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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 is a recently identified coronavirus accountable for the current pandemic disease known as COVID-
COVID-19 ) 19. Different patterns of disease progression infer a diverse host immune response, with interferon (IFN) being
?um?n coronavirus pivotal. IFN-I and III are produced and released by virus-infected cells during the interplay with SARS-CoV-2,
nterferon

thus establishing an antiviral state in target cells. However, the efficacy of IFN and its role in the possible
outcomes of the disease are not yet defined, as it is influenced both by factors inherent to the virus and to the
host. The virus exhibits multiple strategies to counteract the innate immune response, including those shared by
SARS-CoV and MERS-CoV and other novel ones. Inborn errors in the host may affect IFN-related effector proteins
or decrease its levels in plasma upon neutralization by preexistent autoantibodies. This battle between the IFN
response triggered upon SARS-CoV-2 infection, its magnitude and timing, and the efficacy of its antiviral tools in
dispute against the viral evasion strategies together with the genetic factors of the host, generate a scenario
whose fate contributes to defining the severity of COVID-19.

Immune evasion
Inborn errors

1. Introduction: Type I and III interferons as the first line of
defense against viruses

Among the cytokines initially involved in the innate immune
response, interferon (IFN) I and III encompass the first line of defense
against viruses [1]. Their production and release at the cellular level
occur after the detection of viral infections by innate immune sensors.
Common facts for IFN-I and III include their induction by a viral infec-
tion, activation of downstream signaling pathways, and transcriptional
events. However, there are functional differences between them
including the cellular receptor that, while IFN-I (IFN-a, IFN-f, IFN-g,

IFN-k, IFN-w) binds to the type I IFN receptor (IFNAR) widely expressed
in all nucleated cells, IFN-III binds to the IFN-A receptor (IFNLR), which
cellular expression is restricted in the epithelial cells of the respiratory,
gastrointestinal, and urogenital systems, keratinocytes, hepatocytes,
endothelial cells, and some subsets of innate immune cells (such as
neutrophils, macrophages, and dendritic cells). IFNAR is formed by two
subunits: IFNAR1 and IFNAR2, while IFNLR consists of subunits IFNLR1
and IL-10Rp (shared by the IL-10 receptor) [1].

A sophisticated antiviral defense status is triggered after IFNs engage
with their cellular receptors. Such protection involved the transcription
of hundreds of interferon-stimulated genes (ISGs), able to synthesize
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multiple proteins committed to “interfere” with every step of viral
replication [2]. Comparatively, a faster ISGs induction and decline is
promoted by IFN-I. Nevertheless, current data suggests that both IFNs
can differentially engage their receptors to produce different signaling
outcomes [3,4].

Type [ and type III [FNs not only create an intracellular antiviral state
but also activate the adaptive immune responses against viruses. The
latter claims a fine-tuning regulation to avoid undesirable consequences.
Particularly, when uncontrolled response, IFN-I signaling can be dele-
terious through its systemic, pro-inflammatory effects [5]. Whether the
IFN response has a protective or pathogenic effect against SARS and
MERS seems to be dependent on the context in which IFN signaling is
induced.

Interestingly, many viruses have evolved to avoid, subvert, or
directly interfere with the IFN function of their hosts. Such viral immune
evasion includes viral proteins that work at different stages of the IFNs-
pathway. These strategies are deployed by viruses that cause both acute
and persistent infections. Among the former, SARS-CoV and MERS-CoV
are typical examples [6,7].

The objective of this review will be focused on offering an update
description based on the knowledge regarding the mechanisms involved
in the production, magnitude and timing, signaling, and genesis of type I
and III interferon response against SARS-CoV-2 infection. The still-
controversial arguments that link these cytokines to the immune dam-
age of COVID-19 patients will be included. Finally, the focus will be
aimed at the pivotal counterattack strategies to interferon-mediated
antiviral actions, where we include the mechanisms of evasion and the
antiviral effectors occurring in the virus, and the events of congenital
errors observed in patients seriously ill with COVID-19.

Cytokine and Growth Factor Reviews 58 (2021) 55-65

2. Brief description of SARS-CoV-2

As a novel betacoronavirus, the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) shares its genomic organization and ex-
hibits high genome sequence identity against the other two human
coronaviruses (HCoV), causing severe respiratory diseases: almost 80%
with SARS-CoV and 50% with Middle East respiratory syndrome coro-
navirus (MERS-CoV). The single-stranded RNA genome contains six
functional open reading frames (ORFs) ordered from 5’ to 3': replicase
(ORFla/ORF1b), spike (S), envelope (E), membrane (M), and nucleo-
capsid (N), and also including thee seven putative ORFs encoding
accessory proteins intermingled between the structural genes. The vast
majority of the SARS-CoV-2 encoded proteins show similar length to the
homologous ones in SARS-CoV, sharing more than 90% amino acid
identity in four structural genes, except for the S gene. The largest gene
coding for the replicase covers two-thirds of the 5’ genome and encodes
a large polyprotein (pplab), which renders 16 nonstructural proteins
after its proteolytical cleavage. These nonstructural proteins (nsp) are
involved in transcription and virus replication and exhibit greater than
85% amino acid sequence identity with SARS-CoV [8]. SARS-CoV-2
interacts with the angiotensin-converting enzyme 2 (ACE2) receptor,
highly expressed in pneumocytes type II, and targets the lower part of
the respiratory tract causing severe acute respiratory syndrome (SARS).

