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1  |  INTRODUC TION

A central challenge of the innate immune system is to use hard-
coded sensors to recognize and respond to unknown and evolving 
challenges. This is especially salient with respect to viral infections, 
which evolve quickly, and may spill freely between related species.1 
Therefore, over the course of their lifetime, a long-lived organism 
can expect to encounter viral infections that did not even exist at the 
time of their genesis. To this end, organisms have evolved a web of 
responses which allows for the recognition of diverse-yet-conserved 
microbial patterns (reviewed in2). The millennia-long coevolution of 
viruses alongside these antiviral responses has tangled this web into 
knots. However, if the web can be said to have a center, it could be 
that of interferons (IFNs). IFNs are ancient cytokines, existing in all 

jawed vertebrates,3 where they have undergone multiple rounds of 
duplication and diversification (reviewed in4). In humans, three major 
families of IFN are currently recognized (I, II, and III) (reviewed in5). 
Type I and III IFNs are primarily produced as the first line of alarm and 
can be generated by most cell types, while Type II IFNs are mostly 
made secondarily by specialized immune subsets (ie, NK cells or T 
cells) (reviewed in6). Therefore, Type I and III IFN responses are cru-
cial to the initial control of viral infections.7 These IFN are induced 
by an incredible diversity of systems including dozens of pattern 
recognition receptors (PRRs) (eg, TLRs, RLRs, STING) (reviewed in2). 
Once produced, IFNs activate intrinsic antiviral state in the cells that 
sense them via specific IFN receptors, a state that is characterized by 
the eponymous IFN Stimulated Gene (ISG) signature.5 Additionally, 
IFNs activate higher order processes (ie, antigen presentation, NK 

DOI: 10.1111/imr.13113  

I N V I T E D  R E V I E W

Interferon induction, evasion, and paradoxical roles during 
SARS-CoV-2 infection*

Carolina Chiale |   Trever T. Greene |   Elina I. Zuniga

Division of Biological Sciences, University 
of California San Diego, La Jolla, 
California, USA

Correspondence
Elina I. Zuniga, Division of Biological 
Sciences, University of California San 
Diego, La Jolla, CA, USA.
Email: eizuniga@ucsd.edu

Funding information
NIH Office of the Director, Grant/
Award Number: AI145314, AI113923 and 
AI132122; N.I.H

Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent 
of coronavirus disease 2019 (COVID-19), has caused millions of deaths in the past 
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responses, and the current efforts to implement IFNs as therapeutics in the treatment 
of COVID-19. It is essential to understand the relationships between SARS-CoV-2 and 
IFN to better inform treatments that exploit IFN functions to alleviate COVID-19.
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cell activity, T-cell expansion, differentiation, and function) which 
are critical for the control of viral infections (reviewed in7,8).

The rise of the severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) pandemic in 2019 was an abject lesson in the 
threatening potential of novel-virus emergence. The pandemic has 
also sparked an inundating wealth of studies focused on the SARS-
CoV-2-induced responses that protect, or harm, its hosts. Given the 
central role of IFN in the control of viral infections, it is thus unsur-
prising that these cytokines have emerged as critical components 
in the control of SARS-CoV-2.9-30 The effects that IFNs play during 
SARS-CoV-2 infection appear, however, to be complex, nuanced, and 
highly dependent on context. IFNs are, for example, clearly crucial 
for the control of SARS-CoV-2,9–30 but also potential contributors to 
the severest form of 2019 coronavirus associated disease (COVID-
19).31–35 This is further complicated by the capacity for evasion of 
human IFN responses clearly present, but perhaps yet untuned, in 
this novel virus (reviewed in36). In this review, we summarize the 
burgeoning field at the intersection of SARS-CoV-2 infection and 
its relationship to IFN, and push toward a deeper understanding of 
how the existing web of IFN regulation has incorporated this novel 
disease as well as the complexities and seeming paradoxes therein.

2  |  THE COMPLE X ROLE OF IFN IN SARS-
COV-2 CONTROL AND COVID -19

2.1  |  IFN responses are protective against 
COVID-19

While there are certainly complexities in the overarching role of 
IFNs in COVID-19 pathology, it is also clear that initial IFN responses 
are highly protective against SARS-CoV-2 infection. This is partly 
supported by multiple avenues of evidence in people with diverse 
deficiencies in the IFN response pathway. Indeed, genetic deficien-
cies related to IFN induction9,10,12,23,30 as well as IFN neutralizing 
auto-antibodies11,13–22,24–29 have been identified in people with 
severe COVID-19. These correlations are epidemiologically signifi-
cant. For example, 1.5% of severe COVID-19 cases can be traced 
to specific deficiencies in TLR7,12 while ~10% of people with severe 
COVID-19 have autoantibodies against one or more Type I or Type 
III IFNs.11,13–22,24–29 Furthermore, allelic variants of the ISG OAS1 are 
also predictive of COVID-19 severity.37–40 These data definitively 
show that IFNs are indispensable for the control of SARS-CoV-2 and 
the prevention of severe COVID-19.

