated through bind-
ing of the S trimer to host angiotensin-converting enzyme 2 (ACE2)51. 
For direct fusion with the host membrane to occur, the S protein must 
be cleaved during egress of the virion and then again during the entry 
process. For SARS-CoV-2, this first event is largely mediated by the furin  
protease, and the second by transmembrane serine protease 2 (TMPRSS2) 
at the cell surface51. Alternatively, dual cleavage of the S protein can 
also be mediated by cathepsin proteases during receptor-mediated 
endocytosis51. In either event, once the genomic viral ribonucleoprotein 
complex enters the cytoplasm, the genome dissociates from the viral  
N protein and can be directly translated by the host ribosome thereafter50.

Initial translation of the viral genomic RNA must conform to 
the rules of host translation, both for functionality and to avoid host 
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Table 1 | SARS-CoV-2 proteins responsible for innate immune interference

Open reading frame Activity Mechanism(s)

Nsp1 Blocks recognition by host sensors Prevents phosphorylation of IRF3, possibly through translational shutoff that depletes the 
required cellular factors121

Blocks IFN signallinga Depletes TYK2 and STAT2 (ref. 121)

Blocks nuclear transporta Interacts with mRNA export receptor heterodimer NXF1–NXT1 and impairs its ability to interact 
with mRNA export factors and nucleoporins involved in nuclear export137

Shuts off translation Promotes degradation of cellular mRNA not containing 5′ viral leader sequence155

Blocks the mRNA entry channel to the ribosome by binding via domains within its C terminus to 
the 18S structural RNA component of the 40S ribosomal subunit149–153

Nsp3 Minimizes or masks inflammatory RNA Required for formation of ER-associated DMVs69

Blocks recognition by host sensorsa PLpro domain deISGylates MDA5 (ref. 88)
Cleaves IRF3 (refs. 91,116)

Impairs host protein functiona Macrodomain-X binds to and hydrolyses ADP-ribose bond with amino acid chains92–94

PLpro domain deubiquitinates and deISGylates host signalling protein substrates88,90,91

Nsp4 Minimizes or masks inflammatory RNA Required for formation of ER-associated DMVs69

Nsp5 Blocks recognition by host sensorsa Inhibits the formation of stress granules82

Cleaves N-terminal domain of RIG-I and prevents its interaction with MAVS96

Promotes ubiquitination and degradation of MAVS96

Cleaves IRF3 (refs. 114–116)
Prevents nuclear translocation of IRF3; independent of Nsp5 protease activity or IRF3 
phosphorylation114

Prevents phosphorylation and activation of NF-κB by cleaving TAB1 and NEMO115–117

Nsp6 Minimizes or masks inflammatory RNAa Tethers DMVs to the ER69

Blocks recognition by host sensors Binds to and prevents phosphorylation-mediated activation of TBK1 (ref. 105)

Blocks IFN signalling Prevents phosphorylation of STAT1 and STAT2 (ref. 105)

Nsp8 Shuts off translation Binds to the 7SL RNA scaffold component of the SRP complex, blocking its ability to bind SRP54, 
which is necessary for signal peptide recognition149

Nsp9 Blocks nuclear transporta Interacts with nuclear transport machinery and impairs expression of Nup62 on the nuclear 
envelope136,138

Shuts off translation Binds to the 7SL RNA scaffold component of the SRP complex, blocking its ability to bind SRP19, 
which is required for proper folding and assembly of SRP149

Nsp10 Minimizes or masks inflammatory RNA Acts as a cofactor for Nsp14 and Nsp16 during viral capping58–61

Shuts off translation Enhances Nsp14-mediated translational inhibition124

Nsp12 Minimizes or masks inflammatory RNAa Acts as a guanylyltransferase during viral mRNA capping52,57

Blocks recognition by host sensors Prevents nuclear translocation of IRF3; independent of Nsp12 polymerase activity or IRF3 
phosphorylation118

Nsp13 Minimizes or masks inflammatory RNA 5′ RNA triphosphatase activity during viral mRNA capping57

Blocks recognition by host sensors Binds to and prevents phosphorylation-mediated activation of TBK1105,106

Blocks IFN signalling Reduces endogenous levels of IFNAR1 (ref. 131)
Prevents phosphorylation of STAT1 and STAT2 (ref. 132)

Nsp14 Minimizes or masks inflammatory RNA N7-methyltransferase activity during viral mRNA capping57

Blocks IFN signalling Targets IFNAR1 for lysosomal degradation131

Activates NF-κBa Increases nuclear translocation of p65 and upregulation of pro-inflammatory chemokines, 
including IL-6 and IL-8 (ref. 198)

Shuts off translation Blocks protein synthesis in a manner dependent on ExoN domain and interaction with Nsp10  
(ref. 124)

Nsp15 Minimizes or masks inflammatory RNA Endoribonuclease activity cleaves 5′-polyuridines from negative strand of viral RNAs to reduce 
accumulation of viral PAMPs62

Blocks nuclear transporta Interacts with host nuclear transport machinery (nuclear transport factor 2)136

Nsp16 Minimizes or masks inflammatory RNA 2′-O-methyltransferase activity during viral mRNA capping58

Shuts off translationa Binds the mRNA recognition domains of snRNA U1 and U2 subunits of the spliceosome149

ORF3a Blocks IFN signalling Prevents phosphorylation of STAT1 (ref. 105)
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Because viral mRNA is disguised as host mRNA, translation and 
assembly of the replicase should not initially elicit a cellular response; 
however, as viral RNA synthesis proceeds, dsRNA intermediates 
inevitably begin to form that can trigger host immune activation. The 
reason for this is that both genomic RNAs and sgRNAs must proceed 
through negative-strand intermediates. This accumulation of RNA 
transcripts with opposing polarities and complementary sequences 
increases the potential for dsRNA formation. For SARS-CoV-2 and other 
coronaviruses, early detection of dsRNA dictates the overall fitness 
of the virus. Host induction of antiviral defences before the comple-
tion of the virus life cycle would be enough to confine the infection to 
only those cells that were initially infected. Therefore, before dsRNA 
production, the virus must ensure that strategies are in place to either 
minimize its accumulation or hide it from host sensors: SARS-CoV-2 
utilizes both strategies in parallel. The highly conserved Nsp15 has 
been reported to be responsible for minimizing the accumulation of 
negative-stranded RNA and dsRNA via its endonuclease activity, which 
targets negative-sense transcripts62,63. In parallel, SARS-CoV-2 induces 
the assembly of double-membrane vesicles (DMVs), which have been 

