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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a recently emerged pathogen that has caused
Interferons coronavirus disease 2019 (COVID-19), the worst pandemic of our times leading to tremendous loss of human life
Antiviral innate immunity and unprecedented measures of social distancing. COVID-19 symptom manifestations range from asymptomatic
ZI(;I:/SI;(;ZZ disease to severe and lethal outcomes. Lack of previous exposure and immunity to SARS-CoV-2, and high

infectivity of the virus have contributed to its broad spread across the globe. In the absence of specific adaptive
immunity, innate immune mechanisms are crucial for efficient antiviral defenses and control of the infection.
Accumulating evidence now suggests that the remarkable heterogeneity in COVID-19 disease manifestations is
due to variable degrees of impairment of innate immune mechanisms. In this review, we summarize recent
findings describing both viral and host intrinsic factors that have been linked to defective innate immune re-
sponses and account for severe COVID-19. We also discuss emerging therapeutic opportunities for targeting

innate immunity for the treatment of COVID-19.

1. Introduction

Coronavirus disease 2019 (COVID-19) is the worst pandemic of our
times that has resulted in tremendous loss of human life and has trig-
gered unprecedented restrictions of free movement and social
distancing. It is caused by the novel coronavirus severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [1], for which humanity has no
prior immunity. Although limited cross-reactivity due to the seasonal
circulating coronaviruses has been reported [2], effective B and T cell
responses against SARS-Cov-2 can be mounted only following vaccina-
tion or active infection. Therefore, the course of COVID-19 disease,
following an individual’s first encounter with SARS-Cov-2, largely de-
pends on the host’s innate immune response and its ability to restrict
infection early on, preventing the development of exuberant inflam-
mation. Remarkably, there is huge heterogeneity in the symptomatology

of COVID-19 patients, ranging from asymptomatic or ambulatory dis-
ease to very severe or even lethal outcomes. This raised from the
beginning of the pandemic the idea that defects in an individual’s innate
immune response are the main culprits for the development of severe or
lethal disease, and more broadly for the vast clinical variability
observed. Indeed, several reports in the literature have documented
impairments in the innate antiviral immune mechanisms that have been
linked to severe COVID-19. We herein review all evidence linking
impaired innate antiviral defenses to disease severity in COVID-19, and
discuss its implications for disease clinical phenotypes and novel ap-
proaches to therapy.

2. Innate antiviral mechanisms against SARS-CoV-2

Sensing of viruses by innate immune mechanisms serves as the first
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line of antiviral defense of an organism and is absolutely crucial for an
effective antiviral response [3]. SARS-CoV-2, the etiological factor of
COVID-19, is a betacoronavirus, and like other related CoVs, is an
enveloped positive-sense single-stranded RNA (+ssRNA) virus, that can
infect mammals and birds, causing mostly respiratory tract infections, or
gastroenteritis in certain cases [4]. Its tropism is primarily for the cili-
ated cells of the nasal and bronchial epithelium and the type 2 alveolar
pneumocytes [5]1. Soon after its characterization,
angiotensin-converting enzyme 2 (ACE-2) was described to be
SARS-CoV-2 receptor for viral entry into the cells, similar to SARS-CoV
[6]. Through its spike (S) protein, SARS-CoV-2 binds to ACE-2 receptor
of the host, to enter the cells with the help of the host cell trans-
membrane serine protease 2 (TMPRSS2), that promotes viral uptake and
fusion at the cellular or endosomal membrane, followed by the viral
RNA release in the cytoplasm [7].

