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Type | and Il interferon responses in SARS-CoV-2

infection
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Abstract

Coronavirus disease 2019 (COVID-19), the current pandemic disease, is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection. Type | and Il interferons (IFNs) are innate cytokines that are important in the first-
line defense against viruses. Similar to many other viruses, SARS-CoV-2 has evolved mechanisms for evading the
antiviral effects of type | and Ill IFNs at multiple levels, including the induction of IFN expression and cellular responses
to IFNs. In this review, we describe the innate sensing mechanisms of SARS-CoV-2 and the mechanisms used by SARS-
CoV-2 to evade type | and Il IFN responses. We also discuss contradictory reports regarding impaired and robust type |
IFN responses in patients with severe COVID-19. Finally, we discuss how delayed but exaggerated type | IFN responses
can exacerbate inflammation and contribute to the severe progression of COVID-19.

Introduction

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which causes coronavirus disease 2019
(COVID-19), is spreading globally"”>. The World Health
Organization has declared COVID-19 a pandemic, and as
of December 20, 2020, more than 76 million confirmed
cases and more than 1.6 million deaths have been
reported worldwide. SARS-CoV-2 infection results in a
broad spectrum of clinical manifestations, from asymp-
tomatic or mild disease to severe disease™”. Although the
mortality rate of COVID-19 is lower than that of severe
acute respiratory syndrome (SARS) caused by SARS-CoV
and Middle East respiratory syndrome (MERS) caused by
MERS-CoV, it is much higher than that of influenza®®. A
better understanding of the immune responses against
SARS-CoV-2 is needed to develop effective therapeutic
strategies.

Interferons (IFNs) are potent multifunctional cytokines
secreted by various cell types. In particular, type I and III
IFNs play crucial roles in innate immune responses
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during viral infection. However, many viruses, including
SARS-CoV-2, are known to inhibit type I and III IEN
responses at various points, from cytokine production to
receptor signaling. In addition, dysregulated IFN respon-
ses are associated with the immunopathogenesis of viral
infection”®.

In the current review, we describe the innate sensing
mechanisms of SARS-CoV-2 and the mechanisms of
SARS-CoV-2-mediated inhibition of IFN responses. We
also discuss the dysregulation of IFN responses in the
context of hyperinflammation in patients with COVID-19.
Finally, we propose a hypothesis for how delayed but
exaggerated type I IFN responses can contribute to the
severe progression of COVID-19.

IFNs and signaling

Originally identified as secretory factors that inhibit
viral infections, IFNSs are classified into three groups: types
I, II, and III. Type I IFNs consist of multiple subtypes of
IFN-a and a single type of IFN-B, in addition to the less
well-characterized IFN-§, -¢, -k, -T, -w, and -(. In contrast,
the type II IEN group has only a single member, IFN-y,
which is secreted by natural killer and T cells but not
directly by virus-infected cells, and is therefore not
described further in this review. Type III IFNs are
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Fig. 1 The receptors and downstream signaling pathways of type I, type Il, and type Il interferons (IFNs). Type | and type Il IFNs bind to the
heterodimeric receptor complexes IFNAR1/IFNAR2 and IFNLR1/IL-10R, respectively. Upon IFN binding, the receptor-associated kinases JAKT and
TYK2 phosphorylate STAT1 and STAT2. Together with IRF9, phosphorylated STAT1 and STAT2 form a trimeric complex called IFN-stimulated gene
factor 3 (ISGF3). ISGF3 subsequently enters the nucleus and binds IFN-stimulated response elements (ISREs) to promote the transcription of hundreds
of IFN-stimulated genes (ISGs). Type Il IFN binds to the receptor complex composed of IFNGRT and IFNGR2 and promotes the phosphorylation of
STAT1 via JAK1 and JAK2. Phosphorylated STAT1 forms homodimers, which bind gamma-activated sequences (GASs) in the nucleus and induce
proinflammatory gene expression. Unlike type Ill IFNs, type | IFNs can also signal via STAT1 homodimers and promote proinflammatory gene
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structurally related to IL-10 family cytokines and consist
of IEN-A1 (IL-29), -A2 (IL-28A), -A3 (IL-28B), and - 4",
IFN-P and IFN-As can be secreted by any type of cell upon
viral infection, whereas IFN-as are generally produced by
immune cells, particularly monocytes and dendritic
cells (DCs).

