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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of coronavirus disease 2019 
(COVID-19), is currently the major global health problem. Still, it continues to infect people globally and up to 
the end of February 2022, over 436 million confirmed cases of COVID-19, including 5.95 million deaths, were 
reported to the world health organization (WHO). No specific treatment is currently available for COVID-19, and 
the discovery of effective therapeutics requires understanding the effective immunologic and immunopathologic 
mechanisms behind this infection. Type-I interferons (IFN-Is), as the critical elements of the immediate immune 
response against viral infections, can inhibit the replication and spread of the viruses. However, the available 
evidence shows that the antiviral IFN-I response is impaired in patients with the severe form of COVID-19. 
Moreover, the administration of exogenous IFN-I in different phases of the disease can lead to various out
comes. Therefore, understanding the role of IFN-I molecules in COVID-19 development and its severity can 
provide valuable information for better management of this disease. This review summarizes the role of IFN-Is in 
the pathogenesis of COIVD-19 and discusses the importance of autoantibodies against this cytokine in the 
spreading of SARS-CoV-2 and control of the subsequent excessive inflammation.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) is a highly contagious viral 
infection caused by the severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2). Still, it continues to infect people globally and up to the 
end of February 2022, 436 million confirmed cases of COVID-19, 
including 5.95 million deaths, were reported to the world health orga
nization (WHO) (Abbasifard and Khorramdelazad, 2020; COVID 
Worldometer, 2022; Farnoosh et al., 2020; WHO, 2022). COVID-19 was 
the greatest global health challenge and crisis since the influenza 
pandemic of 1918 (Cascella et al., 2021). The first case of COVID-19 was 
reported in Wuhan, China, in late December 2019 and then spread 

rapidly around the world (Khorramdelazad et al., 2021). Despite wide
spread vaccination in numerous countries, the new waves of COVID-19 
are still catastrophically affecting the health, livelihood, and economy of 
the world’s population (Nesteruk, 2020). 

Type-I interferons (IFN-Is), including IFN-Iα and IFN-Iβ, as a distinct 
class of cytokines, are at the forefront of immunological defense against 
viruses (Schreiber, 2020). Moreover, these interferons (IFNs) are 
commonly involved in inflammatory responses, immune system regu
lation, tumor cell recognition, and functions of T lymphocytes (Lee and 
Shin, 2020). Based on the available evidence and past pandemic expe
riences, the administration of IFN-Is as an antiviral drug against SARS 
and Ebola showed a promising future (Konde et al., 2017; Loutfy et al., 
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2003; Schreiber, 2020). In this context, it has been revealed that IFN-Is 
can exert their effects in both autocrine and paracrine manners, 
inducing expression of the interferon-stimulated genes (ISGs) that trig
gers antiviral response against infected host cells. It has been disclosed 
that similar to numerous viruses, SARS-CoV-2 is able to escape the 
antiviral immune responses, including IFN-I-mediated antiviral episodes 
(Blanco-Melo et al., 2020). Evaluation of SARS-CoV-2 infected in
dividuals showed that virus-infected bronchial epithelial cells are 
responsible for the secretion of IFN-Is. However, IFN-I-dependent anti
viral responses do not have adequate efficacy to control the viral 
infection, which may be due to escape mechanisms of the virus (Hadjadj 
et al., 2020). 

The presence of anti–IFN–I autoantibodies in some patients is 
another challenge in COVID-19 patients (Bastard et al., 2020). These 
autoantibodies can neutralize IFN-Is in-vitro and in-vivo, and despite 13 
different subtypes of IFN-α, autoantibodies against IFN-α2 is more 
frequently detectable in the bloodstream of COVID-19 patients (Bastard 
et al., 2020). 

It appears that IFN-Is have a vital role in controlling SARS-CoV-2 
infection. Moreover, during the initial days of the infection, it was 
believed that impaired IFN-I-dependent immune responses could lead to 
increased virus replication, which ultimately leads to the increased 
production and secretion of inflammatory cytokines and dysregulated 
pulmonary and systemic inflammation (Zhang et al., 2020). 