2.2  |  Untangling correlations of IFN signatures 
with COVID-19 severity

Despite the essential role of IFN in preventing severe COVID-19, 
several studies have come to seemingly opposite conclusions about 
the role of IFNs in COVID-19 disease. Indeed, in addition to the 
aforementioned mechanistic evidence for a protective IFN role, 

multiple studies have reported that higher levels of systemic IFN and 
IFN signatures associate with a milder disease,41–43 while a nearly 
equal number of reports have observed the opposite.31–35 The rea-
sons for these differences could be multifarious, and it is critical to 
acknowledge the specific contexts of these studies, as these details 
allow a deeper understanding of the factors that could have given 
rise to seemingly paradoxical results, but still abide by a deeper core 
logic that reconciles these apparent dichotomies.

Several non-competing explanations for the apparent contra-
dictory findings of both high- and low-IFN signal correlating with 
COVID-19 severity exist. One such explanation is in the timing of 
these measurements. Humans are rarely studied immediately follow-
ing infection and prior to the development of symptoms, and to the 
best of our knowledge, there is no study quantifying initial IFN levels 
in patients within the first hours/days of SARS-CoV-2 infection. This 
could represent a caveat because IFN production can be highly dy-
namic throughout the course of a viral infection. In animal models IFN 
levels dramatically vary at different times throughout a viral infec-
tion, reaching peak systemic concentrations within days after inocu-
lation and reduced, or even undetectable, levels thereafter regardless 
of viral clearance or persistence.44–47 Similarly, systemic IFN levels in 
HIV infected patients peak a few days after exposure before decreas-
ing.48 As symptoms upon human infection with the early SARS-CoV-2 
variants start 4–5 days and up to 14 days after exposure,49,50 most 
human SARS-CoV-2 studies likely measured IFN and ISG levels rela-
tively “late” in the innate response. If the comparison is late enough, 
a positive correlation between IFN levels and disease severity could 
be a consequence of higher viral RNA levels, which have been re-
ported in severe cases51,52 and would lead to enhanced engagement 
of PRR and IFN induction. In contrast, in mild cases, higher early IFN 
induction (and downstream mechanisms of viral control) may have 
preceded the time of analysis. It cannot be ruled out, however, that 
the high ISG signature driven by the increased titers in severe cases 
may in some instances contribute to the gravity of disease (Figure 1).

Beside timing of IFN measurements, the type of ISGs induced 
downstream of IFN signaling may have also confounded the relation-
ship between IFN-signature and disease progression. Indeed, some 
ISGs were shown to be more efficient than others at restricting 
SARS-CoV-2 growth and may affect distinct steps in SARS-CoV-2 
life cycle53 such as cell entry (Ly6E, UBD, FAM46C), RNA replica-
tion (SPATS2L, ZBP1, IFIT3), and viral egress (ERLin1, APOL2, BST2, 
CNP).53 Interestingly, some of these ISGs were specifically inhibitory 
to Coronaviruses, blocking replication of SARS-CoV-2 and SARS-
CoV, but not other viruses.53

In addition to timing and ISG type, IFN location is also a critical 
variable. Due to its accessibility as an organ, many studies measured 
IFN and ISG signatures within the peripheral blood,31,32,34,41–43 but 
analysis of this compartment does not represent the full picture of the 
IFN response. Indeed, correlation to disease severity differs depending 
on whether IFN or IFN signature is detected in the upper or lower air-
way.33 Patients who present with severe COVID-19 are characterized 
by high levels of IFN-λ 2 and to a lesser degree IFNα/β in the lower air-
ways. On the contrary, high levels of IFN-λ 1 and 3 in the upper airway 
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correlate with protection. Finally, correlations between IFN and viral 
loads were only observed in patients who were <70 years old, suggest-
ing an even more complicated interplay between disease and IFNs that 
is influenced by aging.33

3  |  CELLUL AR SOURCES OF IFN AND 
THEIR SENSING PATHWAYS IN SARS- COV-2 
INFEC TION

3.1  |  Plasmacytoid Dendritic Cells and TLR7

Plasmacytoid dendritic cells (pDCs) are specialized producers of 
type I IFN that are critical for the control of many viral infections 
(reviewed in54). Canonically, pDCs sense viral RNA and DNA through 
endosomal TLRs, TLR7 and TLR9 respectively, and while often re-
fractory to viral infection, pDCs are able to produce IFN-I without 
themselves being infected.54 This important distinction from other 
cell types allows pDCs to recognize viruses without exposing them-
selves to infection-intrinsic forms of viral evasion. Notably, while 
human pDCs appear refractory to SARS-CoV-2 infection,55 several 
studies have now indicated that pDCs are able to produce IFN-I in 
response to exposure to SARS-CoV-2.12,55,56