Type I IENs bind the heterodimeric receptor complex of
IFNARI and IFNAR2 and activate the receptor-associated
tyrosine kinases TYK2 and JAKI1, which in turn phos-
phorylate STAT1 and STAT2’~°. Together with IRF9,
phosphorylated STAT1 and STAT2 form a trimeric
complex called IFN-stimulated gene factor 3 (ISGF3) that
subsequently enters the nucleus to bind IFN-stimulated
response elements (ISREs) and promote the transcription
of hundreds of IFN-stimulated genes (ISGs; Fig. 1). A
subgroup of ISGs can also be upregulated by unpho-
sphorylated ISGF3, which is formed by high levels of
unphosphorylated STAT1, unphosphorylated STAT2,
and IRF9'*'!, Many ISGs directly repress viral replication
via various mechanisms, including the inhibition of viral
transcription/translation and degradation of viral nucleic
acids. Type I IFN receptor activation can also promote the
homodimerization of STAT1, which binds gamma-
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activated sequences (GASs) and induces proin-
flammatory gene expression’. The type II IEN receptor,
which is composed of IFNGR1 and IFNGR?2, signals via
JAK1 and JAK2, and IFN-y-bound IFNGR1/2 promotes
the phosphorylation and homodimerization of STAT]I,
resulting in the expression of GAS-regulated genes.

The type III IFN receptor is formed by IFNLR1 (also
called IL-28Ra) and IL-10R2. IFNLR1 specifically binds
IFN-As, whereas IL-10R2 binding is shared by other
cytokines in the IL-10 family. Similar to the type I IEN
receptor, the type III IFN receptor signals via JAK1 and
Tyk2 and induces ISG expression via ISGF3. Therefore,
despite engaging unique receptors, type I and type III
IFNs activate overlapping intracellular signaling pathways
and mediate the induction of similar sets of ISGs. How-
ever, the viral infection-induced expression kinetics of
type I and type III IFNs vary in vivo, and type I IFNs are
usually produced earlier than type III IFNs. Moreover,
type III IEN receptor expression is generally limited to
epithelial cells and a subset of myeloid lineage leukocytes,
whereas type I IEN receptors are ubiquitously expressed®.
The differential receptor expression patterns and quali-
tative and quantitative variations in receptor signaling
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ultimately result in distinctive biological responses to type
I and III IENs. In general, type I IFNs trigger faster and
stronger ISG induction than type III IFNs and promote
the additional expression of proinflammatory cytokines
and chemokines, which may cause immunopathology
in situations in which the excessive responses of type I
IFNs are unrestrained®'?.

Innate sensing of coronaviruses

Coronaviruses have a positive-sense single-stranded
RNA (ssRNA) genome of ~30 kb'*'* Inside infected host
cells, the viral genome is replicated by a virus-encoded
RNA-dependent RNA polymerase and forms double-
stranded RNA (dsRNA) replication intermediates. The
ssRNA genome and dsRNA replication intermediates can
be sensed by Toll-like receptors (TLRs) and RIG-I-like
receptors (RLRs) in host cells (Fig. 2). RLRs, such as RIG-I
and MDA-5, are expressed in most cell types and become
activated by detecting viral RNAs in the cytoplasm. RIG-I
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recognizes viral genomic RNAs with 5'-triphosphate or
short dsRNA sequences, whereas MDA-5 typically detects
dsRNA structures with longer lengths'®. Activated RIG-I
and MDA-5 recruit TRAF3 via the adapter molecule
MAVS (also called IPS-1, VISA, or CARDIF) and activate
the kinases TBK1 and IKKe, ultimately resulting in the
phosphorylation of IRF3 and transcriptional induction of
type I and type III IFNs. Interestingly, it was shown that
the intracellular location of the MAVS protein critically
determines which IFNs are produced'®. MAVS on the
mitochondrial membrane preferentially mediates the
synthesis of type I IFNs, whereas the expression of type III
IFNs depends on MAVS localized in peroxisomes.
Accordingly, the increased abundance of peroxisomes
during intestinal epithelial cell differentiation correlates
with the enhanced production of IFN-)\s but not IFN-'°.
It is not entirely clear how MAVS mediates selective
expression of type I versus type III IFNs depending on its
subcellular localization, but the expression of type III but
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Fig. 2 The sensing of SARS-CoV-2 by innate immune receptors and signaling pathways leading to the production of type | and type IlI
interferons. The viral RNA genome and replication intermediates of SARS-CoV-2 can be sensed by Toll-like receptors (TLR3 and TLR7) and cytosolic
RNA sensors (RIG-I and MDA-5). RNA-bound receptors induce the activation of the transcription factors NFkB and IRF3/IRF7 via the TRAF6/IKKa/B/y
and TRAF3-TBK1/IKKe pathways, respectively, and promote the expression of type | and type Il interferons (IFNs).
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not type I IFNs was shown to require the activation of
IRF1 in addition to IRF3'.