3. Type I and III interferon-mediated immune response against
viruses

3.1. Type I and III IFN synthesis and signaling cascades

As depicted in Fig. 1, a rapid IFN-I production is induced into the cell
once the pattern recognition receptors (PRRs) sense pathogen-associated
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Fig. 1. Type I and III interferons response following SARS-CoV-2 sensing during controlled (left and central cell) and uncontrolled (right cell) infection. Schematic
representing the canonical pathway of pathogen recognition receptor (PRR) sensing of intracellular pathogens. Pathogen-associated molecular patterns (PAMPs)
-such as viral RNA- are recognized by pathogen recognition receptors —-PRRs- (RIG-1, MDAS5, and LGP2) lead to activation and phosphorylation of IRF3/7 and IRF1,
their nuclear traslocation, and drive the expression of both types I and III interferons. Both interferons are translated and secreted from the infected cell in an
autocrine or paracrine manner. Upon engagement of IFN-I to the IFNAR and of IFN-III to the IFNLR receptor, signal transductions start, leading to the expression of
interferon-stimulated genes (ISG). These opposite scenarios compare the IFN-I/III optimal response controlling SARS-CoV-2 infection (left and central cell), and the
counteracted and/or deficient IFN-I/III response (right cell) associated with high virus replication, immune-mediated complications (including down-regulation of
ISGs, together with exacerbated NF-kB activation), and lung immunopathology (“cytokine storm”, accumulation of monocytes, vascular damage, and abnormal T

cell response).

56



J. Quarleri and M. V. Delpino

molecular patterns (PAMPs) such as viral nucleic acids (RNA from SARS-
CoV-2), triggering a range of signaling cascades and subsequent gene
activation [9]. As mentioned before, IFN-I is produced and released
acting in both autocrine and paracrine ways, and generates an antiviral
state supported by the rapid expression of ISGs [2]. Concomitantly, this
antiviral defense also implies different immune cells recruited and
activated by IFN-I induced proinflammatory cytokines to promote virus
clearance and activation of a well-controlled and sustained adaptive
immune response [10,11].

The IFN-production process starts with an early event in the cyto-
plasm when cellular PRRs -including retinoic acid-inducible gene 1
(RIG-I), melanoma differentiation-associated gene 5 (MDAS5), and the
still enigmatic laboratory of genetics and physiology-2 (LGP2) along
with the cooperation of MDAS5, sense viral RNA. Upon PAMP (viral
RNA)-PPRs (RIG-I/MDA-/LGP-2) interaction, sensors are activated and
interact with the mitochondrial antiviral signaling protein (MAVS), a
downstream adaptor, which promote its activation [9,12].

Besides its cytosolic sensing, viral RNA is detected when located in
the endosomal membrane by the Toll-like receptors (TLRs). Specifically,
TLR3 detect double-stranded RNA, while single-stranded RNA is
recognized by TLR7 -particularly involved in SARS-CoV and MERS-CoV-
and TLR8. Innate sensing signaling cascade continues with the down-
stream adaptor protein molecules for TLRs, MyD88 (for TLR4, TLR7,
TLR8) and TRIF (for TLR3, TLR4), important for protection against
human coronavirus infections [13].

The downstream central event that stimulates type I and III in-
terferons is the phosphorylation of the IFN gene “master regulators”, IFN
regulatory factor (IRF)3 and IRF7 through tumor necrosis factor
receptor-associated factor 3 (TRAF3), TRAF family member-associated
NF-kB activator (TANK)-binding kinase 1 (TBK1), and the inhibitor of
nuclear factor kB (IkB) kinase-e (IKKe) [14-16]. Upon phosphorylation,
IRF3 and/or IRF7 dimerize and translocate into the nucleus, where they
induce the expression (and release) of IFN-I as well as a subset of early
ISGs [17]. In parallel, the transcription nuclear factor-xB (NF-kB) stim-
ulates the production of pro-inflammatory cytokines (e.g., IL-1, IL-6,
TNF-a).

Once released, IFN-I binds to the interferon-a and p receptor (IFNAR,

[ ]
Typel IFN PY
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composed of the IFNAR1 and IFNAR2 subunits), leading to the activa-
tion of Jak tyrosine kinases, tyrosine kinase 2 (Tyk2) and Janus kinase 1
(JAK1), already pre-associated and able to phosphorylate specific tyro-
sine residues of the IFN receptor chains. In this condition, these domains
of the IFNAR serve as docking sites for the recruitment of signal trans-
ducer and activator of transcription (STATSs) [18]. Once the STAT1 and
STAT2 are phosphorylated and activated, they are heterodimerized, and
associated with the DNA binding protein IRF9 to form a complex known
as IFN-stimulated growth factor 3 (ISGF3). ISGF3 translocates to the
nucleus and binds DNA containing an IFN-stimulated response element
(ISRE) to activate gene transcription of ISGs, thus inducing the expres-
sion of numerous ISG products that establish the antiviral state at the site
of the viral infection [19,20] (Figs. 1 and 2). Nevertheless, it has been
reported that different states of ISGF3 are able to control the switch from
homeostatic to enhanced ISGs expression in macrophages used in a
murine model. Hence, IFNs switch cells from a resting state to induced
gene expression by alternating subunits of the transcription factor
ISGF3. Whereas the preformed STAT2-IRF9 complexes control the basal
expression of ISGs, type I IFNs (and IFN-II or IFN-y) cause the promoter
binding of a complete ISGF3 complex containing STAT1, STAT2, and
IRF9 [21]. Likewise, viral RNA may also be recognized by its
double-stranded RNA elements using the cellular protein kinase receptor
(PKR). This enzyme blocks protein synthesis in infected cells, and since it
is an ISG, its expression is also under IFN-I influence [22].