This review summarizes and describes the key roles of IFN-Is in the 
immunopathogenesis of COIVD-19 patients, as well as the importance of 
anti–IFN–I autoantibodies in the spread of SARS-CoV-2 infection and the 
subsequent excessive inflammation. 

2. IFN-Is: production and subtypes 

IFN-Is are a group of widely expressed cytokines produced and 
released by immune and non-immune host cells as the first line of de
fense against viral infection. In a typical setting, a virus-infected cell 
releases interferons, causing nearby cells to intensify their antiviral 
defense (Ivashkiv and Donlin, 2014; Trinchieri, 2010). Human in
terferons have been classified into three major types, mainly based on 
the characteristics of their signaling receptors (De Weerd and Nguyen, 
2012; Pestka et al., 2004). Genes encoding IFN-Is are located on chro
mosome 9 in humans and on chromosome 4 in mice (Capobianchi et al., 
2015; de Padilla and Niewold, 2016). 

The human IFN-Is family encompasses 12 partially homologous IFN- 
α subtypes (IFN-α1, -α2, -α4, -α5, -α6, -α7, -α8, -α10, -α13, -α14, -α16, 
and -α17), IFN-β, and several single-gene products, including IFN-ϵ, IFN- 
τ, IFN-κ, IFN-ω, IFN-δ and IFN-ζ which are not well-defined, yet. IFN-δ 
and IFN-τ have been described in pig and cattle, respectively, and do not 
have a human homolog (Walter, 2020). 

3. IFN-Is: signaling 

Production of IFN-Is is initiated following the binding of pathogen- 
associated molecular patterns (PAMPs) to different host pattern recog
nition receptors (PRRs). The PRRs could be found in various parts of 
cells, including cell membrane, or within intracellular compartments 
(McNab et al., 2015; Zahid et al., 2020). IFN-I production and signaling 
pathways are shown in Fig. 1. 

The main intercellular receptors that recognize viral products such as 
RNA fragments are the retinoic acid-inducible gene I (RIG-I; also termed 
as DExD/H-Box Helicase 58 or DDX58) and melanoma differentiation- 
associated gene 5 (MDA5) (Goubau et al., 2013; Zahid et al., 2020). 
The ligation of PAMPs to the mentioned receptors mediates distinct 
signaling pathways by stimulating the IFN-α/β encoding genes (Plata
nias, 2005). 

In a unique pathway, the RIG-I and MDA5 employ the adaptor 
mitochondrial antiviral signaling proteins (MAVs) and activate kinases 
including IκB kinase-ε (IKKε) and TANK-binding kinase 1 (TBK1) 

(Paludan and Bowie, 2013). 
Interestingly, cytosolic nucleotide oligomerization domain-like re

ceptors (NLRs, also called NACHT, LRR, and PYD domain proteins) are 
expressed in numerous cell types and bind to nucleic acids, resulting in 
the production and release of IFN-α/β (Kuenzel et al., 2010). 

Other DNA-binding receptors involved in IFN-Is production are DNA- 
dependent activator of IFN-regulatory factors (DAI or ZBP1), cytosolic 
GAMP synthase, and DExD/H box helicase. In addition to the mentioned 
receptors, several toll-like receptors (TLRs) can activate IFN-α/β pro
duction pathways (Moynagh, 2005; Takeuchi et al., 2004). 

All mentioned signals, through different pathways, converge on a 
key transcription factor named IFN-regulatory factor (IRF). In fact, IFN- 
α/β gene transcription is mainly induced via IRF3, leading to the tran
scription of IRF7, which makes a positive feedback loop, triggering the 
involvement of other IFNα-encoding genes (Moynagh, 2005; Tamura 
et al., 2008). All IFN-Is could bind to a common cell-surface hetero
dimeric receptor, known as IFN-α/β receptor (IFNAR) as the inducer of 
downstream cascades (Ivashkiv and Donlin, 2014). 