In addition to ACE-2, several other host receptors have been pro-
posed to alternatively mediate SARS-CoV-2 entry into the cells.
Neuropilin-1 was identified by two groups to facilitate SARS-CoV-2
entry, especially in cells with low ACE-2 expression, such as the olfac-
tory epithelium [8,9]. As SARS-CoV-2 spike protein contains a cleavage
site for the protease furin that is absent from SARS-CoV, neuropilin-1
was found to bind the furin-cleaved S1 fragment in epithelial cell lines in
vitro or in the mouse olfactory epithelium in vivo [8,9]. Similarly, the
lectins CD209 L/L-SIGN, CD209/DC-SIGN and CD169/SIGLEC1,
expressed in trans [10-12], and the phosphatidylserine receptors KIM-1
[13] and AXL [14], were reported to either act as alternative receptors or
to facilitate SARS-CoV-2 entry into the cells in the presence of ACE-2,
acting more as attachment receptors to enhance the interaction with
ACE2, rather than being alternative primary receptors for viral entry
[10]. Nevertheless, some of these receptors were described to be
responsible for SARS-CoV-2 entry in other target organs, beyond the
lung epithelium, such as the vascular endothelial cells [11], and the
renal epithelial cells [13]. Heparan sulfate, a highly negatively charged
linear polysaccharide, which is part of the cell’s glycocalyx, was found to
interact with SARS-CoV-2 spike protein through the receptor-binding
domain (RBD) on a docking site adjacent to the ACE-2-binding
domain, suggesting the formation of a ternary complex between hep-
arane sulfate, ACE-2, and S [15]. Finally, although CD147/basigin was
proposed to be an alternative receptor for SARS-CoV-2 entry [16],
leading to a clinical trial with an anti-CD147 humanized antibody,
Meplazumab [17], the finding was later disputed by another group [18].

Within the cell, sensing of RNA viruses, such as SARS-CoV-2, is
mediated through the engagement of viral structures by pattern-
recognition receptors (PRRs) that include Toll-like receptors (TLRs),
and retinoic acid-inducible gene 1 (RIG)-I like receptors (RLRs).
Although the exact sensors that recognize SARS-CoV-2 have not been
described, most likely the endosomal TLR3 and TLR7/8, as well as the
cytocolic RIG-I and melanoma-differentiated gene 5 (MDAS) receptors,
all recognizing different structures of foreign RNA [19], possibly play a
major role. In fact, inhibitors for TLR3 and TLR7 reduced the production
of IFNs and pro-inflammatory cytokines in in vitro cultures of human
lung cell lines infected with SARS-CoV-2, suggesting a role of these re-
ceptors in viral recognition [20]. Further, plasmacytoid dendritic cells
(pDCs) isolated from individuals with TLR3 and TLR7 genetic variants
predicted to be loss-of-function, exhibited impaired type I IFN produc-
tion in response to SARS-CoV-2 in vitro [21,22]. With regards to the
cytocolic sensors, MDAS, in particular, together with LGP2, but not
RIG-I, were shown to play a role in IFN induction in response to
SARS-CoV-2 infection in lung epithelial Calu-3 cells, through the acti-
vation of IRF3, IRF5 and RelA (p65) [23]. To the contrary, another study
suggested that SARS-CoV-2 RNA activates RIG-I-mitochondrial anti-
viral-signaling protein (MAVS) pathway, and not MDAS5, to induce type I
IFN production in HEK293 T [24]. The different cellular systems used by
the researches might account for this discrepancy.

Engagement of PRRs initiates downstream signaling cascades that
lead to the activation of transcription factors, most notably interferon
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regulatory factors (IRFs) and nuclear factor kB (NF-xB). These trigger the
secretion of cytokines, such as the proinflammatory cytokines tumor
necrosis factor alpha (TNF-a), and interleukin-1 (IL-1), IL-6 and IL-18, as
well as a variety of chemokines that orchestrate the recruitment of
leucocyte subsets. Interferons (IFNs) of the type I and III families,
however, are considered to be the most important cytokines produced
for the antiviral defense.

2.1. Interferons

Two major cytokine families, type I and III IFNs, constitute the host’s
initial natural defense to viral infections. These cytokines are produced
in response to viral infection, and induce antiviral programs both in an
autocrine and paracrine manner, while at the same time they potentiate
the adaptive immune response. Type I IFNs constitute a family of cy-
tokines originally described over 60 years ago and comprise 13 IFN-a
subtypes, IFN-p and IFN-o, -k, and —¢. They signal through the IFNaR1/
IFNoR2 heterodimeric complex to up-regulate hundreds of genes
collectively known as interferon-stimulated genes (ISGs). These exhibit
multiple antiviral functions including inhibition of viral replication,
degradation of viral nucleic acids and induction of viral resistance to
neighboring cells, and account for the potent antiviral activity of type I
IFNs [25].