3.2. Uncontrolled interferon-mediated response during SARS-Cov-2
infection

Beyond their antiviral activity, IFNs are also responsible for activities
related to the regulation of metabolism and cell death, as well as the
recruitment and activation of immunocompetent cells. In this context,
during human coronavirus infections, an elevated virus replication may
eventually lead to widespread inflammation and exacerbated cytokines
release, also known as a “cytokine storm” as an uncontrolled response
that propitiates inflammatory diseases [23]. Host-related factors such as
the timing in the IFN-response may enhance such deleterious outcomes.
For instance, when the IFN-I response is delayed, a failure to obstruct
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rapid replication of MERS infection in mice was observed. Subsequently,
increased infiltration and activation of pulmonary mononuclear cells
and neutrophils were present, as well as enhanced proinflammatory
cytokine expression favoring severe pneumonia [23,24]. Among
COVID-19 patients, it is critical to understand the regulation of the IFN-I
response upon infection, with a clear negative impact of a delayed IFN-I
response on viral control and disease severity. Hadjadj et al. have
recently studied COVID-19 patients at an earlier disease stage who
exhibited high viremia accompanied by exacerbated IFN-I response.
Among them, they found upregulated IFNAR signaling, down-regulation
of ISGs, together with exacerbated NF-kB activation. Their immune
phenotypic profiling in peripheral blood mononuclear cells revealed
disproportionate cytokine release, and hyperinflammation directly
related to clinical severity [25] (Fig. 1).

However, the factors related to the SARS-CoV-2 infection itself and to
those dependent on the host capable of controlling the temporality of the
IFN-I response remain obscure. In this sense, it is of particular relevance
to clarify the mechanisms that regulate the on/off of the IFN-I response
as well as its autocrine and paracrine effects.

Upon viral infection, IFN-III is the most abundant in the mucosal,
respiratory, gastrointestinal, and urogenital tracts. They are secreted by
epithelial cells, macrophages, CD8 + T lymphocytes, NK cells, Treg
lymphocytes, dendritic cells, and hepatocytes [1]. At least, during the
respiratory infection caused by type A influenza virus, it seems to be
produced earlier [26]. Regarding SARS-CoV-2, upon infection of intes-
tinal epithelial cells, using both colon-derived cell lines and primary
colon organoids, the IFN-III response appears to be more efficient than
IFN-I at controlling viral replication [27,28].

The PRRs contributed to the induction of IFN-III expression over-
lapping with those eliciting IFN-a and IFN-$ expressions. However, the
selective IFN-III expression, but not IFN-I, is mediated by Ku70 (a
cytosolic DNA sensor) [29]. Differences between IFN-I and IFN-III in the
gene promoter support the higher dependence of IFN-III on NF-kB than
IFN-I expression [30]. Likewise, IFN-III production involves MAVS
signaling from the peroxisome -highly abundant in epithelial cells-, in
contrast to the mitochondrial location for IFN-f expression [31].

Similar to IFN-I, IFN-III activates the JAK-STAT signaling pathway
upon IFNLR engagement (Figs. 1 and 2). The IFNLR is expressed on cells
of epithelial origin, including respiratory epithelial cells [32]. IFN-III is
present in the lower, but not upper, airways of patients with COVID-19.
Critically ill patients with COVID-19 showed increased amounts of
IFN-III mRNA in nasopharyngeal and bronchoalveolar samples but
suppressed IFN-I in peripheral blood [22,29]. Among these patients,
different reports offer evidence of the growing interest in the use of
IFN-III as a therapeutic alternative based on its antiviral properties [28,
33,34]. However, some pathophysiological roles of IFN-III induced by
RNA viruses have generated controversies. Dendritic cells in the lung
may cause an IFN-III mediated barrier damage that compromises the
tissue integrity thus predisposing to lethal bacterial superinfection [32].
Likewise, Major et al. reported that IFN-III impairs the differentiation of
alveolar epithelial progenitor cells into secretory and ciliated cell sub-
types, and further identified that such impairment on epithelial prolif-
eration is dependent on the expression of IFNLR. Furthermore, IFN-III
caused expansion and restructuring of the nasal microbiota, and
impaired the epithelial barrier function, which allowed bacteria to
invade and colonize the tissue [35]. These findings provide a strong
rationale for rethinking the still controversial IFN-III use in clinical
practice, including COVID-19 patients.

4. HCoV infections and IFN-mediated response

4.1. Host and viral factors influencing the magnitude and dynamics of
IEN-I response

The innate immune response to viruses shows widespread hetero-
geneity at the level of single cells. According to the cell type and its
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microenvironment, different dynamics of IFN-I response have revealed
that it is induced only in a fraction of virus-infected cells and, subse-
quently, a portion of cells exposed to IFN upregulates ISGs. Likewise,
using single-cell analysis, the amplitude and kinetics of the response
appear to be heterogeneous for a given cell type. Such heterogeneity in
the IFN-I response is also sustained by dissimilar cellular metabolism,
translational and transcriptional states at the activation time that in-
fluences the level of sensors, adaptors, and receptors. The dissimilar
timing of the IFN response upon viral replication is crucial to define its
efficacy in controlling viral spread [36-40]. The preferential distribu-
tion of IFNLR on epithelial cells suggests functional differences between
IFN-I and IFN-III at epithelial surfaces, despite their redundant func-
tions. Comparatively, faster antiviral protection is generated by IFN-I
signaling upon a rapid robust induction of ISGs, thereby leading to
differential antiviral environments [36-38].