Receptor-associated protein tyrosine kinases (TYKs) including Janus 
kinase and signal transducer and activator of transcription (JAK/STAT) 
are the classical mediators of the IFN-α/β signaling pathway. The 
binding of IFN-α/β to IFNAR results in the activation of JAK1 and TYK2, 
which can phosphorylate a couple of cytosolic transcription factors, 
especially STAT1 and STAT2. Homodimers and heterodimers of STAT1 
and STAT2 are translocated to the nucleus and attach to IRF9 and forms 
IFN-stimulated gene factor 3 (ISGF3), which is regarded as an important 
transcriptional complex for binding to IFN-stimulated response elements 
(ISREs) (Ivashkiv and Donlin, 2014). Upon recognizing the ISREs in the 
ISG promoters, ISGF3 initiates transcription of ISREs, which creates an 
antiviral state in the cell (Ivashkiv and Donlin, 2014; Platanias, 2005). 

Moreover, in mammals, following the binding of IFNα/β to IFNAR, 
the phosphoinositide 3-kinases (PI3K) can be activated, which is the 
target of the rapamycin (mTOR) pathway and multiple mitogen- 
activated protein kinase (MAPK) pathways (Platanias, 2005). Briefly, 
phosphorylation of the PI3K, downstream of JAKs, can be induced by 
several IFN-Is, including IFN-α, IFN-β, and IFN-ω, resulting in the acti
vation of the p110 catalytic subunit of PI3K. Finally, PI3K can activate 
various downstream signaling cascades with diverse biological effects 
(Platanias, 2005). 

Similar to the MAPK pathways, the p38-signaling pathway has a vital 
role in generating IFN-mediated signals. It was shown that p38α is 
phosphorylated by IFN-α/β-mediated mechanisms, independent of 
STAT-mediated pathways and ISRE binding. Moreover, it has been 
revealed that p38 is also needed for the transcription of the IFN- 
α/β-driven genes through GAS elements (Platanias, 2005). 

Regarding the diversity of IFN-α/β-mediated signaling, widespread 
biological effects of IFN-α/β are conceivable; therefore, besides activa
tion of specific antiviral genes, they can induce various genes, including 
pro-and anti-apoptotic molecules (Ivashkiv and Donlin, 2014). 

4. Immunologic mechanisms of IFN-Is in viral Infections 

Indeed, in viral infections, protective, immunosuppressive, or 
immunopathological effects of IFN-Is are determined by the character
istics and context of the pathogen interaction with host cells and expo
sure timeline with IFN-Is (McNab et al., 2015). For example, IFN-Is 
contribute to inflammation by recruiting immune cells (Fig. 2a), 
which could have beneficial or harmful outcomes for the host, based on 
immunosuppressive or tissue-damaging effects (da Silva et al., 2021; 
McNab et al., 2015). 