By analogy to other related viruses, it was suspected from the 
beginning of the pandemic that SARS-CoV-2 would be recognized 
by TLR7.57 Indeed, computational analysis of SARS-CoV-2 predicted 
its genome to have even more recognition sequences for TLR7 than 
the related SARS-CoV or MERS.58 This is now supported by several 
studies that have identified TLR7 deficiency itself, as well as TLR7 
signaling regulators, as a critical risk factors for the development of 
severe COVID-19.9,10,12,23 By analyzing patients with loss of function 
TLR7 variants, it has recently been demonstrated that the IFN-I re-
sponse of pDCs to SARS-CoV-2 is specifically and highly dependent 
on TLR7,12 as well as regulators of TLR7 localization and signaling.55

Given the established role of pDCs in the control of a variety 
of infections, and the critical need for TLR7, but not TRL8 (which 
is expressed in other cells but typically not expressed at high lev-
els in pDCs59,60), in preventing severe COVID-199,10,12,23 (Figure 2), 
it is highly likely that pDC derived IFN-I is essential for the control 
of SARS-CoV-2 infection. However, it is also important to note that 
pDCs adapt after viral infection in several ways that reduce the 
availability of pDC derived IFN-I (reviewed in44,61). Particularly, in 
the case of SARS-CoV-2 infection, pDC numbers are severely re-
duced,41,43,62–64 and the intrinsic capacity of pDCs to produce IFN-I, 
which is normally exceptional, is also compromised.62 Thus, while 
pDCs are likely crucial components of SARS-CoV-2 control early 

F I G U R E  1  Branching paths of 
SARS-CoV-2 pathology. Model of the 
heterogeneity of SARS-CoV-2 infection 
outcome as it relates to IFN levels and 
timing. Early production of sufficient 
IFN is likely associated with rapid control 
of infection, limited pathology, and 
“Mild” disease (Top left). Alternatively, 
deficiency in IFN response either through 
genetic deficiency in virus sensing or 
response, or through the presence of 
anti-IFNI autoantibodies associates with 
reduced control of the virus, increased 
cytokine response, increased pathology 
and “Severe” disease (Right). Finally, 
sustained SARS-CoV-2 may lead to late 
and excessive interferon signature in the 
lungs, which may contribute to increased 
pathology and “Severe” disease (Bottom 
Left). IFN, interferon; SARS-CoV-2, severe 
acute respiratory syndrome coronavirus 2
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after infection, the aforementioned pDC adaptations may wane 
their contribution to IFN levels at later stages, likely providing a win-
dow of opportunity for the virus to spread and cause severe disease.

3.2  |  Infected Cells, Cytoplasmic Sensors, and TLR3

While the specialized function of pDCs and recognition through 
TLR7 seems to be essential for the control of SARS-CoV-2 infec-
tion, smaller quantities of IFN are also produced by other cells that 
are infected by SARS-CoV-2. This is primarily thought to take place 
through cytosolic nucleic acid sensing PRR. These proteins provide 
a way for cells to recognize viral material in their cytoplasm. These 
sensors are broadly expressed and contribute to antiviral cytokine 
production not only in immune cells, but in non-immune-specialized 
cells as well (reviewed in65). Thus, these PRR may provide a true “first 
line” of recognition at the frontline of infection. In the case of SARS-
CoV-2, the cytoplasmic sensors RIG-I, MDA5, LGP2, and NOD1, 
which can be activated by viral RNA (reviewed in66,67), have all been 
shown to be involved in the recognition of SARS-CoV-2 infection in 
vitro68–71 (Figure 2).

A systematic analysis of cytoplasmic sensors in the human lung 
epithelial cell line Calu-3 revealed that MAVS, the common adaptor 

for RIG-I and MDA566 was essential for the production of IFN-I in re-
sponse to SARS-CoV-2 infection.70 Furthermore, knockdown of the 
sensing proteins MDA5, LGP1, and NOD1 all significantly reduced 
IFN-I production after infection with SARS-CoV-2. The essential role 
for MDA5 in IFN-I production in airway epithelial cell lines has since 
then been validated by several other groups.69–71 Notably, several stud-
ies have observed distinct contributions of RIG-I for IFN-I production 
in response to SARS-CoV-2 infection. While two groups69,70 showed 
similar IFN-I levels upon RIG-I inhibition via siRNA or Cas9 KO, another 
study showed a significant reduction in IFN-I production after siRNA 
knockdown of RIG-I,71 suggesting that RIG-I contribution to IFN-I pro-
duction after SARS-CoV-2 infection may be context dependent.