Type III IFNs, also termed lambda IFNs (IFN-A) or interleukins-28
and -29 (IL-28/29), share homology, expression patterns and antiviral
functions with type I IFNs [26]. They consist of four members in humans
(IFN-A1/1L-29, IFN-A2/IL-28A, IFN-A3/IL-28B and IFN-A4) and two in
mice (IFN-A2/IL-28A, IFN-A3/IL-28B) [27-29] and are abundantly
expressed at mucosal interfaces such as the respiratory and gastroin-
testinal tracts following microbial infection [26,30]. Interestingly,
although IFN-\ signal through a unique heterodimeric receptor complex
consisting of IFN-ARa (IL28Ra), which confers ligand specificity, and the
common IL-10Rp chain, they induce downstream signaling that appears
remarkably similar to that of type I IFNs, and involves the phosphory-
lation of Janus kinase (JAK)-family kinases, and the activation of signal
transducer and activator of transcription (STAT) and IRF transcription
factors, driving the expression of ISGs and the induction of antiviral
responses [26,31]. Despite this similarity, one major difference of these
two IFN families is their receptor availability. While the IFNAR is
expressed ubiquitously in all cell types, expression of the IFNLR is
largely limited to epithelial cells and few immune cell subsets, sug-
gesting an important role at mucosal surfaces. Indeed, we have
described a unique non-redundant role of type III IFNs in the respiratory
track, and a subtle mechanism by which type I and type III IFN cooperate
to fine tune the antiviral response towards optimal protection and
minimal tissue damage [32]. Following respiratory viral infection, IFN-A
are induced first, before and in excess levels to these of type I IFNs, and
act locally at the epithelial barrier to limit initial viral spread without
activating inflammation. In contrast, type I IFNs come into play later on,
once infection escapes IFN-A control, to provide further antiviral resis-
tance but at the same time induce pro-inflammatory responses essential
for dealing with infection but also mediating tissue damage [32]. This
indicates that IFN-)A are at the front line of antiviral defense in the res-
piratory tract, preceding that of type I IFNs and providing early infection
control.

2.2. Antiviral functions of interferons against SARS-CoV-2

Early evidence already demonstrated that SARS-CoV-2 is sensitive to
type I [33-35] and III [36] IFN treatment in vitro, and perhaps to a
greater degree than SARS-CoV [34]. Although the exact ISG products
that inhibit CoVs are not yet well characterized in detail, Pfaender et al.
showed that the ISG lymphocyte antigen 6 complex, locus E (LY6E)
potently restricted infection by multiple CoVs, including SARS-CoV,
SARS-CoV-2 and Middle East respiratory syndrome (MERS)-CoV, by
interfering with S protein-mediated membrane fusion and thus
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inhibiting CoV entry into the cells [37].

Given the fact that ACE-2 is the receptor for SARS-CoV-2 entry into
the cells [6], it was surprising that ACE-2 was shown to be an ISG in vitro
in human primary upper airway basal epithelial cells [38]. This would
suggest that the antiviral response, via IFN production, would favor viral
entry. However, a truncated isoform of ACE2, which was named as
deltaACE2 (dACE2), was later identified and shown to be the one
induced by type I IFNs [39]. This dACE2 isoform was proven to be
non-functional in binding the SARS-CoV-2 spike protein, rendering it
unlikely to contribute to viral entry [39]. The importance of these
findings in the course of COVID-19 infection remains to be elucidated.

3. Impaired innate antiviral mechanisms in COVID-19

Clinical manifestation of the course of SARS-CoV-2 infection is
highly variable, ranging from asymptomatic disease to lethal outcomes.
This variability intrigued scientists who are since seeking to address the
factors that may underlie the individual’s response to SARS-CoV-2
infection. The primary risk factor for worse outcome is age with a log-
linear increase of death by age [40]. Further, many other factors or
co-morbidities have been described, such as male gender, obesity, dia-
betes, cancer and others [41,42]. Nevertheless, these risk factors alone
could not provide sufficient explanation for the variability of pheno-
types within age groups or specific categories. This led to the hypothesis
that impairments in the host defense could account for this variability.
Impaired immune responses to SARS-CoV-2 may be due to a number of
factors, but direct inhibition by viral products and inborn genetic errors
are the most likely (Fig. 1).