4.1. Mechanisms of the innate immune system 

Dendritic cells (DCs), mainly plasmacytoid dendritic cells (pDCs), 
and macrophages could recognize viral nucleic acids and proteins by 
their PRRs, inducing the production and release of IFN-Is (Ali et al., 
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Fig. 1. Interferon α/β production and receptor signaling. Recognition of microbial products by a range of PRR on the surface or inside the cell activates several 
distinct signaling pathways, inducing the expression of the genes encoding IFN α/β. Attachment of IFN-Is to IFN-α receptor stimulates several signaling pathways, 
creating different biological effects in the cell. The classical pathway contains STAT1–STAT2–IFN-IRF9 signaling complex (also known as ISGF3 complex). This 
complex binds to ISREs in gene promoters and activates ISGs. Heterodimers and homodimers of some STAT molecules including STAT3, STAT4, and STAT5 may also 
be activated downstream. MAPKs and the PI3K pathways are STAT independent signaling pathways that can also be involved following recognition of IFN α/β by the 
receptor. PRR, pattern recognition receptors; IFN α/β, Interferon α/β; IFN-I, type-I interferon; IFNAR, IFN-α receptor; STAT, signal transducer and activator of 
transcription 1; IRF9, IFN-regulatory factor 9; ISGF3, IFN-stimulated gene factor 3; ISREs, IFN-stimulated response elements; ISGs, IFN-stimulated genes; MAPKs, 
mitogen-activated protein kinases; PI3K, phosphoinositide 3 kinase; cGAS, cytosolic GAMP synthase; NOD2, NOD-containing protein 2; RIG, retinoic acid-inducible 
gene; MDA5, melanoma differentiation-associated gene 5; DAI, DNA-dependent activator of IRFs; TLR, toll like receptor; TRIF, TIR domain-containing adaptor 
protein inducing IFNβ; TRAM, TLR adaptor molecule (also known as TICAM2); TRAF, TNF receptor-associated factor; cGAMP, cyclic di-GMP-AMP; MAVS, mito
chondrial antiviral signaling protein; TBK1, TANK-binding kinase 1; IKKε, IκB kinase-ε; MYD88, myeloid differentiation primary response protein 88; IRF, IFN- 
regulatory factor; Alt-IRF, IRFs other than IRF3 or IRF7; NF-κB, nuclear factor-κB; AP-1, activator protein 1; STING, stimulator of IFN genes; ER, endoplasmic re
ticulum; TYK2, tyrosine kinase 2; JAK1, Janus Kinase 1; GAS, γ-activated sequence. 
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2019; De Weerd and Nguyen, 2012; Ng et al., 2019). IFN-Is upregulate 
MHC-I expression in multiple cell lineages and enhance antigen pre
sentation, especially in DCs (Murira and Lamarre, 2016; Teijaro, 2016). 
Exposure of immature DC to IFN-I can result in the upregulation of 
co-stimulatory molecules, enhanced antigen presentation, increased 
chemokine and cytokine production, and stimulation of B and T cells (De 
Weerd and Nguyen, 2012; McNab et al., 2015). Viral infections also 
enhance TLR expression and production of IFN-Is in neutrophils. Inter
estingly, IFN-Is cause a positive feedback loop in the formation of 
neutrophil extracellular traps (NETs) following the binding of viral DNA 
to TLR9 and enhancing IFN-I production (Stegelmeier et al., 2021). 

IFN-Is also enhance natural killer (NK) cell recruitment, cytotoxicity, 
survival, and functions and protect antiviral CD8+ T cells from the lytic 
properties of NK cells (Teijaro, 2016). In this regard, Madera et al. 
showed that expansion and memory cell formation of Ly49H+ NK cells 
are impaired in IFNAR− /− or STAT1− /− (as IFNAR downstream signaling 
molecule) mice following cytomegalovirus (CMV) infection. In addition, 
IFNAR − /− NK cells were more susceptible to apoptosis than normal NK 
cells, and the expression of group 2-member D (NKG2D) ligands 
improved during CMV infection. Eventually, these NK cells demon
strated decreased protection against CMV (Madera et al., 2016). 
Therefore IFN-I stimulatory or inhibitory effects on IFN-γ production by 
NK cells depend on the ratio of STAT molecules; for example, increased 
STAT4 signaling induces IFN-γ production by NK cells (McNab et al., 
2015). 