Despite its unclear role in IFN-I production, it has been estab-
lished that RIG-I, which induces a transcriptional program beyond 
IFNs, is an essential restriction factor for viral growth in several lung 
epithelial cell lines.68 It is important to note that RIG-I-mediated sig-
naling interrupts SARS-CoV-2 life-cycle, and thereby acts as a re-
striction factor independent of IFN activation.68

One notable characteristic of IFN induction in Calu-3 cells is that it 
occurs after the peak of SARS-CoV-2 replication.71 Potentially as a result 
of this delay, native IFN-I production in the airway epithelium may be in-
sufficient to restrict viral spread. Furthermore, in contrast to application 
of IFN prior to or concurrent with infection, the addition of recombinant 

F I G U R E  2  Sensors of SARS-CoV-2 that control IFN-I production. Diagram of pattern recognition receptors shown to recognize SARS-
CoV-2, their established relationships to protection against COVID-19, and the breadth of their expression. TLR3 and TLR7 both have genetic 
associations which show increased COVID severity in patients with genetic deficiencies. TLR7 is primarily expressed in pDC, while TLR3 
is expressed in a wider variety of cell types including DC, macrophage, lung epithelial cells, and fibroblasts. Nucleic acid sensing cytosolic 
receptors are expressed across most cell types, and it is still unclear whether these contribute to COVID severity positively or negatively 
in human infection. STING has been shown to be activated by SARS-CoV-2 infection in lung epithelia and macrophages and its activation 
is associated with increased pathology. COVID, coronavirus disease; IFN, interferon; pDC, plasmacytoid dendritic cell; SARS-CoV-2, severe 
acute respiratory syndrome coronavirus 2
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IFN as few as 2 hours after infection did not significantly restrict SARS-
CoV-2 growth in Calu-3 cells,71 suggesting that evasion of ISG mediated 
control is nearly complete once infection is established, and only very 
early or prophylactic production of IFN-I may be protective.

3.3  |  TLR3

TLR3 is an endosomal TLR that senses dsRNA.72 As with TLR7, TLR3 
deficiency is also associated with severe COVID-19.30 While TLR3 has 
not been detected in pDCs,59 it is expressed in a variety of other cells 
including immune and non-immune lineages.59,73–77 Indeed, TLR3 con-
trols IFN-I responses in a variety of non-hematopoietic cells including 
fibroblasts74–77 and cortical neurons.74 On the contrary, it has been 
shown in human peripheral blood mononuclear cells that TLR3 is largely 
dispensable for the induction of IFN after stimulation with a variety of 
viruses76,77 and even poly(I:C).76 TLR3 is also expressed in mixed lung 
organoids composed of Calu-3 and MRC-5, a lung-fibroblast cell line, 
and pharmacological inhibition of TLR3 ligation reduces, albeit mod-
estly, their IFN-I production after SARS-CoV-2 infection.73 Importantly, 
SV40-transformed fibroblasts or stem cell derived epithelial cells from 
patients with inborn errors in TLR3 were compromised in their control 
of SARS-CoV-2 replication.30 Altogether these studies support a role 
for TLR3 in the control of SARS-CoV-2 infection, and make it tempting 
to speculate that TLR3-mediated viral sensing may at least partly take 
place in the airway epithelium (Figure 2).

3.4  |  STING

The innate sensing protein stimulator of IFN genes (STING) rec-
ognizes cyclic-di-nucleotides and is a critical regulator of IFN re-
sponses in a variety of conditions.78 While cyclic-di-nucleotides can 

be produced by bacterial pathogens,78 they can also be generated 
by the host enzyme cytoplasmic GMP-AMP Synthase (cGAS).78 This 
enzyme recognizes cytosolic double stranded DNA independent of 
sequence, and produces cyclic GMP-AMP which then stimulates 
STING to drive IFN induction (reviewed in78). Interestingly, it was 
recently demonstrated that SARS-CoV-2 skin lesions have an ISG 
signature which is abrogated by treatment with the STING inhibi-
tor H-151.79 This was also the case when lesions were treated with 
VBIT-4,79 an inhibitor of the mitochondrial voltage dependent anion 
channel (VDAC1), which has been shown to enable passage of mi-
tochondrial DNA into the cytosol during mitochondrial stress.80 
The authors identified STING activation in both lung macrophages 
and epithelial cells of COVID-19 patients, and extended this model 
into the K18-hACE2 transgenic mouse model of SARS-CoV-2 infec-
tion, where they demonstrated that treatment with H-151 could 
reduce lung damage.79 Further studies will be needed to determine 
how much STING might contribute to the COVID-19 pathology 
(Figure 2).