Among the viral factors influencing the IFN-I response, viral fitness
also appears to shape the dynamics of the host antiviral response at the
whole population level [1]. Even more, the capability of the virus to
modulate IFN signaling is an important hallmark for virulence. For
instance, a stronger IFN-I response was detected in cells infected with
HCoV-229E rather than those infected with SARS-CoV or MERS-CoV,
thus, thus allowing inferring IFN synthesis suppression [6], or a
delayed response in the lung with IFN-I detectable after the peak of the
viral replication achieved [41]. Using models of the human airway, it
was reported that SARS-CoV and MERS infections show a peak of its
replication preceding the delayed ISGs response. In this regard, the
virus-induced epigenetic modulation is pivotal on the transcriptional
activity of STAT1 and PKR pathways, thus deferring the induction of
ISGs expression. Induction of IFN-p and ISGs in SARS-CoV and
MERS-CoV infection appeared to occur later compared with type A
influenza virus infection [42].

4.2. Timing of the IFN-I response for the SARS-CoV-2 infection

This is still a controversial issue. On the one hand, as early as 3 days
after infection and later beyond clearance of the virus, the immune
response analysis of COVID-19 patients reported a lack of IFN-I/III
response in serum despite robust cytokine and chemokine production;
pro-inflammatory cytokines and chemokines were strongly elevated
without detectable levels of type I and III IFNs. Comparing transcrip-
tional profiles obtained from post-mortem lung samples from COVID-19-
positive patients with biopsied healthy lung tissue from uninfected in-
dividuals demonstrated ~2000 differentially expressed genes signifi-
cantly induced in response to SARS-CoV-2 including a subset of ISGs
with no IFN-I or IFN-III. Peripherally derived macrophages predomi-
nated in the lungs of severe cases which correlates with high levels of
chemokines, including CCL2, CCL8, and CCL11, and a significant in-
crease in circulating IL-6, ILIRA, CCL2, CCL8 CXCL2, CXCL8, CXCL9,
and CXCL16 levels was detected in serum samples but consistently
tested negative for IFN-f and the IFN-A family of IFNs. However, this
response is detected at low multiplicity of infection (MOI), when the
virus is not a strong inducer of the IFN-I and -III system, as opposed to
conditions where MOI is high [43]. Other studies suggest that rather
than its complete absence, IFN response may be delayed at an earlier
stage of infection. Therefore, in contrast with early reports, accumu-
lating data obtained from patients with severe COVID-19 offers evidence
of a strong IFN-I response, after the initial delayed, or even suppressed,
interferon response. Such vigorous IFN-I response could exacerbate
hyperinflammation in the progression to severe COVID-19 through
diverse mechanisms. Moreover, a study based on four COVID-19 pa-
tients revealed that the levels of IFN-a (but not IFN-p) and ISGs were
associated with viral load levels and disease severity [44]. Despite such
elevated IFN-I levels found in severe infections, the viral load level
remained almost unchanged (Fig. 1). Further understanding of the roles
of IFN-I at different stages of infection and in patients with mild versus
severe COVID-19 will provide insights for the therapeutic use of
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interferon administration or, JAK inhibitors [45]. Thus, both viral and
host factors can affect the timing of IFN response and allow to distin-
guish two alternative scenarios: at the early stages of infection, when the
viral load is low and IFN is early produced, viral replication can be
limited soon. In contrast, when the IFN response is delayed and/or
deficient by limiting initial viral replication, inflammation and lung
injury may occur (Fig. 1). It is plausible among older hosts with a
compromised IFN induction or when the initial viral load is high, and the
viral population has a higher chance to counteract the IFN response
using its escape strategy, thus delaying its induction [46]. Surprisingly,
high levels of IFN-a and ISGs correlated with disease severity and viral
RNA copies among SARS and MERS patients. Elevated levels of
IFN-induced chemokines were sustained even after the resolution of
acute illness in patients who exhibited severe hypoxemia [47,48].

4.3. Animal models for assessing IFN-response in HCoV infections

Indeed, the viral pathogenesis studies in animal models do not fully
reproduce human diseases associated with SARS-CoV-2, SARS-CoV, and
MERS-CoV infection considering that there are host-specific factors in
determining IFN response and disease outcomes that limit such extrap-
olation. For instance, whereas a subset of ISGs is shared among
mammalian species, many other ISGs are species-specific [49].

Particularly for SARS-CoV-2 infection, non-human primates do not
fully replicate COVID-19 [50]. Likewise, mice are scarcely susceptible to
SARS-CoV-2 infection and, on its lungs, the IFN-I response can restrict
viral replication. Nevertheless, the development of a mouse model of
SARS-CoV-2 based on adeno-associated virus (AAV)-mediated expres-
sion of ACE2 was able to support viral replication and exhibit patho-
logical findings observed in COVID-19 patients. It includes the IFN-I
inability to control SARS-CoV-2 replication in vivo but its pivotal role as
a driver of pathological responses [51]. In contrast to mice, Syrian
hamsters are highly permissive to SARS-CoV-2 infection and
virus-induced lung pathology characterized by a robust inflammatory
response, neutrophil infiltration, and edema, developing bronchopneu-
monia. Such immune-mediated damage highlights the role of STAT2 as a
double-edged sword, limiting systemic virus dissemination on the one
hand, yet promoting severe lung injury on the other [52,53].