detection. To this end, coronaviruses modify the 5′-triphosphate (pppA) 
of their genomic RNA and sgRNAs through capping and methylation to 
ensure ribosomal loading and avoid host detection (Fig. 1). Formation 
of the coronaviral cap structure entails four sequential enzymatic reac-
tions52. First, a 5′ RNA triphosphatase removes the γ-phosphate from 
the pppA of the nascent mRNA to form 5′-diphosphate (ppA). Next, a 
guanylyltransferase generates the cap core structure by transferring  
a guanosine monophosphate (GMP) to the ppA. After the core structure  
is formed, the guanine is methylated at position N7 by an N7-methyl-
transferase. Finally, a 2′-O-methyltransferase methylates the ribose at the  
2′-O position of the first transcribed nucleotide, producing the final cap 
structure: 7MeGpppA2′OMe. Studies performed with SARS-CoV-2 and other 
coronaviruses have demonstrated that Nsp13, Nsp14 and Nsp16 function 
in the viral capping process as a 5′ RNA triphosphatase, N7-methyltrans-
ferase and 2′-O-methyltransferase, respectively53–58. SARS-CoV-2 Nsp12 
has also been suggested to participate as a guanylyltransferase in this 
process52,57. Additional studies have shown that Nsp10 may participate 
in viral capping by serving as a cofactor for the activities of Nsp14 and 
Nsp16, a function that is conserved among coronaviruses58–61.

Open reading frame Activity Mechanism(s)

ORF3b Blocks recognition by host sensors Prevents nuclear translocation of IRF3 (ref. 120)

ORF6 Blocks nuclear transporta Binds karyopherin-α2 (KPNA2) importin105

Binds to Nup98–Rae1 complex and prevents their association with the NPC136,139–142

Promotes nuclear accumulation of host mRNAs and mRNA transporters; dependent on ORF6 C 
terminus139,144

ORF7a Blocks recognition by host sensors Reduces expression of TBK1 (ref. 97)

Blocks IFN signalling Blocks phosphorylation of STAT1 and STAT2 (ref. 105)

ORF7b Blocks recognition by host sensors Blocks RIG-I and MDA5 signalling in a MAVS-dependent manner97,98

Blocks IFN signalling Blocks phosphorylation of STAT1 and STAT2 (ref. 105)

ORF8 Activates NF-κBa Viral mimic of IL-17A that induces heterodimerization of the human IL-17 receptor and 
downstream activation of NF-κB199

ORF9b Blocks recognition by host sensors Prevents interaction between RIG-I and MAVS97

Binds to TOM70 and inhibits the TOM70/HSP90 interaction, possibly leading to interference in 
TBK1/IRF3 signalling109–111

Blocks TBK1 phosphorylation by preventing the interaction between TBK1 and TRIF107

Spike (S) Blocks recognition by host sensors Potentiates proteasomal degradation of IRF3 (ref. 113)

Blocks IFN signalling Prevents STAT1 from interacting with JAK1 (ref. 119)

Activates NF-κB Promotes phosphorylation of p65 and IκBα; dependent on the S1 subunit200

Membrane (M) Blocks recognition by host sensors Blocks activation of MAVS by impairing its ability to form large aggregates necessary for 
recruitment of signalling adaptors99

Reduces expression of TBK1 via ubiquitin-mediated degradation104

Blocks nuclear transport Binds KPNA6 importin and blocks its interaction with IRF3 (ref. 119)

Nucleocapsid Minimizes/masks inflammatory RNA Binds and destabilizes dsRNA76

Inherent RNA-binding characteristics by virtue of its role in virion assembly76–78

Blocks recognition by host sensorsa Blocks formation of stress granules by binding and sequestering G3BP1 nucleating protein82

Binds to DExD/H box RNA helicase domain of RIG-I and blocks its interaction with TRIM25  
(refs. 83–85)
Inhibits polyubiquitination and aggregation of MAVS, possibly via LLPS100

DMV, double-membrane vesicle; dsRNA, double-stranded RNA; ER, endoplasmic reticulum; ExoN, exoribonuclease; IFN, interferon; IRF, interferon regulatory factor; JAK1, Janus 
kinase 1; KPNA6, karyopherin subunit α6; LLPS, liquid–liquid phase separation; MAVS, mitochondrial antiviral signalling protein; NF-κB, nuclear factor-κB; NPC, nuclear pore complex; 
Nsp, nonstructural protein; Nup, nucleoporin; NXF1, nuclear RNA export factor 1; NXT1, nuclear transport factor 2-like export factor 1; PAMP, pathogen-associated molecular pattern; 
PLpro, papain-like cysteine protease; Rae1, ribonucleic acid export factor 1; snRNA, small nuclear RNA; SRP, signal recognition particle; STAT, signal transducer and activator of transcription; 
TYK2, tyrosine kinase 2. aDenotes mechanistic information supported by studies done in the context of SARS-CoV-2 infection.

Table 1 (continued) | SARS-CoV-2 proteins responsible for innate immune interference
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suggested in other coronaviruses, such as MHV, to compartmentalize 
viral replication away from cellular sensors64,65. These so-called replica-
tion organelles (ROs) associate with the endoplasmic reticulum and 
have been observed during infection with MHV, SARS-CoV, Middle 
East respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV-2  
(refs. 64,66–69). The process of establishing ROs is also a means of dimin-
ishing host capacity to recognize the presence of the virus infection by  
interfering with and/or exploiting autophagy biology70,71. RO assembly 
during SARS-CoV-2 infection is mediated by Nsp3 and Nsp4 function, 
with Nsp6 forming a molecular tether to the endoplasmic reticulum that 
enables the flow of lipids69 (Fig. 1). As it takes time to accumulate sufficient 
levels of Nsp3, Nsp4, Nsp6 and Nsp15, optimal infection is achieved with  

a low multiplicity of infection so that replicase assembly and early genome 
replication do not generate large amounts of dsRNA before the formation 
of DMVs or the translation of adequate levels of Nsp15. Moreover, differ-
ences in the innate immune activation of emerging VOCs may be observed 
as a result of non-synonymous changes that affect the abundance,  
expression or function of viral proteins involved in this process69,72.