4  |  MECHANISMS UNDERLYING SARS-
COV-2 E VA SION OF IFNs

Like many other viruses, SARS-CoV-2 has developed multiple ways 
to modulate the IFN-I response to promote its replication (Figure 3). 
Given the quantity of redundant systems for IFN production in their 
hosts, these evasive functions are likely essential for SARS-CoV-2 
fitness. Additionally, SARS-CoV-2 has only been transmitting be-
tween human hosts for a relatively short period of time81,82 and so 
alterations or improvements in these systems may represent poten-
tial places where SARS-CoV-2 variants may be able to leverage a 
fitness advantage.83 There is much information on related coronavi-
rus proteins in humans which modulate the IFN response, however, 

F I G U R E  3  IFN evasion mechanisms of SARS-CoV-2. Schematic representation of some of the key pathways that are targeted by SARS-
CoV-2 proteins to block IFN responses. SARS-CoV-2 replicates inside DMVs which helps the virus avoid recognition by the immune system. 
Additionally, several SARS-CoV-2 proteins were found to prevent host translation, while others block stress granule formation. Some viral 
proteins actively block IFN induction, and/ or signaling at multiple steps upstream and downstream IFN induction. DMVs, double membrane 
vesicles; IFN, interferon; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2
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here, we will focus on those that have been described specifically in 
SARS-CoV-2.

SARS-CoV-2 encodes three main groups of proteins: structural 
proteins, non-structural proteins (NSP), and accessory proteins.84 
Several of these proteins have been reported to interfere with IFN 
responses at multiple stages such as sensing of viral RNA, blocking 
IFN transcription/translation, and targeting ISG effector functions, 
among others. Multiple proteins disrupt IFN signaling via more than 
one mechanism, and some share similar targets providing redun-
dancy in their function and highlighting the importance of modulat-
ing IFN responses for successful replication of SARS-CoV-2.

4.1  |  Evading immune sensing

Preventing sensing by the immune system is the first line of eva-
sion for SARS-CoV-2. In this regard, other Coronaviruses replicate 
inside double membrane vesicles (DMVs) which helps them avoid 
recognition by immune receptors (reviewed in85). Similarly, SARS-
CoV-2 was found to form DMVs containing viral RNA which associ-
ated with alterations to the ER and the cytoskeleton apparatus.86,87 
Pharmacological disruption of the intermediate filaments network 
or inhibition of microtubule depolymerization disrupts DMVs and 
hampers SARS-CoV-2 replication.86 Together, the above observa-
tions suggest that DMVs favor SARS-CoV-2 growth via segregation 
of viral RNA and limitation of viral sensing, although more experi-
ments are necessary to fully support this model.

SARS-CoV-2 also avoids recognition by targeting stress granule 
(SG) formation with its protease NSP5 and its nucleoprotein (NP).88 
SGs are membrane-less organelles that can form after environmen-
tal stress, sequestering mRNA and leading to RNA translation inhi-
bition.89 SGs have also been implicated as contributors of antiviral 
immunity via recruitment of viral sensors and, as such, many viruses 
have evolved means to disable SG (reviewed in90,91). In particular 
for SARS-CoV-2, NSP5 was shown to attenuate SG formation, inde-
pendently of its protease activity, while NP interacts with G3BP1,88 
a protein involved in SG assembly.92

Coronaviruses can also evade recognition by PRRs, specifically 
RIG-I, by methylating the 5′-CAP of viral mRNA and mimicking host 
mRNA in a manner dependent on NSP13, NSP14, and the NSP16-
NSP10 complex (reviewed in93). While this evasion mechanism has 
yet to be demonstrated for SARS-CoV-2, its NSP16-NSP10 complex 
shares high structural similarity with its relatives94 and is capable of 
methylating the 5′ CAP of viral RNA.95

4.2  |  Inhibition of IFN-I synthesis and secretion

Another key mechanism by which SARS-CoV-2 evades the immune 
system is by turning off host protein synthesis, which is essential for 
the production of both IFN and antiviral ISGs. SARS-CoV-2 encodes 
multiple inhibitors of host translation. NSP1, for example, binds the 
mRNA entry channel of the ribosome to disrupt host, but not viral, 

protein translation,96–101 ultimately reducing IFN production and 
ISG transcription.100,102 NSP14 also inhibits translation and blocks 
IFN-I − dependent ISG induction in a manner dependent on its exori-
bonuclease and N7-methyltransferase activities.102 Interestingly, as 
previously described for SARS-CoV, NSP14 can form a complex with 
NSP10 that enhances its capacity to inhibit translation.102

NSP8, NSP9, and NSP16 were also reported to antagonize IFN 
via manipulation of translation.96,103 NSP8 and NSP9 do so by bind-
ing the host RNA in the signal recognition particle, a complex in-
volved in targeting proteins to their end location,104 and interfering 
with protein co-translational trafficking to the cell membrane.96 This 
function has been proposed to prevent the packaging of secreted 
proteins into vesicles potentially reducing IFN secretion.

Finally, NSP16 suppresses global mRNA splicing by binding to 
the mRNA recognition domains of the U1 and U2 RNA components 
of the spliceosome.96 As a result of this, expression of NSP16 results 
in alterations in mRNA splicing, and reduced activity from an ISG 
luciferase reporter.96

4.3  |  Suppression of IFN transcriptional 
induction and IFN receptor signaling

In addition to inhibiting IFN synthesis and secretion, SARS-CoV-2 
antagonizes IFNs by modulating the induction of IFN mRNA and 
protein (Figure 3, left center), as well as signaling downstream IFN 
recognition by interferon alpha receptor (IFNAR) (Figure 3, far right).