Several animal species are suitable disease models of SARS-CoV, but
most laboratory animals are refractory or only partially susceptible to
MERS-CoV infection [54]. Using the mice model, the IFN-I and III
signaling during SARS-CoV infection is influenced by the genetic back-
ground of the animal. In C57BL/6 or 129 (type I, type II, or type III
interferons knockout) mice, the IFN signaling contributes to protection
by enhancing viral clearance but does not contribute to pathogenesis.
However, even developing only mild SARS, the viral pathogenesis is
regulated by a STAT1 dependent mechanism. In contrast, BALB/c mice
develop lethal SARS-CoV disease, IFN-I induction appears delayed
compared to viral replication, and the subsequent infiltration of in-
flammatory monocytes and macrophages with lung tissues was detri-
mental. IFN-I remains detectable until after virus titer peak, but early
IFN-I administration ameliorates immunopathology, highlighting the
relevance of early IFN-I mediated antiviral activities. Such abnormal IFN
response timing during SARS-CoV infection in mice does not correlate
with the human response kinetics [23,55]. On the other hand, during
MERS-CoV infection in mice, the IFN-I response is induced without any
delay, resulting in a protective event from disease and fatal outcomes
[56]. These studies emphasize the pivotal role of IFN-I schedule of action
concerning virus infection for determining its outcome such as an early
IFN-I induction (or exogenous administration when IFN-I expression is
delayed or reduced) confers protection, but a delayed IFN-I response
fails to control the virus and can also promote immunopathology
(Fig. 1).
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5. Modulation of innate antiviral response by HCoV
5.1. SARS-CoV and MERS strategies to counteract antiviral IFN-response

Despite the strong antiviral cellular state achieved when IFN-I and III
induce hundreds of antiviral effectors or ISGs, HCoV infections remain
pathogenic. This is at least partially due to several viral strategies to
counteract the IFN response on common pathways, more specifically the
mechanisms used by DNA and RNA viruses to block the IFN-III mediated
responses [57,58]. Clinical studies showed that coronaviruses evade
innate immunity during the first 10 days of infection, which corresponds
to a period of widespread inflammation and steadily increasing viral
load [59].

As mentioned above, the IFN response involves a multistep process
that starts at the early PAMPs sensing, followed by its production and
release, the JAK-STAT signaling after IFNAR engagement, ending with
the ISG-mediated antiviral activities, and its feedback control. Such a
cascade of events may be interrupted at different points by the direct
action of at least 10 SARS-CoV structural and nonstructural proteins [8].

At the early sensing phase, HCoV encoded proteins are committed to
escape innate response by PRRs, particularly those related to viral RNA
recognition. SARS-CoV and other HCoV such as SARS-CoV-2, replicate
in the interior of double-membrane vesicles to prevent RIG-I activation
by dsRNA replication intermediates [60]. SARS-CoV can evade RIG-I
and MDAS recognition of the viral RNA by using its nonstructural pro-
tein 14 (nspl14). This protein has a guanine-N7-methyltransferase ac-
tivity that can mimic the cap structure on viral RNA, thus appearing as
“host mRNA-like” [61]. Besides, the nspl6 from SARS-CoV and
MERS-CoV, using its 2'-O-methyltransferase activity, may also modify
the cap structure thus allowing the viruses to be recognized by MDA5
[62].

Moreover, IFN-I and IFN-III production may be inhibited by HCoV
[43]. To this aim, SARS-CoV uses its membrane (M) protein to sequester
innate sensors and signaling molecules into cytoplasmic compartments,
thus impeding the formation of TRAF3/TANK/TBK1/IKKe complex
[63]. Furthermore, SARS-CoV interferes with IRF3 function using
different viral proteins and strategies. The nsp3 (papain-like protease) of
SARS, when anchored in the membrane, can physically interact and
inhibit STING/TBK1/IKKe and disrupt the phosphorylation and dimer-
ization of IRF3, which are activated by STING and TBK1 [64]. Likewise,
IRF-3 phosphorylation and nuclear translocation are inhibited in cells
expressing ORF 3b, ORF 6, or N protein, while NF-kB is inhibited in cells
expressing N protein. ORF6 is the only one able to inhibit STAT1
translocation [65], but none of these proteins impair STAT1 phosphor-
ylation, as nspldoes [66]. Thus, the synthesis of interferons is inhibited
by the four viral proteins, but interferon signaling is only inhibited by
nspl, ORF 3b, and ORF 6 proteins that block transcription of ISGs [67,
68]. Similarly, the M, ORF 4a, 4b, and 5 proteins of MERS-CoV inhibit
nuclear translocation of IRF3 [69].