4.2. Mechanisms of the adaptive immune system 

IFN-Is play a pivotal role in the antiviral function of adaptive im
mune cells (Fig. 2b). They promote DC maturation, upregulate antigen- 
presentation of APCs, and orchestrate the adaptive immune responses 
(Mantlo et al., 2020; Ng et al., 2019). B cells are involved in humoral 
immune responses against viral infection through the production of 
neutralizing antibodies. In this context, IFN-Is could stimulate B cell 
activation, function, and antibody class switching by altering the 
expression of transcription factors (McNab et al., 2015). Furthermore, 
following IFN-I-induced maturation and activation of DCs, they release 
various cytokines and chemokines such as IL-12, which are required for 
T helper-1 (Th1) differentiation and antiviral activities (McNab et al., 
2015). IFN-Is also have different stimulatory impacts on the function
ality and characteristics of CD8+ T cells, including the expression level 
of co-stimulatory molecules, proliferation, survival, and cytotoxicity 
(Crow and Ronnblom, 2019; Teijaro, 2016). 

Similar to NK cells, the concentration of IFN-Is and the duration of 
exposure of CD8+ T cells to IFN-Is can affect the immune response via 
STAT-mediated signaling pathways (De Weerd and Nguyen, 2012; Tei
jaro, 2016). However, STAT molecules may demonstrate both positive 
and negative impacts on IFN-Is production. For instance, in a STAT1 
dominant status, such as an increased ratio of STAT1/STAT4 IFN-γ 
production is inhibited (McNab et al., 2015). 

Fig. 2a. Effects of IFN-I on innate immune cells in the viral diseases. Viral infection of the lung epithelial cells induces IFN-Is that promote cytokine/chemokine 
production, recruitment of NK cells, neutrophils, and inflammatory macrophage/monocytes, resulting in lung immune-mediated pathology. IFN-I, type-I interferon. 
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5. IFN-Is in human Coronavirus Infections: common cold, SARS- 
CoV-1, MERS, and SARS-CoV-2 

Studies show that IFN-Is exert their antiviral functions through IFN- 
induced proteins encoded by ISGs. The main IFN-I-induced proteins are 
protein kinase RNA-activated (PKR), the 2′,5′-oligoadenylate synthetase 
(OAS), Mx protein GTPase, and Tudor domain-containing protein 7 
(TDR7) (Fig. 3) (Chattopadhyay and Sen, 2014; Samuel, 2001; 
Schneider et al., 2014; Subramanian et al., 2018). After binding to viral 
dsRNA, PKR is autophosphorylated and self-activated, and then it dis
rupts the translation of viral proteins by inhibiting Eif-2alpha (Fig. 3). 
However, it seems that this self-activation does not inhibit SARS-CoV-1 
infection and is only involved in the apoptosis of infected cells (Krähling 
et al., 2009; Yim and Williams, 2014). Additionally, the OAS family 
could be stimulated by viral dsRNA and play a role in breaking viral RNA 
by activating RNase L (Fig. 3). However, there is no scientific report 
about the OAS effects on human coronaviruses, yet. Nevertheless, OAS-1 
gene polymorphisms can affect the susceptibility to SARS-CoV-1 
(Chakrabarti et al., 2011; Hamano et al., 2005; Wreschner et al., 
1981). SARS-CoV-2, like other β-coronaviruses, uses similar approaches 
to induce interferon production and signaling of the downstream 

pathways. Although this phenomenon was demonstrated in human 
airway epithelial cells, it was found that following SARS-CoV-2 infection 
and production of IFN-Is, a relatively poor induction of ISGs occurs (Li 
et al., 2021; Miorin et al., 2020; Xia et al., 2020). Unlike Middle East 
respiratory syndrome (MERS), SARS-CoV2 activates PKR and RNase L 
and can effectively inhibit IFN signaling and the OAS/PKR pathways 
(Comar et al., 2019; Li et al., 2021; Thornbrough et al., 2016). 

It has been revealed that the MX1 and MX2 genes are activated in 
defense against various RNA viruses and provide antiviral effects. In 
addition, the expression of MX1 and MX2 genes in COVID-19 patients 
are increased in direct proportion to viral load, and their expression is 
inversely related to the age of the patients. Considering the lowered 
expression of MX proteins in elderly patients, it can be hypothesized that 
the high severity rate of disease in elderly patients is probably associated 
with decreased expression of MX antiviral proteins (Bizzotto et al., 2020; 
Verhelst et al., 2012; Zav’yalov et al., 2019). 