SARS-CoV-2
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3.1. Suppression of the interferon response by SARS-CoV-2

Given the fact that IFNs are a major obstacle to viral infection,
several viruses have evolved strategies to evade them, including CoVs
[43]. Previous studies have demonstrated the suppressive ability of
SARS-CoV in IFN production both in vitro and in vivo [44-46]. These
evasion mechanisms employed by CoVs antagonize steps from PRR
sensing to IFN signal transduction. In the case of SARS-CoV-2, four
different viral non-structural proteins (NSPs) were identified to inhibit
protein translation after infection. More specifically, NSP16 was shown
to disrupt mRNA splicing, NSP1 to bind to the entry channel of the 18S
ribosomal RNA, while NSP8 and NSP9 to bind to signal recognition
particle and disrupt protein trafficking to the cell membrane. All these
disruptions in protein production were eventually shown to suppress the
IFN response during infection [47,48]. In support of that, an in-depth
protein interaction analysis of SARS-CoV-2 proteins with human pro-
teins, identified a multitude of protein-protein interactions that may
affect several biological processes, including mRNA translation [5]. A
general shutdown of translation, including synthesis of antiviral pro-
teins, was also reported to be induced by NSP14 [49], or a preferential
blocking of the host proteins alone [50].

Xia et al. were able to show a direct inhibition of the IFN pathway by
SARS-CoV-2 viral proteins. More specifically, NSP6 was found to bind
TANK binding kinase 1 (TBK1) to suppress IRF3 phosphorylation,
NSP13 could bind and block TBK1 phosphorylation, and open reading
frame 6 (ORF6) could bind importin Karyopherin a2 (KPNA2) to inhibit
IRF3 nuclear translocation [51,52]. M protein was also shown to interact
with RIG-I, MAVS, and TBK1, and to prevent the formation of the RIG-I,
MAVS, TRAF3 and TBK1 multiprotein complex, and subsequently
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Fig. 1. Mechanisms of impairment of the IFN response. SARS-CoV-2, after entering the cells, is recognized by PRRs, like TLR3, TLR7, RIG-I and MDAS, to initiate
signaling pathways that induce that production of type I and III IFNs. IFNs bind to their receptors in the same or nearby cells to activate pathways that lead to the
induction of ISGs and the initiation of the antiviral response. SARS-CoV-2 viral products have been shown to inhibit various steps of these processes, depicted in red,
suppressing thus the IFN response. Moreover, genetic mutations in key molecules of these pathways, depicted in blue, have been linked to impaired immune re-
sponses in severe COVID-19 patients. Finally, auto-antibodies against type I IFN family members, depicted in green, constitute another mechanism of impaired IFN
response detected in severe cases of COVID-19. Numbers in brackets [#] correspond to literature references of this review.
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impeding the phosphorylation, nuclear translocation, and activation of
IRF3, thus inhibiting type I and III IFN production [53]. In a similar
mechanism, ORF6 was found to block STAT1 and STAT2 nuclear
translocation and inhibit the IFN response [52,54]. Additionally, two
sets of viral proteins were found to antagonize type I IFN signaling
through blocking of STAT1/STAT2 activation; NSP1, NSP6, NSP13,
ORF3a, ORF7b, and M inhibited STAT1 phosphorylation, while NSP6,
NSP13, ORF7a, and ORF7b inhibited STAT2 phosphorylation [52].
Finally, nucleocapsid (N) protein was also reported to antagonize IFN
signaling, by inhibiting the phosphorylation of STAT1 and STAT2 [55].

With regard to the NF-xB pathway, ORF9b, which is an alternative
ORF within the N gene, was shown to target NEMO and interrupt its
K63-linked polyubiquitination upon viral stimulation, thereby inhibit-
ing the canonical IkB kinase alpha (IKKa)/B/y-NF-kB signaling and
subsequent IFN production [24]. ORF9b was additionally shown to
inhibit type I IFN production by interacting with TOM?70 localized on
mitochondria [56-58]. Finally, ORF9b was shown to overall impair
antiviral immunity, by targeting multiple molecules of the innate anti-
viral response, including RIG-I, MDA-5, MAVS, TRIF, STING and TBK1,
as well as impeding the phosphorylation and nuclear translocation of
IRF3, eventually inhibiting type I and III IFN production [59].