Blocking host recognition
Following successful establishment of viral ROs, SARS-CoV-2 tran-
scripts exit the DMVs through specialized molecular pores and enter the 
cytosol, where they undergo translation and begin virion assembly73. 
Outside the protection of the sealed ROs, viral RNAs are subject to 
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Fig. 1 | SARS-CoV-2 strategies to minimize host detection. SARS-CoV-2 enters 
into a host cell by binding angiotensin-converting enzyme 2 (ACE2) on the cell 
surface, a process that can be facilitated by transmembrane protease serine 2 
(TMPRSS2), which provides proteolytic cleavage of the viral spike (S) protein to 
promote virus–host fusion. Following internalization of the viral particle, the 
capped and polyadenylated genomic viral RNA is released into the cytoplasm 
where it can be directly translated (stage 1). Initial translation of viral genomic 
RNA results in the production of the ORF1a and ORF1ab polyproteins (pp1a and 
pp1ab) that are subsequently processed by viral proteases to form the replicase 
and non-structural proteins (Nsps; depicted in yellow) necessary to establish 
replication organelles (ROs). Nsp3 and Nsp4 mediate the modification of 
endoplasmic reticulum (ER) membranes into convoluted membranes (CM) and 
double-membrane vesicles (DMVs) that make up ROs, whereas Nsp6 forms a 
zippered molecular tether between ROs and the ER that enables the flow of lipids 
(stage 2). Nascent viral RNA is modified by Nsp enzymes (depicted in blue) to 

mimic host transcripts and minimize the ability of the cell to induce a defence. 
First, Nsp13 (a 5′ RNA triphosphatase) removes the phosphate from the 5′ end of 
the viral RNA. This is followed by the transfer of a guanosine monophosphate to 
the 5′ end by Nsp12 (a guanylyltransferase) to yield the cap core. Subsequently, 
Nsp14 (an N7-methyltransferase) and Nsp16 (a 2′-O-methyltransferase) assisted 
by the Nsp10 capping cofactor catalyse the final methylation steps necessary to 
complete the viral cap (stage 3). As viral replication proceeds, negative-sense 
RNA (−ssRNA) and double-stranded RNA (dsRNA) intermediates are sequestered 
inside ROs to prevent host detection. In parallel, the positive-sense, single-
stranded genomic and subgenomic RNAs (+ssRNA) needed for translation of 
viral proteins and de novo virion assembly are chaperoned from the replication 
organelles. As replication intensifies, viral RNAs accumulate outside of ROs, and 
are masked and/or minimized by the SARS-CoV-2 nucleocapsid protein (N) and/or 
Nsp15, depicted in orange (stage 4).
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potential recognition by cellular sensors (Fig. 2). As replication intensi-
fies, avoiding host detection by excluding any inflammatory viral RNAs 
would rapidly become impossible. Consequently, coronaviruses also 
devote substantial resources to inhibit cell signalling pathways that 
ensue following recognition.

To navigate this advanced surveillance system, several SARS-CoV-2 
proteins have been suggested to target viral sensing processes and 
delay the production of host antiviral defences (Fig. 2). A central viral 
component proposed to be involved in this role is the N protein. As 
one of the most abundant viral proteins produced during infection, 
this RNA-binding protein is critical for packaging viral genome into 
virions18,74. As it relates to immune antagonism, the inherent ability of 

N to associate with free RNA may also serve to mask it from detection 
or prevent it from forming extensive base pairs with complemen-
tary sequences75–78. Supporting this hypothesis, in vitro studies using 
the Alpha (B.1.1.7) VOC suggested that the enhanced IFN antagonism 
observed with this variant may correlate with increased N protein 
expression compared with earlier viral lineages; additional explana-
tions such as an overall reduction in dsRNA production or increases 
in the expression of other non-structural genes remain possible79,80.  
A recent study also suggested that fragments of the N protein produced 
after cleavage by host caspase 6 may themselves dampen the host IFN 
response, further adding to the growing evidence that N can act as an 
IFN antagonist81. The culmination of this potential viral interference by 
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Fig. 2 | SARS-CoV-2-mediated interference of cellular innate immune 
signalling. Virus infection generates replication intermediates and/or induces 
the formation of stress granules that serve as platforms for RIG-I-like receptor 
(RIG-I or MDA5) activation. Host recognition of viral pathogen-associated 
molecular patterns, such as single-stranded RNA (ssRNA) with an exposed 
5′-triphosphate or double-stranded RNA (dsRNA), promotes the assembly of a 
mitochondria-localized signalling hub orchestrated by mitochondrial antiviral 
signalling protein (MAVS), and culminates in the activation of host kinases IKKα, 
IKKβ and TBK1. Kinase activation induces the production of interferon-β (IFNβ) 
through cooperative engagement of the ATF2–JUN, interferon regulatory factor 
3 (IRF3) and nuclear factor-κB (NF-κB) transcription factors. Secreted IFNβ 
functions in an autocrine or paracrine manner to promote an antiviral state in 
cells. On binding of IFNβ, the type I IFN receptor subunits on the cell surface 
dimerize, bringing together the receptor-associated kinases, Janus kinase 1 

( JAK1) and tyrosine kinase 2 (TYK2), which subsequently activate each other via 
transphosphorylation and promote the recruitment and phosphorylation of the 
signal transducer and activator of transcription (STAT) molecules, STAT1 and 
STAT2. Phosphorylated STAT1 and STAT2 form a stable complex with interferon 
regulatory factor 9 (IRF9) that translocates into the nucleus, where it promotes 
the transcription of IFN-stimulated genes (ISGs). Each of these processes is the 
target of SARS-CoV-2 interference, as illustrated here and further described in 
Table 1. Viral proteins that inhibit aspects of host recognition and the associated 
signalling pathways are shown in purple, whereas those that block components 
of the IFN signalling pathway are depicted in teal. Owing to the ability of Nsp1 to 
more generally inhibit protein synthesis, its role in specifically blocking elements 
of these pathways remains uncertain (question marks). M, membrane protein;  
N, nucleocapsid protein; P, phosphorylation; S, spike protein.
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N would be a delay in innate immune activation, providing SARS-CoV-2 
critical time to replicate and spread in an optimal cellular environment.

Another mechanism for inducing RLR signalling involves the for-
mation of stress granules31 (Fig. 2). These membrane-less cytoplasmic 
aggregates of translationally stalled mRNAs and RNA-binding proteins 
form under various stress conditions, including viral infection, and act 
as platforms for RLR signalling pathways31. Nsp5, which is the main pro-
tease of SARS-CoV-2, can inhibit the formation of these stress granules 
independently of its enzymatic activity82. The SARS-CoV-2 N protein can 
also block formation of stress granules by binding and sequestering 
both RNA and a specific factor called G3BP1, which not only functions 
as the nucleating protein for stress granules but also serves as a liaison 
between stress granules and the RLRs31,82.