In contrast to RLRs located in the cytoplasm, TLRs
sense internalized or phagocytosed viruses in endosomes
or phagosomes. Unlike ubiquitously expressed RLRs,
TLRs exhibit restricted expression patterns and have the
highest expression in myeloid cells'>. Among the ten
human TLRs, TLR3 recognizes dsRNA, whereas TLR7
and TLR8 detect ssSRNA. The endosomal localization of
nucleotide-sensing TLRs, such as TLR3, TLR7, TLR8, and
TLRY (which recognizes unmethylated CpG DNA),
depends on the multimembrane protein UNC93B1'.
Ligand-stimulated TLRs recruit the cytosolic adapter
molecules MYD88 and TRIF to their C-terminal Toll-
interleukin receptor domains and activate both the IKKa/
B/y complex and TBK1/IKKe kinases, ultimately resulting
in the induction of NFxB-dependent proinflammatory
cytokines and IRF3/IRF7-dependent type I and type
IIT IFNSs.

Experiments using mouse-adapted SARS-CoV have
shown that mice lacking TLR3 or the signaling adapter
TRIF are more susceptible to virus-induced lung pathol-
ogy and maintain higher viral titers than wild-type mice'®.
Similarly, mice deficient in TLR4 and the signaling
adapter TRAM were more susceptible to mouse-adapted
SARS-CoV'®. However, unlike TLR3, which is capable of
sensing viral RNA, it is not clear whether TLR4 can
directly sense coronavirus components.

Thus far, evidence for the involvement of TLRs in
SARS-CoV-2 infection has been provided by genetic
studies. A large study involving more than 650 COVID-19
patients with severe symptoms identified mutations in
TLR3 and UNC93BI'°. When infected with SARS-CoV-2
in vitro, more infection occurred in cells from patients
with mutant TLR3 alleles than in cells from healthy
controls with wild-type TLR3. The addition of exogenous
IEN-PB largely removed this difference in SARS-CoV-2
infection efficiency, suggesting that IFN-B, which pro-
duced upon TLR3-mediated sensing of SARS-CoV-2,
inhibits viral spread. Another genetic study that focused
on young patients with severe COVID-19 identified two
rare mutations in TLR7 in four young males from two
unrelated families®’. Again, cells from the affected
patients with TLR7 mutations exhibited defective IFN-3
and ISG expression after TLR7 stimulation. Notably,
TLR7 is an X-linked gene, and the loss-of-function
mutation in TLR7 or the difference in TLR7 gene
dosage between men and women may explain, at least in
part, the predisposition of men to developing severe
COVID-19**%",

Inhibition of IFN responses by coronaviruses

Human common-cold coronaviruses, such as HCoV-
229E, induce high levels of type I IFN expression, whereas
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the more pathogenic and potentially lethal coronaviruses
SARS-CoV, SARS-CoV-2, and MERS-CoV generally
induce blunted type I IEN responses. Since the first SARS
outbreak, multiple studies have demonstrated that SARS-
CoV and MERS-CoV use various mechanisms to avoid
type I IFN-mediated immune responses'®**™*°, The
SARS-CoV genome encodes four structural proteins
(spike [S], envelope [E], membrane [M], and nucleocapsid
[N]), 16 nonstructural proteins (Nsps), and other acces-
sary proteins. Remarkably, more than one-third of SARS-
CoV proteins, including structural proteins, have inhibi-
tory effects on type I IFN-mediated antiviral immune
responses'>?*~2°>, The SARS-CoV-2 genome has 82%
nucleotide identity with the SARS-CoV genome, and most
of the SARS-CoV-2 proteins have high amino acid
sequence homology with the corresponding SARS-CoV
proteins, with the exception of ORF3b, ORF6, and Nsp3'*.
ORF3b is much shorter in SARS-CoV-2, with only 22
amino acids compared to 154 amino acids in SARS-
CoV**. The ORF6 and Nsp3 proteins share 69% and 76%
homology, respectively, between SARS-CoV and SARS-
CoV-2%°. Therefore, many SARS-CoV-2 proteins are
expected to have inhibitory effects on type I and III IFN
responses similar to those of SARS-CoV proteins. In less
than a year from the start of the COVID-19 pandemic,
several reports have already confirmed the antagonistic
effects of SARS-CoV-2 proteins on IFN responses.