According to previous investigations, coronavirus members’ sus
ceptibility to IFN-Is is significantly different, but there is no explanation 
for these findings (Kindler et al., 2016). IFN-inducible transmembrane 
(IFITM) proteins are expressed by the infected cells and show antiviral 
effects by trapping and destroying the virus in endocytic compartments 

Fig. 2b. IFN-I effects on adaptive immune cells in the viral diseases. I) Viral infection of the vertebrate body cells leads to the production of IFN-Is. Infected and 
bystander cells are affected by the produced IFNs, inducing ISGs, which leads to the blocking of the viral replication process. Also, these interferons are produced by 
and affect innate immune cells. IFN-Is enhance the antigen-presenting function of APCs. These interferons strengthen the antiviral function of adaptive immune cells, 
including B cells, T cells, and natural killer (NK) cells. Viral infection can be restricted by producing antibodies (B cells) and cytotoxic responses (T cells and NK cells) 
of adaptive immune cells. II) During chronic viral infection, produced IFN-Is can induce the production and release of cytokines such as IL-10, which show 
immunosuppressive effects. Also, during chronic infection, IFN-Is stimulate the expression of ligands such as PDL1, which recognize T cell-inhibitory receptors (such 
as PD1 and the PDL1 receptor). These events lead to the suppression of T cell function and persistence of the infection. III) Acute viral infections such as influenza 
result in the production of IFN-Is by myeloid cells, such as pDCs and inflammatory monocytes. IFN-Is upregulate the death ligand TRAIL expression on inflammatory 
monocytes and the TRAIL receptor DR5 on epithelial cells. Then, inflammatory monocytes expressing TRAIL lead to immunopathological effects by destroying the 
epithelial cells. IFN-I, type-I interferon; ISGs, IFN-stimulated genes; APCs, antigen-presenting cells; IL-10, interleukin-10; PD1, programmed cell death protein 1; 
PDL1, programmed cell death 1 ligand 1; pDCs, plasmacytoid dendritic cells; TRAIL, TNF-related apoptosis-inducing ligand; DR5, death receptor 5. 
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and inhibiting the virus access to vital parts of the targeted cells (Anafu 
et al., 2013; Brass et al., 2009; Huang et al., 2006). IFITM1 is found 
mainly in cellular plasma membranes, and IFITM2 and IFITM3 proteins 
are principally localized in endo-lysosomal membranes of the cells 
(Bailey et al., 2014). 

The IFITMs play an essential role in defense against many viruses and 
can be considered one of the main mechanisms of innate immunity and 
its connection to adaptive immunity (Prelli Bozzo et al., 2021). Never
theless, some viruses employ the advantages of these proteins. Accord
ing to the study by Xuesen Zhao et al., the HCoV-OC43 virus, one of the 
common cold agents, responds oppositely to IFN-Is, and these cytokines 
increase the possibility of cell infection caused by this virus. An expla
nation for this contradiction could be traced back to IFITM2 and IFITM3, 
which can facilitate virus entry into the target cells (Zhao et al., 2014). 

The S protein of SARS-CoV-1 mediates virus entry, and similar to 
influenza A and flaviviruses, this virus requires an acidic pH to enter the 
target cells (Harrison, 2008; Huang et al., 2011). SARS-COV-1 also re
quires cathepsin-L to enter the cell by fusion, and IFITM1, 2, and 3 could 
prevent the entry. The IFITMs can interfere with endosomal trafficking 
or access to the late endosomal compartment (Huang et al., 2006, 2011). 
MERS and HCoV-229E, two other coronaviruses, use a similar mecha
nism to SARS-CoV-1 for entrance to the target cell, and studies show that 
IFITMs can also prevent the entry of these viruses into the target cells 
(Bertram et al., 2013; Wrensch et al., 2014). SARS-CoV-2, another 
member of the coronavirus family, is also sensitive to the IFITMs; 
however, this susceptibility has been moderately reduced compared to 
SARS-COV-1 due to polybasic cleavage sites that allow the virus to enter 
the target cells in a pH-independent manner, resulting in more virus 
transmission and replication (Winstone et al., 2021). Surprisingly, Prelli 
Bozzo et al. showed that proper SARS-CoV-2 replication in human res
piratory epithelial cells depends on the endogenous IFITMs; therefore, 