Further, SARS-CoV-2 papain-like protease was shown to antagonize
ISG15-dependent activation by MDAS [60,61]. Another interesting viral
product is ORF3b, which has the ability to inhibit type I IFN production
originating from a variety of CoVs, including SARS-CoV-2 [62]. Of note,
a longer ORF3b variant with increased ability to suppress IFN induction
was isolated from two patients with severe disease [62]. Along the same
line, a SARS-CoV-2 variant containing a deletion in the NSP1-coding
region (A500-532) correlated with higher RT-PCR cycle thresholds
and lower serum IFN-p in the samples detected [63]. Although the
physiological relevance of these observations in patients remains to be
established, it still demonstrates the propensity of SARS-CoV-2 to inhibit
IFN production and IFN-mediated antiviral responses.

3.2. Host impairments in interferon response

Despite its suppressive mechanisms in the IFN response, SARS-CoV-2
is still able to induce production of IFNs in vitro in human airway
epithelial cells [33,64]. When compared to SARS-CoV, SARS-CoV-2
exhibited higher proliferative ability in ex vivo human lung tissue ex-
plants, but induced less IFNs and pro-inflammatory cytokines and che-
mokines [65].

In COVID-19 patients, a longitudinal analysis of the immune
profiling detected increased levels of IFN-a and IFN-A during the first
week of symptoms that were sustained also later on in patients with
severe disease, while they declined in patients with moderate disease
[66]. We and others, however, have reported impaired and delayed
production of type I and III IFNs in the serum or plasma of severe
COVID-19 patients [67-69]. We further found that, in those COVID-19
patients where IFN-A was detected, higher IFN-A concentrations corre-
lated with lower viral load in bronchial aspirates and faster viral
clearance, while a higher IFN-A to type I IFN ratio correlated with
improved outcome in critically ill patients [68]. Our findings are in
agreement with the important antiviral role IFN-A play at mucosal sur-
faces, without inducing pro-inflammatory responses, as opposed to type
I IFNs [32,70]. In some reports, impaired IFN production was accom-
panied by a defective induction of ISGs in severe versus mild or mod-
erate cases [33], or by an early transient expression [67]. Also,
whole-blood single-cell analysis showed that induction of ISGs was
only present in mild and moderate cases, while it was completely absent
from severe ones [71]. In our analysis, however, in peripheral blood
ISGs were also strongly induced in severe cases of COVID-19 indepen-
dently of IFN production [68].

According to other researchers both the type and the localization of
IFNs may play a role in the severity of the disease. Sposito et al. found
that IFNs, and especially type III IFNs, are over-represented in the lower
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airways of patients with severe COVID-19, while high levels of type  and
III IFNs where detected in the upper airways of patients with high viral
burden but reduced disease risk or severity [72]. This could be explained
by the fact that although type III IFNs are generally characterized as less
inflammatory when compared to type I IFNs [32,70], their presence in
the lung during the repair phase of the respiratory tract has been linked
to an impairment in epithelial proliferation [73,74].

In the light of impairments in the host immune response, large-scale
GWAS studies have been performed, in order to identify genetic con-
tributors to the SARS-CoV-2 response. Analysis of a large number of
COVID-19 patients with severe disease, identified a 3p21.31 gene cluster
as a genetic susceptibility locus in COVID-19 patients with respiratory
failure [75]. Interestingly, the majority of genes in this cluster included
immune genes, namely CCR9, CXCR6, XCR1, and FYCO1, that are
involved in T-cell and dendritic-cell function, pinpointing the prominent
role the host’s adaptive immune response play in the severity of
COVID-19. Another study, the GenOMICC study, identified several
interesting genetic loci linked to severe COVID-19, including 12q24.13
(rs10735079) that harbors the genes encoding for antiviral 2°,5-oli-
goadenylate synthetase (OAS) enzymes, OAS1, OAS2, and OAS3, which
are ISGs activating the latent form of ribonuclease L (RNaseL), 21q22.1
(rs2236757) within the interferon receptor gene IFNAR2, and 19p13.2
(rs74956615) near the gene that encodes tyrosine kinase 2 (TYK2),
which is required for IFN signaling [76]. These findings support the
hypothesis that dysfunctions in the IFN pathway are crucial for the se-
vere course of COVID-19. Indeed, this is further supported by a recent
study that identified several gene variants predicted to be
loss-of-function variants, which are enriched in severe COVID-19 pa-
tients versus asymptomatic or mild disease patients. These included
important contributors of the IFN pathway, namely TLR3, UNC93B1,
TICAM1, TBK1, IRF3, IRF7, IFNAR1 and IFNAR2 [22]. In in vitro
studies, pDCs from patients with a dysfunctional TLR7 did not produce
type I IFNs [21], while fibroblasts from patients with deficient TLR3,
IRF7 or IFNAR1 were susceptible to SARS-CoV-2 infection [22]. Espe-
cially for TLR7, mutations were reported to be associated with severe
COVID-19 in male patients aged under 60 years old, while these genetic
variants were not detected in asymptomatically or mildly infected male
individuals of any age [21]. This was linked to impaired type I IFN
production by blood pDCs in response to SARS-CoV-2 in vitro [21].
Overall these findings suggest that genetics in crucial pathways of the
innate immune response may determine the clinical course of COVID-19
infection.