Evasion of innate immune receptor-mediated viral sensing

SARS-CoV-2 and other coronaviruses replicate inside
double membrane vesicles, preventing the recognition of
dsRNA replication intermediates by cytosolic RLRs*’. In
addition, modification of the viral RNA by Nspl4 of
SARS-CoV, which has guanine-N7-methyltransferase
activity, mimics the 5 cap structure of host mRNAs,
allowing the efficient escape of viral RNA from detection
by RIG-1?*%*, Further modification of the cap-like struc-
ture of the viral RNA by Nsp16, which has 2’-O-methyl-
transferase activity, prevents MDA-5-mediated sensing of
viral RNA*®, Nisp15 is a highly conserved endonuclease in
all known coronaviruses and cleaves the 5'-polyuridine
sequences from negative-sense viral RNA, inhibiting the
MDA -5-mediated detection of viral RNA and subsequent
IEN-B production®.

Inhibition of innate immune receptor signaling and IFN
production

The SARS-CoV and MERS-CoV N proteins bind to the
SPRY domain of the E3 ubiquitin ligase TRIM25, inhi-
biting TRIM25-mediated RIG-I ubiquitination and acti-
vation, thereby blocking the production of type I IFNs and
increasing viral replication®'.

The ORF9b protein of SARS-CoV has been shown to

localize in mitochondria, trigger the AIP4 E3 ubiquitin
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ligase-mediated degradation of MAVS, and impair IFN-f3
production®”. A recent study on the host protein inter-
actomes of the individual SARS-CoV-2 proteins using
HEK293T cells showed that SARS-CoV-2 ORF9b associ-
ates with mitochondrial TOM70, suggesting that ORF9b
of SARS-CoV-2 may also inhibit MAVS in mitochon-
dria**. The ORF9b—TOM?70 interaction and ORF9b-
mediated inhibition of IFN-B expression were further
confirmed by ORF9b overexpression experiments®*. In
addition, a host protein interactome study showed that
Nspl3 and Nspl5 interact with TBK1 and the TBK1
activator RNF41, respectively, suggesting the potential
inhibition of TBKI1-mediated signaling by Nspl3 and
Nsp15%.

The Nsp3 proteins of SARS-CoV and SARS-CoV-2 have
papain-like protease activity®”. Interestingly, these pro-
teins can also recognize ubiquitin and the ubiquitin-like
modifier ISG15 and serve as deubiquitinating and delS-
Gylating enzymes. The removal of K63-linked ubiquitin
chains from TRAF3 and TRAF6 by SARS-CoV Nsp3 has
been shown to inhibit TBK1 activation and IFN-p pro-
duction upon TLR7 activation®. SARS-CoV Nsp3 has
also been shown to inhibit STING-mediated production
of type I IFNs by disrupting the STING-TRAF3-TBK1
interaction and IRF3 phosphorylation®*=%, SARS-CoV
and SARS-CoV-2 Nsp3 proteins share 83% sequence
identity but exhibit different host substrate preferences;
SARS-CoV Nsp3 predominantly targets ubiquitin chains,
whereas SARS-CoV-2 Nsp3 preferentially cleaves
ISG15*. The crystal structure of SARS-CoV-2 Nsp3 in
complex with ISG15 revealed distinctive interactions
between Nsp3 and the amino-terminal ubiquitin-like
domain of ISG15, highlighting the high affinity and spe-
cificity of these interactions. Furthermore, upon viral
infection, SARS-CoV-2 Nsp3 contributes to the cleavage
of ISG15 from IRF3 and attenuates type I IFN responses™.
Notably, inhibiting the catalytic activity of SARS-CoV-2
Nsp3 with the specific small chemical inhibitor GRL-0617
improved the antiviral IFN responses and reduced viral
replication in infected cells®”.