IFITMs could have a dual role in SARS-CoV-2 infection (Prelli Bozzo 
et al., 2021). 

Coronaviruses can serve a variety of strategies to interfere with the 
synthesis, signaling, and responses of IFN-Is. For example, SARS-CoV-1 
enhances the ubiquitination of the subunit 1 of IFNAR and ultimately 
degrades IFN-Is, leading to impaired innate immunity. Impaired func
tions of IFN-Is can reduce the activity of other components of the innate 
immune system such as NK cells and macrophages, as well as the 
adaptive immune responses and Th1 activation. These defects caused by 
SARS-COV-1 and MERS eventually worsen the disease condition and 
increase patient mortality (Dandekar and Perlman, 2005; Minakshi 
et al., 2009). SARS-COV-2, like other β-coronaviruses, adopts mecha
nisms to disrupt IFN-I-mediated antiviral processes. It is worth noting 
that this pathogen, unlike SARS-CoV1, is highly sensitive to IFN-Is. In 
contrast to SARS-CoV-1, SARS-COV-2 activates the expression of the 
Th1-related transcription factors and STAT1, which subsequently in
creases the expression of ISGs (Schreiber, 2020). However, the innate 
immune system cannot overcome this virus, most likely due to the 
SARS-CoV-2 inhibitory mechanisms interfering with IFN-I production. 
For example, both SARS-CoV-1 and SARS-CoV-2 use papain-like pro
teases (PLpros) to attenuate IFN-I-mediated responses and suppress 
innate immunity responses (Daczkowski et al., 2017; Schreiber, 2020; 
Shin et al., 2020). 

6. IFN-Is as immunotherapeutic agents in management of 
COVID-19: benefits and adverse effects 

The history of therapeutic and prophylactic use of IFN-I in corona
virus infections dates back to 1983 when Higgins et al. showed that 
intranasal IFN-α2 administration before and after challenge with coro
navirus could reduce virus replication and consequently diminish the 

Fig. 3. IFN response induced by viral infection. Virus or viral product recognition by TLR3 or RLRs leads to the activation of TLR3 or RLRs, which finally induce 
IFN production. The secreted IFN affects the cell through a paracrine or autocrine regulation and stimulates the expression of ISGs. An ISG, either OAS or PKR, 
activates RNase L via 2′, 5′-oligoadenylate synthetase or phosphorylation of eIF2, resulting in RNA degradation or translational suppression. The IFN response in
hibits viral replication and damage to the cell. IFN, interferon; LGP2, laboratory of genetics and physiology 2; MDA5, melanoma differentiation-associated gene 5; 
TLR3, toll-like receptor 3; RLRs, retinoic acid-inducible gene I (RIG-I)-like receptors; ISGs, FN-stimulated genes; OAS, oligoadenylate synthetase; PKR, protein kinase 
R; eIF2-α, eukaryotic translation initiation factor 2α; IFNR, interferon receptor. 
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incidence and severity of disease in patients (Higgins et al., 1983). In 
SARS and MERS epidemics, IFN-Is were used along with other treat
ments to reduce the severity of the disease and to accelerate the recovery 
process (Loutfy et al., 2003; R Strayer et al., 2014). These promising 
outcomes encouraged the scientists to use IFN-Is to treat this family’s 
new unwelcome child, SARS-CoV-2. 