Multiple studies have performed systematic analyses of SARS-
CoV-2 proteins with the ability to suppress IFN transcriptional ac-
tivation and/or prevent the response to IFN by modulating IFNAR 
or its downstream signaling through STAT1 and STAT2.103,105–107 
Altogether these studies have identified 14 virally encoded proteins 
(NSP1, NSP3, NSP5, NSP6, NSP10, NSP12, NSP13, NSP14, NSP15, 
M, ORF3, ORF6, ORF7a, and ORF7b) with the ability to interfere 
with either the induction of IFN or its downstream signaling through 
IFNAR.103,105–107 The redundancy of proteins targeting these path-
ways highlights how critical it is for SARS-CoV-2 to block IFN tran-
scriptional induction and prevent the recognition of IFN and the 
expression of anti-viral ISGs. It is perhaps due to such abundance 
of viral proteins blocking IFN production in infected cells, that TLR7 
and pDCs, which are not infected by SARS-CoV-2,55 appear more 
critical to fight SARS-CoV-2 than other endemic viruses. Indeed, in-
dividuals with inborn errors in TLR7 have not history of serious viral 
illness despite developing severe COVID-19.12,23

As described above, the RNA sensing proteins MDA5 and RIG-I 
have each been identified as potentially contributing to the produc-
tion of IFN-I after SARS-CoV-2 infection. These molecules signal 
through the adapter MAVS, which activates TANK binding kinase 1 
(TBK1) ultimately phosphorylating IRF3, which translocates to the 
nucleus to promote IFN transcription.66 There are SARS-CoV-2 pro-
teins targeted to every step of this process, and many interact with 
multiple points. NSP6, NSP5, NSP15, ORF6, and ORF7b can block 
MAVS-induced IFNβ and/or IFNλ,105 although the mechanisms by 
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which these proteins interfere with this process have not yet been 
described. NSP1, discussed above for its function in translational 
inhibition, also blocks MAVS-induced IFN promoter activity,105,108 
likely through prevention of IRF3 nuclear translocation.108

NSP3 and NSP5 are the two SARS-CoV-2 proteases.85 NSP3 
cleaves ISG15 from host proteins including multiple molecules in-
volved in the activation of IFN transcription, such as IRF3109 and 
MDA5.110 ISGylation of both IRF3111 and MDA5110 support the ac-
tivation of IFN transcription and coordinately the removal of ISG15 
by NSP3 leads to attenuation of IFN production.109,110 Additionally, 
NSP3 can cleave IRF3 itself when the purified proteins are co-
incubated, although the direct relevance of this in infected cells has 
not yet been investigated.112 NSP5 may also counteract induction 
of IFN at multiple steps, as it interferes with MAVS activation and 
binds RIG-I and MDA5.88 NSP5 can remove the 10 most N-terminal 
amino acids from RIG-I, ablating its interaction with MAVS.113 
Moreover, NSP5 promotes the ubiquitination and degradation of 
MAVS itself,113 while also blocking RIG-I ubiquitination. Modulation 
of ubiquitination is a function shared by ORF9b which interrupts 
the K63-linked polyubiquitination of the RIG-I signaling modulator 
NEMO.114

The viral nucleocapsid protein (NP) was also identified as a 
modulator of IFN responses acting at multiple stages of the IFN in-
duction pathway. The dimerization domain of NP, for example, in-
hibits Lys63-linked poly-ubiquitination and aggregation of MAVS.115 
Intriguingly, when a peptide that interferes with the NP dimerization 
domain was applied in vivo IFN responses were enhanced in mice 
infected with SARS-CoV-2 while viral loads and organ pathology 
were attenuated.115 NP can also interact with RIG-I and restrict IRF3 
phosphorylation and nuclear translocation.116 On the contrary, the 
viral membrane glycoprotein M also antagonizes MAVS-mediated in-
nate immunity by interacting with MAVS and impeding its aggrega-
tion and signaling,117 in addition to interacting with MDA5, TRAF3, 
IKKϵ, and TBK1, and inducing TBK1 K48-linked ubiquitination and 
degradation.118

Additionally, NSP6 and NSP13 suppress TBK1-mediated phos-
phorylation of IRF3, albeit via different mechanisms where only 
NSP13 blocks TBK1 phosphorylation.107 ORF6 inhibits nuclear trans-
location of IRF3 by interacting with the nuclear importin KPNA2.107 
ORF3b was described as a potent IFN antagonist, via suppression of 
IRF3 nuclear localization for which it seems more efficient than its 
relative encoded in SARS-CoV.119