SARS-CoV-2 M protein physically associates with RIG-
I, TRAF3, TBK1, and IKKe and sequesters these proteins
in membrane-associated compartments, preventing the
TBK1/IKKe-dependent activation of IRF3/IRF7 and pro-
duction of type I IFNs*.

Overexpression of SARS-CoV Nspl inhibits the virus-
induced dimerization of IRF3 and IFN-f promoter acti-
vation*!. In addition, SARS-CoV and SARS-CoV-2 Nspl
proteins interact with the 40S ribosomal subunit and
almost completely shutdown host protein translation,
including that of IFN-f, suggesting that Nspl may inhibit
IEN responses by more than one mechanism**. Cryo-
electron microscopy analysis has demonstrated that the
C-terminal helices of SARS-CoV-2 Nspl bind and block
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the mRNA entry tunnel of ribosomes®. Furthermore,
SARS-CoV-2 Nspl efficiently prevents the virus-induced
expression of type I and type III IFNs, as well as IFN-
B-stimulated ISG expression®’. Notably, mutant Nspl
protein lacking ribosome binding activity fails to inhibit
virus-induced IFN expression, suggesting that inhibiting
host protein synthesis is the major mechanism underlying
the Nspl-mediated evasion of IFN responses*®. Although
the translation of host mRNAs is globally suppressed by
Nspl, the 5’ leader sequence in viral mRNAs appears to
spare these transcripts from Nspl-mediated translational
inhibition, allowing the preferential production of viral
proteins™**.

Overexpression of SARS-CoV ORF3b has been shown
to inhibit IFN-P expression in Sendai virus-infected cells,
and SARS-CoV-2 ORF3 was recently shown to inhibit the
nuclear translocation of IRF3*>*°, Despite the truncation
of ORF3b in SARS-CoV-2 compared to its ortholog in
SARS-CoV, SARS-CoV-2 ORFE3b has a stronger inhibitory
effect on the virus-induced nuclear translocation of IRF3
and resulting IEN-B production®. The original SARS-
CoV ORF3b has a C-terminal nuclear localization
sequence (NLS) and is equally distributed between the
cytosol and nucleus, whereas SARS-CoV-2 ORF3b lacks
the NLS and remains in the cytosol, presumably seques-
tering IRF3 outside the nucleus more efficiently than
SARS-CoV ORE3b. By screening ~17,000 SARS-CoV-2
sequences, the authors of the study isolated a longer
variant (56 amino acids versus 22) of SARS-CoV-2 ORF3b
in two related and critically ill patients and showed that
this variant has an even more enhanced inhibitory effect
on IFN-B production than the original SARS-CoV-2
ORE3b. Because the longer variant also harbors a mis-
sense mutation (L24M), the mechanism underlying the
increased inhibitory effect is not yet clear™.

ORF6 of SARS-CoV-2 also interferes with the nuclear
translocation of IRF3*. SARS-CoV-2 ORF6 inhibits IFN-
[ promoter activity, even after the overexpression of a
constitutively active form of IRF3, confirming that it
prevents IFN-B production downstream of IRF3
activation®”.

The NS4b protein (encoded by ORF4b) of MERS-CoV is
a phosphodiesterase superfamily protein that primarily
localizes in the nucleus. Mutation in the catalytic site or
NLS of NS4b leads to the increased production of virus-
stimulated IFN-B and IFN-A1, as well as ISGs, demon-
strating that NS4b normally inhibits type I and III IEN
expression™®.

Inhibition of IFN receptor signaling and ISG expression
SARS-CoV ORF3a overexpression has been reported to
induce the phosphorylation, ubiquitination, and
lysosome-mediated degradation of IFNAR1 in Huh7
cells*. However, the effect of decreased IFNARI
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expression on type I IFN signaling and ISG induction was
not directly measured in the same study.

The Nspl, ORF3b, and ORF6 proteins of SARS-CoV
not only inhibit IEN-p expression in virus-infected cells
but have also been shown to prevent ISRE activation and
ISG expression in the presence of exogenous recombinant
IFNs, suggesting that these factors can block IFNAR sig-
naling*"**. Specifically, SARS-CoV Nspl inhibits the
tyrosine phosphorylation of STAT1 and subsequent
activation of ISRE promoter activity*'. In contrast, neither
ORF3b nor ORF6 of SARS-CoV affects the IFN-
B-induced tyrosine phosphorylation of STAT1*. How-
ever, SARS-CoV ORF6 but not ORF3b inhibits the
nuclear translocation of STAT1*>. ORF6 has also been
shown to localize in the endoplasmic reticulum and Golgi
membrane of SARS-CoV-infected cells and disrupt
nuclear import complex formation by tethering kar-
yopherin a2 and karyopherin f1 to the membrane™.
Similar to SARS-CoV ORF6, SARS-CoV-2 ORF6 inhibits
the IFN-pB-stimulated nuclear translocation of STAT1
without affecting STAT1 phosphorylation, resulting in the
inhibition of ISRE promoter activity and ISG expression®”.