Finally, HCoV can counteract directly the antiviral actions of ISGs-
derived effector proteins such as the 2',5'-oligoadenylate synthetase
(OAS)-ribonuclease L (RNase L) complex. For instance, MERS-CoV
accessory protein ORF4b has 2'-5'-phosphodiesterase activity and can
destroy neosynthesized oligoadenylates thus avoiding the activation of
RNase L [70], while ORF4a is a dsRNA binding protein that is probably
sequestering it, thus acting as a stress response antagonist. Since dsRNA
is sensed and provokes the PKR-mediated phosphorylation and inhibi-
tion of elF2aq, leading to the arrest of cellular and viral translation and
the formation of stress granules, ORF4a rescues translation inhibition
and prevents activation of the stress response pathway [71,72]. The
PKR-induced translational arrest shuts down the negative feedback on
the IFN-I response, which can thus result in a prolonged and/or ampli-
fied IFN-I response [73]. Because PKR is an ISG, the translational arrest
is, in turn, potentiated by the IFN-I response. This underlines a contra-
dictory situation in which translation arrest prevents viral replication
but also sets a threshold of viral detection to commensurate the host
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transcriptional antiviral response to the level of infection [73]. Whether
the PKR pathway is modulated by SARS-CoV2 is unknown.

Finally, SARS-CoV may enhance the host feedback control of the IFN
pathway by perturbing cellular ISGs that repress the IFN-I response, such
as the suppressor of cytokine signaling proteins (SOCS1 and SOCS3).
Particularly in plasmacytoid dendritic cells, SOCS1 and SOCS3 strongly
suppressed TLR7-mediated IFN-I production by binding the IRF7, a
pivotal transcription factor of the TLR7 pathway, through the SH2
domain to promote its proteasomal degradation. The S protein of SARS-
CoV could induce phenotypic conversion of human B cells, either from
peripheral blood or B lymphoma cells, to macrophage-like cells
expressing the marker Mac-1. Moreover, the S protein enhanced the
expression of SOCS3 among several other proteins such as CD86,
hypoxia-inducible factor-la (HIFla), C/EBP, insulin-like growth
factor-binding protein 3 (IGFBP3), Kriipple-like factor 5 (KLF-5), and
CD54 [74,75].

5.2. SARS-CoV-2 strategies to counteract IFN-response

Remarkably, SARS-CoV-2 has its own anti-IFN proteins (Fig. 3) [25,
43,76]. A virus-cell protein interaction map identified several innate
immune signaling proteins as partners of viral proteins in cells [77]. One
of the first proteins produced during viral infection, nsp1, binds to the
host ribosome and blocks the mRNA entry channel, thus inhibiting
cellular translation but not the viral translation; such viral escape is
mediated by the cis-acting RNA hairpin SL1 in the 5'UTR of SARS-CoV-2
[78]. Other viral proteins such as nsp8, nsp9, and nsp16 are produced
early during viral replication, before the generation of double-stranded
RNA (dsRNA). Such consecutive events could interfere with the recog-
nition of dsRNA by cellular sensors and the virus could replicate its
genome. Nspl6 suppresses mRNA splicing by binding to the mRNA
recognition domains of the Ul and U2 splicing RNAs. Finally, nsp8 and
nsp9 bind to the 7SL RNA in the Signal Recognition Particle and inter-
fere with protein trafficking to the cell membrane upon infection [79].

The high identity (greater than 90%) found in the amino acid
sequence between SARS-CoV-2 and SARS-CoV nspl6 suggests that
evasion of viral RNA recognition by its 5'cap modification may also be

SARS-CoV-2 *_
A
ACE2
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exhibited by SARS-CoV-2 [80]. Even the potent interferon-antagonizing
and protease activities of SARS-CoV nsp3 are mirrored by the homolo-
gous of SARS-CoV-2, despite sharing high amino acid sequence simi-
larity. Other viral proteins with lower sequence identity, such as ORF3b
and ORF6, have their capacity altered to antagonize-IFNs by increasing
(truncated ORF3b) or abolishing (missing two amino acids ORF6b) [65,
80,811.

Among SARS-CoV-2 proteins able to antagonize IFN-I production,
nsp6 (membrane protein) binds TANK binding kinase 1 (TBK1) to sup-
press IRF3 phosphorylation, both nsp13, and nsp15 bind and block TBK1
phosphorylation, and ORF6 by localizing at the nuclear pore complex
(NPC), binds importin karyopherin-a2 (KPNA2) thus targeting the nu-
clear import pathway and inhibiting the IRF3 nuclear translocation
[82-85]. Other strategies to counteract IFN induction include the nsp15
that can cleave the 5'-polyU of the negative-sense viral RNA [25,86], as
well as ORF8 and nucleocapsid proteins that showed strong inhibition
on IFN-B and NF-kB-responsive promoter by inhibiting ISRE [87].

The ISGs transcription may furtherly be altered by several SARS-
CoV-2 viral proteins able to block IFNAR and IFNLR signaling. This
pathway is affected through blocking STAT1/STAT2 phosphorylation or
nuclear translocation using at least three different approaches, such as
(1) nspl, nsp6, nspl3, ORF3a, M, and ORF7b suppress STAT1 phos-
phorylation; (2) nsp6, nspl3, ORF7a, and ORF7b inhibit STAT2 phos-
phorylation; and (3) ORF6 blocks STAT1 nuclear translocation [83].
Remarkably, SARS-CoV-2 nspl and nsp6 suppress IFN-I signaling more
efficiently than SARS-CoV and MERS-CoV, while ORF9b of both
SARS-CoV viruses associate with Tom70 to promote the interaction with
MAVS [77,88].