In addition to enacting mechanisms to sequester viral PAMPs, 
SARS-CoV-2 proteins can also block PRR activation. The N protein has 
been shown to bind to the DExD/H box RNA helicase domain of RIG-I, 
interrupting its interaction with TRIM25, a cellular ubiquitin ligase that 
potentiates RLR signalling through K63-ubiquitin-mediated activa-
tion of RIG-I83–85. However, the conclusions of these studies are based 
on overexpression systems and do not account for the fact that both 
genomic and subgenomic SARS-CoV-2 RNAs are capped or that RIPLET, 
not TRIM25, is believed to be the more relevant adaptor for RIG-I acti-
vation86,87. Similarly, the Nsp3 protein, also known as the SARS-CoV-2 
papain-like cysteine protease (PLpro), has been reported to antagonize 
conjugation of an ISG, called ISG15, to MDA5, but these data also rely on 
overexpression experiments and focus on an activation pathway that 
has unclear physiological relevance88,89. Nsp3 may play a more central 
role in host immune evasion owing to its general ability to interfere with 
other protein modifications, including ubiquitin and/or ADP-ribose 
conjugations90–94. Despite sequence divergence, the ability of Nsp3 
to alter post-translational modifications is largely conserved among 
coronaviruses, suggesting an important global role for this protein in 
host evasion92,95.

As cellular recognition of virus infection is unlikely to be com-
pletely prevented, other viral components target host factors further 
downstream in the signalling cascade. This strategy enables the virus to 
interfere with multiple antiviral surveillance systems that converge on 
the activation of certain cellular adaptors. For example, overexpression 
studies of N, M, Nsp5 and ORF7b have all generated data supporting 
the capacity of SARS-CoV-2 to interfere with MAVS biology82–85,96–99 
(Fig. 2). Although the mechanisms of action against MAVS have not 
been fully elucidated, recent evidence has suggested that the N protein 
may inhibit MAVS polyubiquitination and aggregation in a manner 
dependent on the N dimerization domain100. Notably, this domain  
is also required for the liquid–liquid phase separation (LLPS) of  
N on its interaction with viral RNA100. In addition to its probable role in 
mediating viral assembly, LLPS of N has also been associated with its 
ability to interact with stress granules and components of the NF-κB 
signalling pathway, providing additional evidence supporting its role 
in immune evasion and modulation101–103. Other sensor-targeting strate-
gies employed by SARS-CoV-2 proteins include direct ubiquitination 
and proteasome-mediated degradation of MAVS, an activity medi-
ated by Nsp5 (ref. 96). Similarly, the M protein of SARS-CoV-2 has been 
reported to interfere with the ability of MAVS to establish the necessary 
scaffolding required for downstream transcription factor activation99. 
SARS-CoV-2 M, Nsp6, Nsp13, ORF7a and ORF9b proteins have also 
been shown to target and inhibit the function of additional host fac-
tors involved in MAVS signalling such as TBK1, the kinase responsible 
for IRF3 activation97,104–111. In particular, Nsp6, Nsp13 and ORF9b have 

each been suggested to bind to TBK1, preventing its phosphorylation-
mediated activation105–107, whereas M and ORF7a have been reported 
to reduce TBK1 expression97,104.

One unique aspect of SARS-CoV-2 as it relates to PRR signalling 
is that the virus induces NF-κB activation, despite its involvement in 
antiviral signalling (Box 2). The basis for this activity is thought to 
relate to NF-κB-dependent transcriptional outputs that are not related 
to cellular defences but are required by the virus112. Moreover, as SARS-
CoV-2 specifically targets IRF3, active NF-κB signalling is not sufficient 
to restore IFN-I induction. The S, Nsp3 and Nsp5 viral proteins have 
all been reported to reduce the expression of IRF3 through a variety 
of proposed models91,113–117. Nsp5, Nsp12, ORF3b and M also block the 
nuclear translocation of IRF3 following PRR signalling events114,118–120. 
For Nsp5 and Nsp12, this suppression was independent of both the 
phosphorylation state of IRF3 and the respective protease and poly-
merase activities of Nsp5 and Nsp12 (refs. 114,118). Inhibition of IRF3 
phosphorylation has also been reported for Nsp1, although the mecha-
nism may involve a more general shutoff of global translation, which 
depletes the cellular factors necessary for this process to occur, as 
further discussed below121.

Blocking interferon signalling
Single-cell RNA sequencing of SARS-CoV-2-infected cells has revealed 
that more than 60% of the total mRNA found in an infected cell can be 
virus-derived, illustrating the efficiency with which the virus usurps the 
cell112,122. This outcome is the product of high levels of viral genomic RNA 
and sgRNA transcription, coupled to the Nsp1-mediated suppression 
of host mRNA123. Further contributing to this hostile cellular takeover is 
the targeted inhibition of host translation and RNA splicing mediated 
by Nsp10 and Nsp14 (refs. 124,125). However, even with these potent viral 
countermeasures in place, SARS-CoV-2 ultimately induces cell death 
through multiple mechanisms126, enabling detection of the virus by 
phagocytic cells127. It is this dynamic that is likely responsible for the 
high levels of IFN-I and IFN-III observed in response to SARS-CoV-2 
infection, especially in patients with severe COVID-19 (refs. 128–130). As 
this biology cannot be easily blocked, SARS-CoV-2 also benefits from 
targeting the signalling cascade responsible for responding to IFN-I 
and IFN-III and inducing ISG expression (Fig. 2).

SARS-CoV-2 Nsp13 and Nsp14 interfere with IFN-I signalling by 
reducing the expression of the IFNAR1 receptor subunit131. In addition, 
Nsp13 and the S protein both interact with STAT1, preventing its docking 
to the receptor and subsequent phosphorylation-mediated activa-
tion119,132. Similarly, reduction of host transcripts mediated by Nsp1, 
Nsp10 and Nsp14 also contributes to blocking ISG production121,124. 
Interference with ISG induction is especially important for viruses, as 
infection of a cell primed with IFN-I or IFN-III is both non-productive 
and serves to amplify the global host response at a time when the virus 
is still vulnerable to detection133.

Blocking nuclear transport
Whether through blocking the translocation of transcription fac-
tors or by preventing the export of host mRNA, interfering with the 
nuclear transport machinery can provide an immediate selective 
advantage for a cytoplasmic pathogen. The nuclear pore complex 
(NPC) is a large structure that bridges the inner and outer membranes 
of the nuclear envelope and forms an aqueous channel through which 
nucleocytoplasmic transport is regulated134,135. The NPC is composed 
of various protein subunits, called nucleoporins (Nups), that interact 
with soluble nuclear transport receptors of the karyopherin protein 
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family (importins and exportins) responsible for shuttling specifically 
tagged proteins between the nucleus and the cytoplasm. Viruses from 
many different families co-opt this machinery to allow specific viral 
proteins to gain access to the nucleus as needed, and/or to block host 
components from carrying out functions that restrict viral replica-
tion134. Analyses of protein–protein interactions that occur between 
SARS-CoV-2 and host factors revealed that Nsp1, Nsp9, Nsp15, ORF6 
and M are all capable of interacting with the host nuclear transport 
machinery119,136–138 (Fig. 3).