Further to genetic mutations, of note, Bastard et al. identified that at
least 10 % of patients with severe COVID-19 pneumonia had high titers
of pre-existing neutralizing autoantibodies against type I IFN-a2 and
IFN-0 in plasma. These autoantibodies were not detected in asymp-
tomatic or mild patients nor in healthy individuals, and could neutralize
10 ng/mL of type I IFNs [77]. Moreover, in a subsequent study the same
group showed that at least 15 % of critical cases globally, 20 % of cases
in patients > 80 years old, and 20 % of fatal COVID-19 across ages had
levels of autoantibodies that could neutralize lower more physiologi-
cally relevant type I IFN concentrations [78]. This proportion is un-
precedented among infectious diseases and indicates the magnitude of
the problem.

Interestingly, the use of a mouse model for SARS-CoV-2 infection,
showed that type I [FNs minimally contributed in the control of SARS-
CoV-2 replication in vivo, while they were significant drivers of patho-
logical responses [79]. This is in accordance to a previously described
mouse model for SARS-CoV where delayed type I IFN signaling was
observed after viral infection, and this correlated with an increased
monocytic inflammatory response that caused lung immunopathology
and reduced survival [80].

3.3. Altered cytokine patterns in COVID-19

Severe cases of COVID-19 appear to be linked to an exacerbated
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inflammatory response. This is actually directly linked to a defective
type I IFN immunity, as this may allow the uncontrolled replication of
the virus and its spread to the lungs, leading to an excessive leukocyte
recruitment, and subsequent overt inflammation [81]. Indeed, a variety
of cytokines of innate origin have been reported to have altered profiles
of production in COVID-19. Pro-inflammatory cytokines, such as IL-1b,
IL-6 and TNF-a are detected in increased and sustained levels in the
serum or plasma of COVID-19 patients in several studies [66,68,82].
Although these cytokines are important for activating different branches
of the immune response that are essential for confronting infection, their
increased presence in the lung leads to a ‘cytokine storm’ or ‘cytokine
release syndrome (CRS)’, which is linked to the development of acute
respiratory distress syndrome (ARDS), a type of respiratory failure,
which consists the main cause of mortality of COVID-19 patients with
severe illness [83].

These altered cytokine patterns are directly linked to the imbalanced
immune response driven by SARS-CoV-2, characterized by heightened
neutrophil and low lymphocyte blood counts, leading to an increased
neutrophil to lymphocyte (N/L) ratio. Indeed, a high N/L ratio can serve
as a clinical marker for predicting complications related to ARDS in
COVID-19 [84]. These circulating neutrophils include precursors, as
well as dysfunctional mature neutrophils, as a hallmark of emergency
myelopoiesis [85,86]. In addition to neutrophils, COVID-19 patient
peripheral blood was characterized by disappearance of the
non-classical CD14°“CD16Msh monocytic subset, and the accumulation
of HLA-DR'®" classical monocytes and HLA-DR™M"CD11cM8" inflam-
matory monocytes [85,86].

Findings observed systemically in the blood correlate well with the
milieu in the lung of COVID-19 patients which is characterized by high
levels of inflammatory cytokines and chemokines, and increased
neutrophil and monocyte recruitment, as documented by single-cell
analysis of the bronchoalveolar fluid of patients with COVID-19 [87].