Overexpression of the SARS-CoV-2 N protein has been
shown to inhibit the phosphorylation and nuclear trans-
location of STAT1 and STAT2 in HEK293T cells infected
with Sendai virus or stimulated with recombinant IFN-f3,
suggesting that the N protein inhibits IENAR signaling”".
Furthermore, in Huh7 cells overexpressing the N protein,
the replication of SARS-CoV-2 RNA was enhanced, and
ISG expression was significantly attenuated®".

Nspl, Nsp7, Nsp9, and Nspl6 globally affect host pro-
tein synthesis and transport, thereby preventing efficient
ISG expression®>**, As mentioned previously, Nspl
blocks mRNA entry into the ribosome and consequently
inhibits host protein translation*®. Nsp16 binds to pro-
mRNA recognition sites in the Ul and U2 components of
the spliceosome and disrupts global mRNA splicing,
including that of mRNAs for multiple IFN-responsive
genes**. SARS-CoV-2 NSP7 and NSP9 inhibit secretory
and membrane protein trafficking by binding to the signal
recognition particle (SRP)**. The SRP normally interacts
with the signal peptides present in nascent proteins des-
tined for secretion or membrane integration and mediates
their translocation into the endoplasmic reticulum. The
binding of NSP7 and NSP9 to the SRP disrupts the SRP-
dependent secretion of host proteins, diminishing IFN
responses upon SARS-CoV-2 infection™,

Suppression of ISG functions

Oligoadenylate synthetase (OAS) is one of the major
ISGs with antiviral functions®>. OAS synthesizes 2/,5'-
oligoadenylate from ATP upon the binding of viral
dsRNA, and the resulting 2’,5'-oligoadenylates trigger the
homodimerization and activation of ribonuclease L
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(RNase L), which is constitutively expressed in an inactive
form in the steady state. Activated RNase L cleaves host
and viral ssRNAs, leading to translational arrest and
subsequent cell death and preventing viral replication and
spread. MERS-CoV NS4b not only inhibits the virus-
induced expression of type I and III IFNs but also cleaves
2/,5'-oligoadenylates via its phosphodiesterase activity,
thereby antagonizing the antiviral effects of the
OAS-RNase L pathway®?,

The diverse inhibitory functions exhibited by the large
number of SARS-CoV and SARS-CoV-2 proteins at every
level of host IFN responses, ranging from initial viral
sensing to the antiviral effector functions of ISGs (Table
1), suggest that it is highly beneficial for these viruses to
thwart host IFN pathways. However, these inhibitory
effects only work within virus-infected cells in which viral
proteins are present in the cytoplasm, not in noninfected
innate immune cells, such as monocytes and DCs.

Dysregulated IFN responses and
hyperinflammation in COVID-19 patients

Type I IFNs have been reported to play critical roles in
the defense against SARS-CoV-2 infection and the pre-
vention of severe COVID-19. In a genetic study of
COVID-19 patients, mutations in genes in the type I [FN
pathway were shown to be enriched in patients with life-
threatening symptoms compared to control patients with
asymptomatic or mild SARS-CoV-2 infection. Specifically,
23 of 659 (3.5%) patients with severe symptoms harbored
deleterious genetic variants of TLR3, UNC93B1, TICAM1
(encoding TRIF), TBKI, IFR3, IFR7, IFNARI, and
IFNAR2". These mutations were experimentally proven
to cause the loss of expression or a loss of function, and as
expected, no or extremely low levels of type I IFNs were
detected in the blood of patients harboring these
mutations'®.