Numerous independent research groups have demonstrated 
that ORF6 inhibits nucleocytoplasmic transport by binding to the 
complex formed by the IFN-inducible nucleoporins, Nup98 and ribo-
nucleic acid export factor 1 (Rae1), and drawing them away from the 
NPC104,136,139–142. Crystal structure data analysis of this interaction dem-
onstrated that ORF6 outcompetes RNA for access to the mRNA-binding 
groove of the Nup98–Rae1 complex143. By targeting this complex, ORF6 
blocks nuclear translocation of transcription factors, including IRF3 
and the individual components of ISGF3, and it prevents mRNAs, such 
as those encoding IFN-I, IFN-III or antiviral ISGs, from entering the 
cytoplasm for translation139–142,144. Notably, ORF6 may also contribute 
to observable differences between SARS-CoV and SARS-CoV-2, as the 
ORF6 from SARS-CoV-2 generates a modified structure associated with 
stronger anti-IFN activity than the ORF6 from SARS-CoV142,145.

Shutting off translation
In addition to preventing an infected cell from utilizing the resources 
of its own defence system, many viruses also target aspects of protein 
synthesis to enhance fitness146. During eukaryotic translation, the 5′ cap 
and poly-A structures of mature mRNA transcripts are recognized by 

the 40S ribosomal subunit, a process regulated by eukaryotic initiation 
factors147. On scanning of the AUG initiator codon, the 60S ribosomal 
subunit joins the complex to form the 80S ribosome, and elongation of 
the polypeptide chain proceeds147. As translation of viral proteins also 
relies on the host machinery, virus-mediated interference with these 
processes must retain some selectivity to be successful.

Nsp1 is the best-characterized example of a coronavirus protein 
that shuts off host translation, although equivalent proteins from dif-
ferent viruses seem to use distinct strategies for inhibition148. Several 
groups have demonstrated that SARS-CoV-2 Nsp1 blocks the mRNA 
entry channel to the ribosome by binding to the 18S ribosomal RNA 
component of the 40S ribosomal subunit149–153 (Fig. 3). In fact, the 
C terminus of Nsp1 was found to exhibit structural similarity to two 
known ribosome inhibitors, SERBP1 and Stm1, which also prevent 
mRNA from accessing the entry channel of the 40S ribosome149. More-
over, when the C-terminal domain of Nsp1 was mutated to ablate its 
interaction with the ribosome, a loss of translational repression was  
observed106,149,150,153. This interaction between Nsp1 and the ribosome 
has been associated with a robust reduction in the translation of endog-
enous proteins in human cells, even in the absence of other SARS-CoV-2 
proteins106,149–151. Although some groups have reported that mRNAs 
containing the 5′ viral leader sequence were largely protected from 
Nsp1-mediated translation inhibition149,154, others found this activ-
ity to be non-discriminatory150,153,155. In each of these studies, the 5′ 
and/or 3′ untranslated region of SARS-CoV-2 was fused to a reporter 
gene, so it is possible that other features of viral mRNA may play a role 
in escaping translational shutdown. One study additionally demon-
strated that inclusion of the viral 5′ untranslated region resulted in a 
fivefold increase in the translation of reporter mRNA, suggesting that 

Box 2

The odd relationship between SARS-CoV-2 and NF-κB
Productive infection of a cell is a defining moment that will often 
determine the trajectory of the virus–host relationship. Success for 
the host generally equates to the ability of that cell to recognize the 
infection and launch two complementary strategies: the ‘call to arms’ 
mediated by IFN-I or IFN-III, and the ‘call for reinforcements’ mediated 
by pro-inflammatory cytokines and chemokines. Initiation of these 
two cellular defences requires ligation of pattern recognition receptor 
(PRR) sensors and subsequent activation of nuclear factor-κB (NF-κB) 
and interferon regulatory factor 3 (IRF3) and/or interferon regulatory 
factor 7 (IRF7). Despite various virus-mediated mechanisms for block-
ing PRR biology during SARS-CoV-2 infection, NF-κB-responsive  
elements remain active, as demonstrated by single-cell ATAC- 
sequencing112. As a result, an imbalanced immune response is estab-
lished, in which IFN-I or IFN-III signalling, which requires NF-κB and 
IRF3 and/or IRF7, is impaired, whereas the chemokine-mediated ‘call 
for reinforcements’, controlled by NF-κB alone, is maintained177. This 
outcome might seem counterproductive as it relates to virus fitness 
and evolutionary selection, but inhibition of NF-κB was found to not 
only block chemokine production, but also SARS-CoV-2 replication, 
suggesting that the transcriptional output must also benefit the 
virus112. Although it remains unclear which specific NF-κB gene tar-
gets are required to ensure productive viral replication, these studies 

do demonstrate that signalling is maintained. Another study exploring 
the relationship between NF-κB and SARS-CoV-2 reported that ORF8 
acts as a viral mimic of IL-17A, binding and inducing heterodimeriza-
tion of the human IL-17 receptor subunits and stimulating downstream 
activation of NF-κB199. ORF8 would thus be able to trigger a robust 
inflammatory response during infection, and has been suggested to 
contribute to severe inflammation during COVID-19 (ref. 199). Patients 
infected with isolates of SARS-CoV-2 containing a deletion or muta-
tion in ORF8 have been reported to experience milder disease199. 
Nsp14 has also been suggested to contribute to viral activation of  
NF-κB, as measured by the nuclear translocation of p65 and the 
upregulation of pro-inflammatory chemokines, IL-6 and IL-8 (ref. 198). 
Similarly, the spike (S) protein of SARS-CoV-2 activates NF-κB in a 
manner that is dependent on the S1 subunit and is associated with 
increased expression of the NLRP3 inflammasome200. Inflammasomes 
are intracellular, multi-protein complexes that assemble in response to 
pathogen-associated molecular patterns and are associated with the 
activation of inflammatory cascades203. Collectively, this odd relation-
ship between SARS-CoV-2 and NF-κB signalling is a unique driver  
of viral pathogenesis, where the imbalanced immune response  
and associated  complications account for substantial morbidity and 
mortality.
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viral RNA may be translated more efficiently than host mRNAs, thus 
compensating for the translational block150. Alternatively, the Nsp1 
protein may induce degradation of mRNAs that lack the 5′ viral leader 
sequence, thus allowing viral mRNAs to be selectively translated over 
cellular mRNAs155. As the Nsp1 protein has been implicated in several 
processes related to the evasion of host innate immunity, it is important 
to consider how its ability to globally suppress protein translation may 
contribute to its other reported functions.