Fewer SARS-CoV-2 proteins have been identified with the capac-
ity to interrupt IFN-I signaling via IFNAR, though this process may 
still be quite efficient given that IFN added to SARS-CoV-2 infected 
cells may only restrict viral growth prophylactically.71 IFN is recog-
nized by IFNAR which signals through STAT1 and STAT2 to induce 
ISGs5 that can restrict SARS-CoV-2.53 As with IFN induction, each 
step of this pathway is targeted by at least one SARS-CoV-2 protein, 
while some steps are targeted redundantly. One protein, NSP14, di-
rectly interferes with recognition of IFN through the lysosomal deg-
radation of IFNAR.106 In contrast, STAT1 and STAT2 are targeted by 
many viral proteins. NSP1 reduces levels of STAT2 protein.108 NSP1 

also opposes STAT1 phosphorylation (eg, activation),107 a function 
that is shared by NSP5, NSP6, NSP13, ORF3a, ORF3b, ORF6, and 
the viral membrane glycoprotein M.103,107,120 While Orf7a, Orf7b, 
NSP6, and NSP13 have been shown to reduce phosphorylation of 
STAT2.107

Finally, SARS-CoV-2 proteins can interfere with the function of 
ISGs. For example, BST2 (tetherin) is an antiviral ISG which inhibits 
the release of viral particles from HIV and several human coronavi-
ruses121–123 and has been shown to also inhibit SARS-CoV-2 titers 
in cell culture supernatants.53 This BST2 activity is antagonized by 
Orf7a.53

It is important to note that despite the extremely redundant 
capacity of SARS-CoV-2 to subvert IFN-I production and down-
stream signaling, these responses are still evolving, and several 
studies have identified alterations in the IFN-I evasive capacity for 
distinct SARS-CoV-2 isolates. Indeed, in the alpha variant of SARS-
CoV-2, which stimulates less IFN-I production than earlier variants, 
there is increased expression of ORF9b, as well as ORF6 and NP.83 
Another study has identified isolates with variations in ORF3b that 
show increased IFN antagonizing efficiency,119 and multiple groups 
have identified truncations of ORF7a,124–126 some of which impact 
its ability to disrupt ISG induction after IFN-I treatment,124 though 
it is unclear whether they alter the ability of ORF7a to antagonize 
BST2.53 These mutations may represent random events tolerated in 
the SARS-CoV-2 population due to redundancy in the systems that 
target IFN-I induction and IFNAR signaling. Alternatively, they could 
also represent adaptations to improve replicative capacity within 
human hosts. Further work will be needed to disentangle the epide-
miological consequences of these variations.

5  |  IFNS A S THER APEUTIC S IN COVID -19

Trials aimed at using IFN as a therapeutic for COVID-19 can be bro-
ken down roughly by the type of IFN used: IFN-β, IFN-α, or IFN-λ. 
For many of these trials, however, it should be noted that the multi-
drug regimens used may have confounded the interpretation of the 
IFN effects.

The most studied of the three aforementioned IFNs in clinical 
trials is IFN-β, and this has shown promise in some cases,127–130 
but not others.131–133 The most recent and robust trial investi-
gated the efficacy of IFNβ-1a in combination with the antiviral 
drug remdesevir.133 In this trial, they found no significant benefit 
of IFNβ-1a over treatment with remdesivir. The authors provide 
possible reasons on why this study does not show efficacy. This 
includes the potential for anti-synergy between two drugs tar-
geted at limiting viral replication. Additionally, they note that they 
included patients with more advanced disease than some previous 
studies,127 and that this may have limited their efficacy. It is un-
likely, however, that the this study showed reduced efficacy as the 
result of low dosing as another study has compared the efficacy 
of IFNβ-1a in two doses, one similar to Kalil et al133 and one 10× 
higher, and found no benefit of higher vs lower IFNβ-1a dose.134 
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Of note, the last-mentioned study does not compare with a pla-
cebo treated group, and so, the overall efficacy of IFNβ-1a cannot 
be assessed.134

Regarding IFN-α trials, it is worth highlighting several smaller 
scale studies analyzing the effect of nebulized IFN-α2b. An insightful 
retrospective study of IFN-α2b treatment showed that early admin-
istration of IFN-α2b in COVID-19 patients decreased mortality while 
late treatment resulted in the opposite outcome.135 In the same line, 
another study looking at the effect of IFN-α2b in combination with 
the antiviral arbidol found that the group receiving IFN-α2b exhib-
ited decreased time to viral clearance from the upper airways and 
reduced severity of lung abnormalities compared to the individuals 
who received arbidol alone.136,137 Notably, in this study, there was a 
slight skew toward average earlier intervention in the IFN-α2b group 
(8 days) as opposed to those getting arbidol alone (17 days),137 which 
in the context of the above mentioned observation that early admin-
istration of IFN-α2b is more beneficial,135 may meaningfully com-
plicate the interpretation of these data. Finally, a phase II trial using 
IFN-III (specifically IFNλ-1), has shown promising results including 
earlier time to viral clearance.138