The protein synthesis is disrupted by SARS-CoV-2 at different steps
including host mRNA splicing, protein translation, and membrane pro-
tein trafficking. Like to SARS-CoV and other HCoV, SARS-CoV-2, nspl
and nspl1 inhibit host mRNA translation, including that of IFN-I, by
binding the 40S 18S ribosomal subunits, respectively. Particularly, the
nspl interference shutdowns the host protein production. Thus, the
major parts of the innate immune system that depend on the translation
of antiviral defense factors such as IFN-B or RIG-I are disarmed. Hence,
this viral protein almost completely prevents translation not only of IFNs
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and other proinflammatory cytokines but also IFN-stimulated antiviral
ISGs [89]. To produce its own viral proteins, the SARS-CoV-2 uses
structural features present in the 5'UTR of all SARS-CoV mRNAs, to
circumvent such Nspl-mediated block of translation [90]

6. Host genetic factors that impair type I IFNs antiviral activities
in severe COVID-19

6.1. Inborn errors of TLR3- and IRF7-dependent type I interferon
response

The antiviral efficacy of IFN-I may also be affected by host-related
factors. Arunachalam et al. using single-cell transcriptomics analysis in
the myeloid cells of patients with severe COVID-19 revealed the absence
of IFN-I, low HLA-DR, and transient expression of IFN-stimulated genes
[91]. Such findings resemble severe immunodeficiencies with dysfunc-
tion in the IFN-I pathway associated with gene encoding members of the
cascade. Therefore, the presence of rare inborn errors among 8 out of 13
loci that govern TLR3- and IRF7-dependent type I IFN immunity was
characterized among life-threatening COVID-19 patients in a recent
multicenter study that analyzed exome or genome sequences in more
than 600 patients with this clinical condition. The viral load level
measured in immune cells from these patients was higher than those
observed in cells from healthy donors [92]. At least 3.5% of patients of
various ages (17-77 years), ancestries, and both genders, with
life-threatening COVID-19 pneumonia had known (autosomal recessive
IRF7 and IFNARI1 deficiencies or autosomal dominant TLR3, TICAM1,
TBK1, and IRF3 deficiencies) or new (autosomal dominant UNC93B1,
IRF7, IFNARI1, and IFNAR2 deficiencies) genetic defects at eight of the
13 candidate loci involved in the TLR3- and IRF7-dependent induction
and amplification of type I interferon. Plasmacytoid dendritic cells from
IRF7-deficient patients produced no type I IFN on infection with
SARS-CoV-2. These findings, in line with their roles reported previously
in pulmonary immunity to influenza virus, define the essential role of
both the double-stranded RNA sensor TLR3 and type I IFN cell-intrinsic
immunity in the control of SARS-CoV-2 infection in the lungs.

6.2. Presence of neutralizing auto-antibodies against type I interferon

Importantly, patients treated with IFN-a or IFN-p have revealed the
presence of neutralizing IgG autoantibodies against such cytokines, thus
diminishing their plasma concentration [93]. This endogenous condi-
tion was recently analyzed in a multicenter study involving almost 1000
patients with life-threatening COVID-19 pneumonia from more than 15
countries. It has been shown that almost 14% of them had IgG autoan-
tibodies against at least one type of IFN-I, except IFN-f, exhibiting a
strong excess of male and slightly older patients (> 90%). The serum
level of the neutralizing IgG autoantibodies against IFN-a2 and/or IFN-o
during the acute phase of infection was higher than those of IgM and IgA
auto-antibodies against IFN-o and IFN- o2, respectively. Either way, the
patients’ blood carried sufficiently large amounts of auto-antibodies to
neutralize the corresponding type I IFNs and block their antiviral ac-
tivity in vitro against SARS-CoV-2. Moreover, all the patients who were
tested for auto-antibodies against IFN-a2 also had auto-antibodies
against all 13 IFN-a subtypes (IFN-al, -2, -o4, -a5, -a6, -o7, -a8, -a10,
-al3, -al4, -al6, -al7, and -a21). Remarkably, these antibodies were not
induced by SARS-CoV-2 but were detected before the infection occurred.
Among the life-threatening COVID-19 patients, the presence of
auto-auto-antibodies against other cytokines (IFN-y, GM- CSF, IL-6,
IL-10, IL-12p70, IL-22, IL-17A, IL-17 F, and/or TNF- B) were also
found but only a minority of them were neutralizing ones. Despite
SARS-CoV-2 is a poor IFN-I inducer, these autoantibodies were clinically
non-evident until the patients developed life-threatening COVID-19
pneumonia, suggesting that the small amounts of IFN induced by the
virus are important for protection against severe diseases. Even though
scarce IFN-I levels may enhance its induction, these autoantibodies were
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preexistent and were not triggered by SARS-CoV-2 infection, and
considering its high prevalence in men, it could be X-linked supporting
at least in part, the observed sex bias for the worst course of COVID-19.
In contrast, the prevalence of autoantibodies against IFN-I in the general
population was estimated at 0.33% [94].

6.3. Host-genetic variants in IFN-related genes associated with severe
COVID-19

Using Mendelian randomization in a genome-wide association study,
a significant host-genetic association with severe COVID-19 was defined
among more than 2200 critically ill patients. Genetic variants for two
IFN-related genes that act early in disease (IFNAR2 and OAS genes) were
characterized among life-threatening patients. These include a cluster of
genes that encode antiviral restriction enzyme activators (2/,5-oligoa-
denylate synthetase OAS1, OAS2, and OAS3), TYK2 (encoding a tyrosine
kinase), DPP9 (dipeptidyl peptidase gene), and IFNAR2 (interferon re-
ceptor gene). The low expression of IFNAR2 and high expression of
TYK2 appear as causative of severe COVID-19. Moreover, in lung tissue
from these critically ill patients, a high expression of the monocyte/
macrophage chemotactic receptor CCR2 was revealed by a
transcriptome-wide association study [95].