In addition to the well-documented involvement of Nsp1, other 
viral proteins such as Nsp10, Nsp14 and Nsp16 also play a role in trans-
lational shutoff during SARS-CoV-2 infection (Fig. 3). In order for nas-
cent RNA transcripts to be converted into translationally competent 
mature mRNAs, intervening sequences (introns) must be cutout so that 

expressed sequences (exons) can be joined together156. This process, 
known as RNA splicing, is mediated by an RNA–protein complex termed 
the spliceosome, which comprises a group of small, non-coding, 
nuclear RNAs and protein splicing factors156. As disruption in splic-
ing can often equate to a selective advantage for a virus that does not  
require this biology, this is another commonly observed target for RNA 
viruses, including SARS-CoV-2. In this regard, SARS-CoV-2 Nsp16 has 
been shown to be capable of binding to the mRNA recognition domains 
of U1 and U2, two of the major small nuclear RNA subunits that make up 
the spliceosome, resulting in global inhibition of host mRNA splicing 
during infection149. Similar interference with global host expression 
that has also been found to impact splicing has been reported for Nsp10 
and Nsp14 (refs. 124,125). Perturbations in host splicing activity as a result 
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Fig. 3 | SARS-CoV-2-mediated interference of general host cell biology. 
Cellular induction of an antiviral response is dependent on bidirectional 
trafficking through the nuclear pore complex (NPC). With the aid of nuclear 
transport receptors (importins), cellular transcription factors that are induced 
in response to infection translocate through the NPC into the nucleus and bind 
sequences within antiviral genes to drive their expression. Following de novo 
transcription and capping of the nascent messenger RNA (mRNA), the host 
spliceosome assembles at RNA splicing sites and promotes intron excision to 
yield translationally competent mature transcripts. These transcripts associate 
with nuclear transport receptors (exportins) and are exported through the 
NPC into the cytoplasm, where they are translated by host ribosomes and 
routed for proper folding and cellular localization based on recognition of their 
signal peptide by the signal recognition particle (SRP). SARS-CoV-2 encodes 

several proteins that block nuclear transport (depicted in purple), including 
non-structural proteins (Nsps), the open reading frame 6 (ORF6) accessory 
protein and the membrane structural protein (M). This inhibition is facilitated 
by interactions with the host proteins indicated (KPNA2, karyopherin subunit 
α2; KPNA6, karyopherin subunit α6; NTF2, nuclear transport factor 2; Nup62, 
nucleoporin 62; Nup98, nucleoporin 98; NXF1, nuclear RNA export factor 1; 
NXT1, nuclear transport factor 2-like export factor 1; Rae1, ribonucleic acid 
export factor 1). SARS-CoV-2 also encodes proteins that ultimately shut off 
translation (depicted in red) by inhibiting host RNA splicing, preferentially 
blocking host RNAs for nuclear export in favour of viral RNAs, interfering with 
ribosomal function and preventing protein trafficking. As Nsp1 is also capable  
of more generally inhibiting protein synthesis, its role in preferential targeting  
of viral RNAs remains uncertain (question marks).
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of SARS-CoV-2 infection have been observed in infected lung samples 
from patients with COVID-19 (ref. 157).

To ensure proper folding and trafficking of newly formed proteins, 
nascent ribosome-associated peptide chains are continually scanned 
by the signal recognition particle (SRP) for hydrophobic signal peptides 
that identify products destined for secretion or insertion into a host 
membrane158. On signal recognition, the SRP triggers the ribosome 
to translocate to the endoplasmic reticulum, where those proteins 
can be properly formed and routed. SARS-CoV-2 Nsp8 and Nsp9 have 
each been found to bind to the 7SL RNA scaffold component of the SRP 
complex, disrupting protein trafficking and resulting in degradation of  
newly translated proteins149. Specifically, Nsp8 binds to the region 
of 7SL bound by the SRP54 protein, which is the component of SRP 
responsible for signal peptide recognition, whereas Nsp9 binds to the 
region of 7SL that interacts with the SRP19 protein, which is required for 
proper folding and assembly of SRP itself149. This interference with SRP 
structure and function was associated with reduced protein integra-
tion into the cell membrane of SRP-dependent membrane proteins149. 
As a number of immune mediators, including IFN-I and IFN-III family 
members, are known to be secreted in this way, this study suggests an 
important role for Nsp8 and Nsp9 in evasion of host immunity (Fig. 3).

Systemic inflammation and clinical presentation
Despite the ability of SARS-CoV-2 to block and evade innate immunity in 
the context of directly infected cells, these immune mechanisms remain 
intact in uninfected bystander cells, which are capable of sensing and 
responding to the debris from dying or damaged cells112. Ironically, this 
dynamic leads to an abnormally robust innate immune response, albeit 
delayed, as SARS-CoV-2 replication can initially proceed unabated in 
the airways until the infected cells begin to die and new progeny virions 
are released by the thousands159. As a result, initial engagement of the 
host response initiates at a time of relatively high virus load when viral 
PAMPs become readily detectable29,112. This dynamic results in elevated 
production of IFN-I and IFN-III, which spread beyond the airways and 
begin inducing inflammatory processes in all distal tissues. Even in 
the absence of virus infection, this systemic response can impose sub-
stantial stress on the body and materialize into the diverse clinical 
presentations that have been associated with COVID-19.

Arguably one of the paradoxes of SARS-CoV-2 biology is the capac-
ity of this respiratory virus to bring about extrapulmonary clinical 
manifestations, especially gastrointestinal and/or cardiovascular 
ones160–162. Countless clinical case studies have documented virus-
associated transcriptional changes in every organ of the body during 
acute infection, a phenomenon that can be phenocopied in the hamster 
model of COVID-19 (refs. 41,163–165). Moreover, a notable proportion of 
individuals with COVID-19 who clear the virus can retain protracted dis-
ease symptoms involving multiple organs162. Although an understand-
ing of the underlying biology for the acute and persistent presentations 
of COVID-19 remains incomplete, the host response to SARS-CoV-2 
infection undoubtedly initiates these processes.