The importance of type I IFN-mediated immunity in
COVID-19 was also shown in a study that measured
autoantibodies against type I IFNs in COVID-19 patients.
Strikingly, 101 of 987 (10.2%) patients with life-
threatening symptoms had autoantibodies against IFN-q,
IEN-w, or both. In contrast, these autoantibodies were
present in none of the 663 patients with asymptomatic or
mild SARS-CoV-2 infection and in only 4 of 1227 (0.33%)
individuals in the general population®. These auto-
antibodies were able to neutralize high concentrations of
type I IFNs, thwarting the ability of IFNs to prevent
SARS-CoV-2 infection in vitro. Moreover, autoantibodies
were already present in blood samples acquired from
some patients before SARS-CoV-2 infection, and very low
levels of blood IFN-a, if any, were generally detected
during the acute phase of infection in patients with
autoantibodies. Interestingly, none of the patients with
autoantibodies against type I IFNs or mutations in genes
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in the type I IFN pathway seem to have a history of life-
threatening viral infection before COVID-19. This finding
suggests that type I IFNs may play more important roles
in protecting hosts against SARS-CoV-2 infection than
other viral infections'*>*,

Transcriptomic studies of COVID-19 patients also show
that IFN responses are impaired in patients with severe
disease. An early study reported that type I IFN responses
were limited in postmortem lung tissues from lethal cases
of COVID-19, which was consistent with the data from
bronchial epithelial cells infected in vitro and ferrets
infected in vivo with SARS-CoV-2”°. Another study also
reported that type I IFN responses were highly impaired
in the peripheral blood of patients with severe or critical
COVID-19, as indicated by low levels of type I IFNs and
ISGs, despite increased levels of TNF-, IL-6-, and NF«B-
driven inflammatory responses™°.

Paradoxically, robust type I IFN responses have also
been reported in patients with severe COVID-19"". In a
single-cell RNA sequencing (scRNA-seq) study of per-
ipheral blood mononuclear cells (PBMCs) from COVID-
19 patients, strong upregulation of numerous ISGs was
observed in a patient with severe disease compared to
patients with mild disease®®. Moreover, a transcriptome
study of bronchoalveolar lavage fluid from COVID-19
patients showed increased expression of numerous ISGs
in addition to marked increases in proinflammatory and
chemokine genes, suggesting proinflammatory roles of
upregulated ISGs in COVID-19°. In another scRNA-seq
study of PBMCs from COVID-19 patients, various ISGs
were upregulated, especially in classical monocytes®. A
longitudinal analysis demonstrated that IFN-a in periph-
eral blood was sustained at high levels in patients with
severe COVID-19, whereas IFN-a levels declined in
patients with moderate COVID-19 during the course of
the infection®,

We also previously identified the role of type I IFN
responses in the development of severe COVID-19%.
ScRNA-seq analysis was performed using PBMCs from
patients with mild or severe COVID-19 or severe influ-
enza. COVID-19 patients had unique hyperinflammatory
signatures across all types of peripheral blood immune
cells, particularly increases in TNF- and IL-1B-driven
inflammatory responses, whereas IFN responses were
dominant in severe influenza patients. Interestingly, type I
IFN responses coexisted with TNF- and IL-1B-driven
inflammatory responses in classical monocytes from
severe COVID-19 patients but not in those from mild
COVID-19 patients, indicating that type I IFNs contribute
to exacerbation of TNF- and IL-1p-driven inflammation
during the development of severe COVID-19. Notably,
severe COVID-19-specific signatures, including various
ISGs discovered in that study, were also significantly
enriched in the transcriptome of postmortem lung tissue
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from COVID-19 patients®®, confirming that type I IEN
responses are upregulated in severe COVID-19 cases.

Recently, dysregulated type I and III IFN responses were
identified in patients with COVID-19%% the production of
type I and III IFNs was diminished and delayed in
COVID-19 patients, whereas proinflammatory cytokines,
including TNF, IL-6, and IL-8, were produced before type
I and III IFNs and for a prolonged period. Importantly,
prominent IFN signatures were observed in critically ill
patients in addition to hyperinflammation. In contrast,
type I and III IFN responses were strongly induced at an
early time point in patients with influenza.

Paradoxical proinflammatory roles of type I IFNs were
previously described in a murine model of SARS®. In
SARS-CoV-infected BALB/c mice, a delayed but con-
siderable type I IEN response induced the accumulation of
monocytes—macrophages and the production of proin-
flammatory cytokines, leading to lethal pneumonia, vas-
cular leakage, and insufficient T-cell responses.
Proinflammatory effects of type I IFNs have also been
shown in SARS-CoV-2-infected mice with adeno-
associated virus-mediated expression of human ACE2°°.
Using IFNAR '~ and IRF3/7 '~ mice, the study showed
that type I IFN responses were required for the recruit-
ment of proinflammatory monocytes—macrophages into
SARS-CoV-2-infected lungs.