3.4. Other innate soluble mediators

In addition to cytokines, other innate mediators have been described
to be dysregulated in COVID-19. The state of high inflammation
observed in severe cases of COVID-19 is accompanied by an excessive
elevation of acute phase reactants such as C-reactive protein (CRP) and
ferritin [88,89]. Proteome and metabolome analysis of sera of COVID-19
patients identified 93 differentially expressed proteins in severe
COVID-19 patients, 50 of which belonged to three major pathways,
namely activation of the complement system, macrophage function, and
platelet degranulation [90]. Increased complement activation, in
particular, has been detected in nasopharyngeal swabs of COVID-19
patients in a proportional manner to viral load [91], while in another
study it was characterized as a unique immunological feature of
COVID-19 patients with severe illness, as it was not observed in patients
suffering from other respiratory diseases, such as influenza infection or
non-COVID-19 respiratory failure [92]. These findings place the com-
plement as a potential therapeutic target for COVID-19 [93].

Further, 204 metabolites correlated with COVID-19 disease severity
that included increases in steroid hormones, or metabolites associated
with the kynurenine pathway [90]. Finally, in a lipidome analysis,
specific lipid mediators with immunomodulatory function were identi-
fied to be expressed in moderate and severe cases of COVID-19. In
particular, moderate disease associated with lipid mediators that require
cyclooxygenase activity as well as certain eicosapentaenoic acid prod-
ucts of ALOX12 such as resolvin E3, while severe disease was linked to
lipid mediators that require activity of ALOX5 and cytochrome p450
enzymes [94]. As lipid mediators are dependent on the timing of the
sampling and analysis, and might be affected by factors such as age, BMI
or medical conditions that consist risk factors for COVID-19 disease
outcome, it is important to interpret these data with caution.
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4. Therapeutic restoration of impaired innate responses

Understanding the pathophysiological mechanisms underlying the
immune response to SARS-CoV-2, is crucial for the identification of
prognostic markers and the discovery of therapeutic schemes. As several
research findings link severity of COVID-19 to impaired innate immune
responses, restoration of these pathways may prove an effective thera-
peutic approach for these patients. Targeting specific pathways may be a
more favorable approach than the use of general anti-inflammatory
drugs that have been introduced in current clinical practice, such as
dexamethasone that non-selectively inhibits the immune response [95].

As IFNs constitute major antiviral proteins, and their impaired pro-
duction has been linked with severe cases of COVID-19, as discussed in
this review, restoring its levels might be an efficient therapeutic
approach. Various IFN family members have been tested in clinical
protocols. In a retrospective multicenter cohort study of 446 COVID-19
hospitalized patients, early administration of IFN-a2b was associated
with reduced in-hospital mortality in comparison with no administra-
tion of IFN-a2b, whereas late administration of IFN-a2b was associated
with increased mortality, pinpointing also the importance of the timing
of administration and the different roles IFN may have during the
progress of COVID-19 [96]. In a different study, inhaled IFN-a2b treat-
ment administered in moderate COVID-19 patients correlated with
accelerated viral clearance in the upper airways, and in a reduction in
serum IL-6 and CRP [97].

IFN-p1b, when examined in combination with lopinavir-ritonavir
and ribavirin treatment, led to a shorter median time from start of study
treatment to negative nasopharyngeal swab compared to the control
group [98]. When tested alone, administered by inhalation, it improved
recovery over the placebo group [99]. A more recent study, however,
argues against the beneficial effect of IFN-p, as administration of IFN-pla
in combination with remdesivir did not have any effect in
non-hospitalized COVID-19 patients when compared to the placebo
group, while it even worsened the outcome of patients who required
high-flow oxygen at baseline and received corticosteroids, suggesting a
caution at its use [100].

Type I IFNs or IFN-\ constitute promising alternatives of type I IFNs
for COVID-19 treatment as they lack many of the pro-inflammatory
activities type I IFNs exhibit [101]. Thus, a pegylated version of IFN-\
(peginterferon lambda) was administered in outpatients diagnosed with
COVID-19, and although it was found in one study to accelerate viral
decline, increasing the proportion of patients with viral clearance by day
7 [102], in another study it displayed no efficacy [103]. It is possible
that that this was due to the higher viral load patients exhibited in the
former study [102].