It is tempting to speculate that the diverse clinical presentations 
of SARS-CoV-2 may be a product of some unique aspect of the virus. 
Although possibly true for a subset of the many documented systemic 
conditions, it should be noted that several disease outcomes associ-
ated with COVID-19 are also commonly observed in response to other 
respiratory infections, such as influenza A virus (IAV), suggesting that 
the extent of disease may instead be a by-product of strain-specific 
attributes, such as viral fidelity or interference, that might impact 
the production of inflammatory material or the kinetics by which 

this material can be sensed166,167. This concept is supported by recent 
publications demonstrating that infection of different small-animal 
models with either SARS-CoV-2 or an H1N1 IAV strain can result in com-
parable transcriptional signatures in organs distal to the initial site 
of infection168,169. Isolation of infectious virus outside the airways in 
non-immunocompromised individuals infected with either virus is 
rare, suggesting that virus-mediated damage to the airways results in 
a substantial host response that travels through the circulation and 
stimulates every organ system. As underlying conditions in any one of 
those organs could be exacerbated by such a stimulus, diverse clinical 
presentations would be anticipated.

In contrast to the observed similarities in host immune response to 
IAV versus SARS-CoV-2, there are some clinical presentations that sug-
gest SARS-CoV-2 does exhibit unique attributes, especially regarding 
its ability to induce post-acute sequelae (also known as long COVID). 
Although IAV and SARS-CoV-2 enact similar strategies to gain cellular 
access, the viral fusion proteins responsible for these activities utilize 
different cellular receptors. The resulting difference in cell tropism 
could help explain the propensity for SARS-CoV-2 to lead to some con-
ditions associated with long COVID, including anosmia (loss of smell), 
which is a commonly observed clinical presentation and unique feature 
of COVID-19. SARS-CoV-2 productively infects sustentacular cells in 
the olfactory epithelium, resulting in the same host response and 
cell death as that observed in the airways170. Following viral infection, 
there is evidence that dying sustentacular cells release dsRNA-laden 
material capable of triggering microglial and macrophage activation 
and robust engagement of antiviral defences in the olfactory system, 
events that are not observed in response to IAV infection170,171. The likely 
resulting production of IFN-I, IFN-III and pro-inflammatory cytokines 
from these bystander cells could then induce immune priming in the 
olfaction system in a dynamic akin to how respiratory infection can 
prime distal organs. An important distinction in the olfaction system, 
however, is that when olfactory neurons respond to these types of 
immune cue, their normal function is disrupted, which may explain the 
development of anosmia170. This same phenomenon is also a probable 
link to the underlying cause of other neurological dysfunctions follow-
ing infection with SARS-CoV-2 (ref. 169). Together, these data suggest 
that the pathobiology of a given virus infection can be defined by the 
magnitude of inflammatory material available for sensing, in combi-
nation with the physical location in which this material is  generated 
and/or deposited.

Host-targeted immunotherapeutics for COVID-19
RNA virus populations undergo logarithmic expansion and generate a 
landscape of small mutations in the process, enabling them to escape 
the selective pressures imposed by our immune defences and/or admin-
istration of antiviral drugs. One strategy to circumvent this evasion is 
by targeting a host factor that is required for virus biology, but not for 
host biology. For example, host factors involved in, but not critical for, 
membrane trafficking, lysosome regulation and chromatin remodelling 
have been identified via whole genome CRISPR–Cas screens as being 
essential for SARS-CoV-2 infection49,172,173. Small compounds designed 
to competitively engage such factors would thus impose a formidable 
selective pressure on the virus. A complementary approach is to directly 
target the host response to virus infection. Common examples of this 
strategy include compounds that diminish pain, fever and/or malaise. 
In addition, pathogenesis resulting from an imbalanced host response 
to viral infection can be diminished using immune-modulating com-
pounds. Below, we summarize host-targeted immunotherapeutics 
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that have demonstrated clinical value in treating hospitalized patients 
with COVID-19 (Table 2).

Corticosteroids
Multiple randomized controlled clinical trials (RCTs) have demon-
strated the effectiveness of systemic corticosteroid treatment in a 
subset of hospitalized patients with severe COVID-19, presumably 
due to its ability to generally mitigate SARS-CoV-2-induced inflam-
mation. In a large (n = 6,425), open-label RCT (RECOVERY), low-dose 
dexamethasone decreased mortality in patients receiving either inva-
sive mechanical ventilation or oxygen alone, but not among those 
receiving no respiratory support174. A WHO meta-analysis of seven 
RCTs including a total of 1,703 critically ill patients with COVID-19 
also reported a reduction in mortality following administration of 
dexamethasone175. As a result of these findings, current NIH guidelines 
recommend the standard use of dexamethasone or other systemic 

corticosteroids in hospitalized patients with COVID-19 who require 
mechanical  ventilation or oxygen support176.

IL-1 and IL-6 inhibitors
Early studies characterizing the host responses to SARS-CoV-2 high-
lighted the development of a life-threatening hyperinflammatory 
response that was characterized by the robust induction of both IL-1 
and IL-6. This finding drew parallels to cytokine release syndrome, 
an aberrant and life-threating immune response commonly associ-
ated with various cancer treatments177–180. As a result, inhibitors of IL-1 
(anakinra and canakinumab) or IL-6 (tocilizumab and sarilumab), which 
are routinely co-administered to combat cytokine release syndrome, 
were tested individually to assess their therapeutic value for COVID-19 
(refs. 181,182). Although some clinical trials reported improvements in 
inflammatory biomarkers and amelioration of lung pathology, others 
were inconclusive or demonstrated only modest value in reducing 

Table 2 | Immune-modulating panel recommended by the NIH for COVID-19 treatment

Category Name General mechanism Recommendationa

Anti-inflammatory Colchicine Reduces chemotaxis of neutrophils
Inhibits inflammasome signalling
Decreases inflammatory cytokine 
production

Not recommended, except in clinical trials

Anti-inflammatory Fluvoxamine Decreases inflammatory cytokine 
production

Insufficient evidence

Anti-inflammatory: 
corticosteroid

Dexamethasone (systemic) Systemic mitigation of inflammation For use in hospitalized patients with COVID-19 who require 
mechanical ventilation or oxygen support

Anti-inflammatory: 
corticosteroid

Prednisone
Methylprednisolone
Hydrocortisone

Systemic mitigation of inflammation For use as an alternative to dexamethasone, in the case that it is 
unavailable

Anti-inflammatory: 
corticosteroid

Budesonide (inhaled) Localized mitigation of 
inflammation (lung)

Insufficient evidence

Cytokine inhibitor Anakinra Inhibits IL-1 Insufficient evidence

Cytokine inhibitor Canakinumab Inhibits IL-1 Not recommended, except in clinical trials