7. Are there beneficial IFN-mediated activities in SARS-CoV-2
replication?

Recent advances in systematic screening strategies have revealed the
existence of a small subset of ISGs that paradoxically exhibit activities
that favor viral replication [96,97]. These ISGs act directly facilitating
viral entry [97] or downregulating IFN signaling for feedback control, as
mentioned above. Instead, ISGs with antiviral activities such as
interferon-induced transmembrane proteins (IFITM2 and IFITM3) able
to block the entry of several enveloped viruses [109], can be hijacked by
human coronavirus OC43 (HCoV-OC43) to favor infection in human
cells [98].

SARS-CoV-2 uses ACE2, transmembrane serine protease 2
(TMPRSS2), and neuropilin-1 to enter cells [99,100]. Analysis of human,
nonhuman primate, and mouse single-cell RNA-sequencing (scRNA-seq)
data sets, generated from healthy or infected individuals, revealed that
the expression of ACE2 is primarily limited to type Il pneumocytes in the
lung, absorptive enterocytes within the gut, and goblet secretory cells of
the nasal mucosa [101]. Interestingly, this meta-analysis identified an
association between ACE2 expression and canonical ISGs or components
of the IFN-a signaling pathway in different tissues. Independent analysis
of publicly available data sets concluded that the ACE2 expression
pattern is similar to ISGs [102]. In vitro validations were performed by
treating primary human upper airway cells with numerous inflamma-
tory cytokines. IFNoa2, and to some extent, IFNy led to a greater and
more significant ACE2 up-regulation compared with all other cytokines
tested [101]. Substantial upregulation of ACE2 was also observed in
primary skin and primary bronchial cells treated with either IFN-I or
IFN-II. Moreover, ACE2 expression was also upregulated upon ex vivo
type A influenza virus infection in human lung explants isolated
following surgical resection [101]. Because the majority of cells robustly
upregulating ACE2 were epithelial, this observation potentially explains
why previous analyses aimed at defining canonical ISGs within immune
populations did not identify ACE2 as an induced gene [96]. Finally,
STAT1, STAT3, IRF8, and IRF1 binding sites were identified within
—1500 to +500 bp of the ACE2 transcription start site [101].

However, a recent report demonstrates the existence of a novel,
transcriptionally independent truncated isoform of ACE2, named del-
taACE2 (dACE2). This dACE2 isoform, but not ACE2, is inducible (ISG)
by IFNs (types I, II, and III), and viruses that induce IFN responses.
Moreover, its expression is induced in vitro by SARS-CoV-2 infection.
Nevertheless, the dACE2 isoform is nonfunctional as a SARS-CoV-2 re-
ceptor and carboxypeptidase. It will be important to examine a potential
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cross-talk between the ISG-type induction of dACE2 and its role in the
regulation of ACE2 protein levels, especially in COVID-19 conditions
[103,104]. Despite the need for direct evidence that IFNs upregulate
ACE2 in target cells in vivo, altogether these studies suggest that ACE2
could be an ISG that enhances SARS-CoV-2 internalization in human
epithelial cells [99,101]. Elucidating the tissue and cell-type specificity
of ISGs and their mechanisms of action is essential for understanding the
potential dual role of IFNs during human SARS-CoV-2 infection, as well
as to guide the use of IFNs in clinical trials.

8. Conclusions

Given the complexity of IFN responses in SARS-CoV-2 infection,
further insight into their impact on the disease is of extreme importance
for the continued development of drugs targeting the IFN pathways.
Research is needed to establish whether IFN-III and IFN-I have similar
effects or whether one is more beneficial or detrimental than the other. It
should be categorically established whether type I IFN responses are
enlarged in the lungs of COVID-19 patients in contrast to the inhibited
type I IFN responses observed in blood. Further research will be required
to define whether suppression of blood type I IFN in critically ill COVID-
19 patients occurs due to the ability of SARS-CoV-2 protein to obstruct
IFN signaling. Alternatively, low type I IFN may be the consequence
rather than the cause of generalized immunosuppression induced by
high viral titers.

Finally, type I and III interferons, with different shades, share anti-
viral and immunomodulatory activities. However, during COVID-19, the
IFN response is complex, and it is still undefined whether IFN-I and III
have similar effects or one of them is more beneficial than the other.
Their location, timing, and duration of exposure are pivotal parameters
to define the infection outcome, which are influenced by inherited host
factors and viral mechanisms able to evade antiviral activities. SARS-
CoV-2 proteins antagonize IFN-I at multiple steps in the IFN-I produc-
tion/signaling pathways, that collectively determine the whole coun-
teracting force against IFN-I restriction in infected hosts. This virus
employs strategies that were presented previously by SARS-CoV, but
whose inhibitory capacity may vary among different coronaviruses,
probably influencing the outcome of viral replication, transmission, and
pathogenesis. Along with high levels of viral replication, the IFN
response may be impaired causing generalized immunosuppression.
Thus, further research is deserved to evaluate the lung pathogenicity of
IFNs in SARS-CoV-2 infection as well as to assess whether IFNs or IFN
blockade are potential therapeutic choices.
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