Overall, the results of the aforementioned IFN-I & IFN-III trials 
are mixed. One explanation for this may lie in patient heterogeneity. 
Indeed, IFN treatment may be especially effective in patients with 
inborn deficiencies in their capacity to produce IFN-I. For example, 
treatment with pegylated-IFN-α in two individuals with inborn er-
rors in TLR3 and IRF3, respectively, resulted in quick resolution of 
infection.139 While promising, a much larger study will be needed 
to definitively determine if patients with deficiencies underlying 
reduced IFN-induction benefit more from IFN-I therapy than the 
general population. Conversely, IFN-I treatment may be particu-
larly ineffective in patients with IFN neutralizing antibodies if the 
patients have antibodies against the subtype of IFN that is provided. 
Since patients with anti-IFN-I autoantibodies make up as much as 
10% of cases of severe COVID-19,11,13–22,24–29 this may significantly 
alter the results of a trial which does not account for this hetero-
geneity, and so, future studies should take into account the IFN-I 
autoantibody status of their cohort. This may also allow for matching 
patients to treatment with subtypes of IFN-I for which they do not 
have autoantibodies. This has been suggested and attempted in a 
study of a single patient with IFN-α neutralizing autoantibodies who 
showed attenuation of symptoms upon treatment with IFN-β.14

6  |  DISCUSSION

The SARS-CoV-2 pandemic has been met with an abundance of re-
search into this novel pathogen and the immune responses that at-
tempts to control it. Across this literature, it has become apparent 
that Type I and III IFNs are crucial for the control of SARS-CoV-2 
and are produced in response to engagement of a number of PRR 
(Figure  2). It is clear that SARS-CoV-2 can be sensed via TLR7 in 
pDCs,9,10,12,23 as well as TLR3 in other cells, potentially lung epithelium 

or fibroblasts.29,73 Importantly, loss of either of these systems is as-
sociated with the development of severe COVID-19.9,10,12,23,30 On 
the contrary, a significant body of work indicates that cytosolic 
RNA-sensing PRR69–71 and cGAS-STING pathway79 can promote 
IFN-I production in response to SARS-CoV-2 infection. The non-
redundant impact of cytosolic PRR signaling on the course of SARS-
CoV-2 infection in humans is not yet clear as, at the writing of this 
review, deficiencies in these PRRs nor their adaptors have been 
identified as risk factors for severe COVID-19.

Deficiencies in IFN-I or IFN-III production or 
signaling,9–17,19–22,26,28–30 or the antiviral proteins they induce37–40 
are highly associated with severe disease. This is at first blush seem-
ingly at odds with studies that identify a positive correlation between 
IFN signatures and disease severity.31–35 However, when incorpo-
rating timing, and location these observations can be reconciled. A 
commonly proposed model is that severe COVID-19 is the result of 
initial IFN deficiency or delayed IFN responses44,140,141 (Figure  1). 
This compromises early viral control, which leads to increases in viral 
titers that drive up late inflammatory and IFN responses that could 
cause pathology (Figure 1). Alternatively, there may also be patients 
predisposed to secrete excessive IFN that could lead to exaggerated 
inflammation and more severe COVID-19 (Figure 1).

Like other viruses, SARS-CoV-2 has evolved mechanisms which 
block IFN responses (Figure  3). Interestingly, as SARS-CoV-2 has 
adapted within its new human host population variants with alter-
ations in IFN-evasive mechanisms have emerged. For example, alpha 
variant isolates have been reported to have increased expression 
levels of the immunoevasin ORF9b, and coordinately reduced IFN 
induction as compared to early wave isolates.83 Coincidentally, sim-
ilar genetic alterations are observed in the Delta and Omicron vari-
ants.83 In the same line, identification of SARS-CoV-2 isolates with 
increased ORF3b capacity to inhibit IFN-I further suggests that this 
virus may have space to improve on its IFN antagonization activity in 
humans.119 While it is tempting to speculate that increased capacity 
for IFN subversion could confer benefit to these later variants it is 
important to acknowledge the complication of causally linking spe-
cific mutations in a particular variant with disease phenotypes.

Altogether it is critical to recognize IFN as a central protec-
tive force against SARS-CoV-2 and COVID-19, with potential for 
increasing pathology under specific circumstances. There is het-
erogeneity in both the human response (eg, genetic variants and 
autoantibodies), as well as the strain of virus (eg, Orf9b expres-
sion levels) which hold the potential to inform us as to the efficacy 
of applied IFN therapies in the prevention of COVID-19. Moving 
forward, leveraging our understanding of these intricacies will 
allow us to personalize IFN based interventions, and to even de-
velop new methods of treatment centered around increasing IFN 
responses where they are beneficial and decreasing them where 
they are detrimental. Furthermore, because of its ancient and cen-
tral role in antiviral responses, it is likely that the lessons learned 
from SARS-CoV-2 may someday find themselves useful to in-
form currently understudied and emerging diseases, and perhaps 
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guide the design of common IFN-based therapies to treat multiple 
human illnesses.
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