Cytokine inhibitor Siltuximab Inhibits IL-6 Not recommended, except in clinical trials

Cytokine inhibitor Tocilizumab Inhibits IL-6 For use in combination with systemic corticosteroids for hospitalized 
patients with severe COVID-19 who have rapidly increasing oxygen 
requirements and increased markers of inflammation

Cytokine inhibitor Sarilumab Inhibits IL-6 For use as an alternative to tocilizumab, in the case that it is 
unavailable

Cytokine inhibitor Gimsilumab
Lenzilumab
Namilumab
Otilimab
Mavrilimumab

Inhibits granulocyte-macrophage 
colony-stimulating factor

Insufficient evidence

Kinase inhibitor Baricitinib Inhibits JAK1 and JAK2 For use as second immunomodulatory drug in hospitalized patients 
on dexamethasone with rapidly increasing oxygen requirements and 
systemic inflammation

Kinase inhibitor Tofacitinib Inhibits JAK1, JAK2 and JAK3 For use as an alternative to baricitinib, in the case that it is 
unavailable or unfeasible

Kinase inhibitor Ruxolitinib Inhibits JAK1 and JAK2 JAK inhibitors other than baricitinib or tofacitinib are not 
recommended, except in clinical trials

Immunoglobulin Non-SARS-CoV-2-specific 
intravenous immunoglobulin

General suppression and/or 
modification of the inflammatory 
response

Not recommended, except in clinical trials

JAK, Janus kinase. aNIH COVID-19 treatment recommendations176.
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progression to more severe disease post-hospitalization183–187. Despite 
insufficient evidence to support monotherapy with IL-6 inhibitors, their 
use in the context of corticosteroid treatment in a subset of hospitalized 
patients requiring ventilation was clinically beneficial184,188. Efforts are 
ongoing to assess the value of simultaneously blocking IL-1 and IL-6 
pathways (Clinicaltrials.gov; NCT05279391)189.

JAK inhibitors
In response to SARS-CoV-2 infection, a variety of immune-related activi-
ties are triggered through cytokine-mediated induction of Janus kinase 
( JAK)–STAT-dependent signalling events. A subset of therapeutic inhibi-
tors of this pathway have shown benefit in the treatment of individuals 
hospitalized with COVID-19. The COV-BARRIER RCT (n = 1,525), which 
looked at patients with COVID-19 pneumonia and at least one elevated 
inflammatory marker, demonstrated increased survival with barici-
tinib ( JAK1 and JAK2 inhibitor) when included with corticosteroids in 
standard care190. Clinical benefit of baricitinib in hospitalized patients 
with oxygen requirements was also seen in the ACTT-2 RCT (n = 1,033), 
although the drug was not evaluated in combination with corticoster-
oids191. Additionally, the double-blind, placebo-controlled STOP-COVID 
RCT of 289 hospitalized patients on low-flow oxygen demonstrated a 
reduction in risk of respiratory failure and death with use of tofacitinib 
( JAK1, JAK2 and JAK3 inhibitor) in combination with dexamethasone192.

At present, a direct antiviral targeting the main viral protease (Pax-
lovid, manufactured by Pfizer) is the preferred treatment for high-risk, 
symptomatic individuals with SARS-CoV-2 (ref. 176). If disease continues 
to develop and hospitalization is required, initial efforts are focused on 
preventing clotting while reducing general inflammation in the patient 
with inexpensive steroids. The immune-modulating drugs described 
above, as well as others still under evaluation, serve as experimen-
tal approaches that might be used should standard  treatment prove 
ineffective.

Conclusions
The COVID-19 pandemic has imposed a major burden on global health, 
the full extent of which remains unclear. Despite being predominantly 
restricted to the airways, SARS-CoV-2 infection induces system-wide 
innate immune activation, which can manifest clinically as diverse 
extrapulmonary presentations alongside the more common respira-
tory complications165,169,193. In addition to the countless infections and 
millions of deaths worldwide, SARS-CoV-2 also harbours the unique 
capacity to generate persistent symptoms for weeks to months follow-
ing infection — a clinical phenomenon colloquially referred to as long 
COVID. Based on our present understanding of SARS-CoV-2 biology, 
the underlying driver of many acute disease outcomes has become 
clearer, whereas others, especially those pertaining to long COVID, 
remain enigmatic.

Initial infection in the airways results in productive viral repli-
cation, transforming infected cells into viral factories and hamper-
ing first-line IFN-mediated defences required to slow this process177. 
Complicating things further, SARS-CoV-2 also engages the cell to pro-
mote a pro-viral environment, which incidentally activates aspects 
of later-stage innate immune defences112. This imbalanced response 
consequently recruits pro-inflammatory cells to the airways while 
virus replication progresses unchecked, causing extensive inflam-
mation and respiratory damage. As infected cells die, inflammatory 
material associated with the virus begins to appear in the extracellular 
milieu, enabling the induction of the IFN response by local bystander 
cells. As the virus population expands, accumulation and detection 

of inflammatory debris accelerates, resulting in an IFN signature that 
can be documented in every organ of the body165,169. This response, 
which can persist for 7–10 days following infection, offers some protec-
tion against distal infections, but can also result in organ dysfunction 
should any underlying condition exist. In healthy individuals, the acute 
phase of infection can materialize with few consequences and result in 
 successful virus neutralization and resolution of infection164.

Although the initial virus–host dynamics are now generally under-
stood, the long-term consequences of SARS-CoV-2 infection remain 
unclear. Long COVID encompasses a myriad of clinical presentations 
with no clear root cause194. Initial efforts to understand long COVID 
have found evidence for localized and sustained inflammation in the  
olfactory system, changes in areas of the brain and anomalies in  
the blood168,195,196. When modelled in small animals, comparable observa-
tions further suggest that these events can result in changes to sensory 
perception, neural biology, renal function and cardiovascular perfor-
mance169,197. Although many of these disease manifestations could be 
stochastic or driven by a common mechanism, at this time we still do 
not understand the basis of continued inflammation. Transcriptional 
changes observed in animal models and cadaver tissues suggest that 
material capable of inducing inflammation persists well beyond viral 
clearance169. Current leading theories relating to the source of this 
material include low-level virus replication, persistent defective viral 
genomes or even a secondary infection made possible by initial SARS-
CoV-2 infection. It may be that all, or none, of these possibilities drive 
long COVID. Nevertheless, solving this scientific question should be a 
central focus of the community moving forward, as it will be essential 
for developing effective treatments for the many lives that continue to 
be impacted by SARS-CoV-2.
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