These data suggest that an early administration of IFNs, in the timing
of infection when IFNs are naturally produced, might be beneficial in
COVID-19 patients. These data are of particular importance, as currently
there is only one antiviral agent, remdesivir, approved for the treatment
of COVID-19 [104].

As COVID-19 is characterized by an excessive inflammatory response
leading, in severe cases, to ARDS and potentially to death, pharmaco-
logical interventions that prevent or restrain the overt inflammation,
such as anti-inflammatory drugs, were hypothesized to be therapeutic.
Indeed, in clinical practice, physicians have used immune-modulatory
treatments such as IL-1 and IL-6 antagonists in COVID-19 patients,
therapies commonly prescribed to individuals with autoimmune rheu-
matic diseases. For example, tocilizumab is an anti-IL6 monoclonal
antibody that blocks IL-6 binding to its receptors. When used in severe
COVID-19 patients, it ameliorated several clinical parameters, such as
lymphocyte counts and C-reactive protein values, as well as CT opaci-
ties, while it reduced oxygen uptake [105]. In other studies, however,
there was not a clear clinical benefit [106,107].

IL-1B is a master cytokine of local and systemic inflammation, the
blocking of which could inhibit the activation of the innate immune
response. There are currently three agents available for targeting the IL-
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1 pathway either by blocking IL-1 binding to its receptor (anakinra) or
by binding directly to IL-1 (rilonacept and canakinumab). Anakinra
blocks the binding of both IL-1a and IL-1p, and is the one most broadly
used. When anakinra was used in patients with severe COVID-19, it
showed a significant increase in survival without severe adverse effects
[108,109]. Interestingly, anakinra showed a significant survival benefit
when given without dexamethasone than when co-administrated [109].
In parallel, anakinra was used in a study that stratified patients on the
basis of high plasma suPAR levels, thus at high risk for respiratory
failure, and led to decreased 28-day mortality, and shortened hospital
stay [110]. On the other hand, a randomized clinical trial that addressed
the therapeutic potential of anakinra in mild-to-moderate COVID-19
patients, was stopped before completion, as no significant difference was
found between the groups [108]. Therefore, anakinra could be consid-
ered a safe therapeutic option for reducing mortality risk in COVID-19
patients presenting with hyperinflammation, but not in less severe
cases. The therapeutic potential of the other two IL-1 inhibitors, rilo-
nacept and canakinumab, in COVID-19 remains to be evaluated.

Baricitinib is a JAK inhibitor that blocks the activation of the JAK-
STAT pathway, and eventually cytokine production, that was pre-
dicted to be therapeutic in COVID-19 via artificial intelligence [111]. A
clinical trial assessing the effect of baricitinib in COVID-19 patients
showed a profound reduction in mortality, that was superior when
compared to other immune-modulatory treatments [112]. Importantly,
the survival benefits of baricitinib were independent of the concomitant
use of steroids, namely dexamethasone.

In summary, mild-to-moderate cases of COVID-19 would perhaps
profit more from an early administration of IFNs, while in severe cases,
administration of an anti-inflammatory agent would be more beneficial.
Therefore, the identification of patients that would most benefit from
each treatment, as well as the timing of administration are key param-
eters in selecting the proper therapeutic regime in COVID-19.

5. Conclusions

Innate immune mechanisms are crucial for the antiviral defense to
SARS-CoV-2, due to the lack of pre-existing adaptive immunity to this
newly emerging virus. Variable phenotypes of COVID-19 disease could
be explained by differential innate immune responses to SARS-CoV-2.
Indeed, a variety of defects in innate immune mechanisms, including
genetic mutations, gene variants, or secretion of autoantibodies, has
been linked in recent studies to severity of COVID-19. These findings
provide valuable information for the identification of key mechanisms in
the defense against SARS-CoV-2, as well as possible therapeutic in-
terventions. Such an example are IFNs, a group of key innate antiviral
proteins, the defective response of which is associated with severe
COVID-19. Treatments based on the administration of IFNs may thus
prove to be of value but will need fine-tuning. As outbreaks of virus
infections with the potential to cause global pandemics constitute an
increasing threat, in the absence of a specific vaccine or a pathogen-
specific agent, broad-spectrum antivirals, such as IFNs, would be valu-
able in limiting viral spread, consisting thus ideal candidates as general
broad-spectrum antivirals [113].
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