Type I IFNs can exacerbate the inflammatory response via
epigenetic molecular mechanisms. TNF has a tolerizing
effect on monocytes, desensitizing these cells to additional
TLR stimulation as a regulatory mechanism that limits
excessive inflammation®. Intriguingly, type I IFNs nullify
the tolerizing effect of TNF and render monocytes
responsive to additional TLR signals via epigenetic
mechanisms®. This epigenetic regulation involves the
upregulation of a gene module that is unresponsive to TLR
stimulation due to TNF-induced tolerance but becomes
responsive to TLR signals in the presence of type I IFNs;
however, this gene module is not directly upregulated by
type I IFNs. Importantly, this gene module was significantly
enriched in the transcriptome of classical monocytes from
patients with severe COVID-19, indicating that the type I
IFN response can enhance TLR-mediated inflammation by
disrupting the TNF-induced tolerance to TLR signals in
monocytes from patients with severe COVID-19°,

We propose a hypothesis that explains the contradictory
roles of type I IFN responses reported in patients with
severe COVID-19 (Fig. 3). After infecting respiratory
epithelial cells, SARS-CoV-2 begins to produce its pro-
teins and replicates. Viral proteins block type I and III IFN
responses by inhibiting innate recognition of the virus, the
production of IFNs, and the IFN signaling pathway.
Consequently, the viral load increases due to the rapid
replication of SARS-CoV-2 without efficient control of
viral spread by type I and III IFN responses. Uninfected
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Fig. 3 Hypothesis of how delayed but exaggerated type | IFN responses are involved in hyperinflammation and contribute to the severe
progression of COVID-19. After respiratory epithelial cells are infected (a), SARS-CoV-2 proteins block type I and Il interferon (IFN) responses (b). The
viral load increases (c) and uninfected innate immune cells, such as monocytes, macrophages, and dendritic cells, are stimulated by viral components
via Toll-like receptors and produce type | and Il IFNs (d). Type | and Il IFNs further induce the accumulation and activation of monocytes and
macrophages, leading to the production of large amounts of IFNs and proinflammatory cytokines (e). Type | IFNs also enhance TNF-mediated
inflammation by disrupting TNF-induced tolerance to TLR stimulation in monocytes and macrophages.

immune cells, such as monocytes, macrophages, and DCs,
are stimulated by viral components via TLRs and produce
large amounts of type I IFNs. The production of type I
IFNs from these immune cells is not counteracted by
SARS-CoV-2 proteins because these immune cells do not
have viral proteins in their cytoplasm. Large amounts of
type I IFNs further induce the accumulation and activa-
tion of monocytes and macrophages, leading to the pro-
duction of proinflammatory cytokines. At the same time,
type I IFNs enhance TNF-mediated inflammation by
disrupting TNF-induced tolerance of monocytes and
macrophages to TLR stimulation. This hypothesis
explains how delayed but exaggerated type I IFN
responses are involved in hyperinflammation and con-
tribute to the severe progression of COVID-19. However,
type I IEN responses might vary among individuals due to
genetic and immunological factors'*?>>*,
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Perspectives

Because of the broad antiviral activities of type I IFNs,
recombinant IFN-a and IFN-P are being clinically inves-
tigated for the treatment of COVID-19 patients. Recently,
the safety and efficacy of inhaled nebulized IFN-f1a was
reported in COVID-19 patients®®. Moreover, pegylated
IEN-As are also being clinically studied for the treatment
of COVID-19 patients because IFN-As are expected to
exert antiviral effects without inflammatory effects.
However, given that hyperinflammation may be exacer-
bated by IFN responses, the use of type I or III IFNs for
the treatment of COVID-19 patients needs to be eval-
uated cautiously in clinical studies, particularly for
patients in the late stages of COVID-19. In addition, type I
or III IFN-associated biomarkers that predict the prog-
nosis of patients with COVID-19 need to be developed to
improve the management of patients. In conclusion,
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further investigation and a more precise understanding of
the exact roles of type I and III IFNs in SARS-CoV-2
infection are needed to facilitate the effective treatment of
patients with COVID-19.
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