Probably, a primary mechanism used by SARS-CoV-2 to bypass the 
innate immune responses is through inhibiting the production of ISGs 
and IFN-Is, especially IFN-β. Therefore, the IFN-I mediated responses are 
crucial in antiviral defense, and it appears that they are impaired in 
COVID-19 patients (Hadjadj et al., 2020). IFN-I-deficient animal models 
have also demonstrated the critical role of IFN-I in disease recovery (Sun 
et al., 2020). These findings justified the administration of recombinant 
external IFN-Is as a treatment for patients with COVID-19, aiming to 
replace the patient’s reduced endogenous IFN-I (Lokugamage et al., 
2020; Schreiber, 2020). Furthermore, IFN-I administration is imperative 
in elder COVID-19 patients that naturally have diminished IFN-I re
sponses (Aricò et al., 2020). 

6.1. Safety and efficacy of IFN-Is in clinical trials 

Numerous clinical trials have evaluated the safety and efficacy of 
IFN-Is in COVID-19 patients. These trials used different IFN-Is via 
various administration routes, including subcutaneous, intranasal, and 
nebulized respiratory systems. Davoudi-Monfared et al. subcutaneously 
injected six doses of IFN-β1 in addition to the routine treatments of the 
COVID-19 patients in a randomized clinical trial study 
(IRCT20100228003449N28), which significantly lowered the mortality 
rate compared to the controls (19% vs. 44%) (Davoudi-Monfared et al., 
2020). Another clinical trial (NCT04276688) examined the effect of 
subcutaneous injection of IFN-β with ritonavir, lopinavir, and ribavirin 
in newly diagnosed patients with COVID-19 and found that IFN-β 
administration accelerated the recovery, reduced the viral load, and 
diminished the rate of critically ill patients (Hung et al., 2020). Prob
ably, the subcutaneous injection elicits a systemic response of IFN-Is 
along with their antiviral functions (Schreiber, 2020). 

Because SARS-CoV-2 has tropism to the respiratory tract, numerous 
clinical trials have used this route of administration to maximize the 
IFN-Is prophylactic and therapeutic effects (Liu et al., 2020; Monk et al., 
2021; Wang et al., 2020; Zhou et al., 2020b). The history of intranasal 
administration of IFN-I to fight respiratory system infections goes back 
to the 1970s which aimed to control the replication of rhinoviruses and 
influenza (Merigan et al., 1973). A study in China on 2944 hospital staff 
found that IFN-α1 nasal drops were 100% protective against 
SARS-CoV-2 infection without serious side effects (Meng et al., 2020). 
Consequently, it seems that this method could be helpful to hinder 
infection in high-risk individuals during pandemics. However, intra
nasal administration may unintendedly deliver the substances to the 
central nervous system (CNS) and result in further neurotoxicity (Thorne 
et al., 2008). Therefore, some prefer to consider the oral mucosa as the 
administration route due to rapid absorption of the substances, eliciting 
mucosal immunity, and less concern about neurotoxicity. It has been 
shown that the oral administration of low-dose IFN-α promoted immu
nity against respiratory infections and reduced disease severity (Bennett 
et al., 2013). Other advantages of mucosal administration are ease of the 
process, low toxicity, reduced local and systemic effects, and prevention 
of the entrance of the virus through the entry sites (Aricò et al., 2020). 

Another method for mucosal IFN-I administration is using a respi
ratory nebulizer (Monk et al., 2021). In this method, IFN-I is delivered 
directly into the infected respiratory epithelial cells with SARS-CoV-2 
and replaces the missing endogenous IFN-I (Monk et al., 2021; Zhou 
et al., 2020b). In a clinical trial (NCT04385095) on 101 patients, the use 
of SNG001 (IFNβ1a suitable for nebulization) reduced the severity of 
disease or mortality rate by 79% and increased the chance of recovery by 
100% compared to the controls. In this study, the most frequently re
ported adverse event was headache (Monk et al., 2021). In another 

study, respiratory administration of IFN-α2b alone or in combination 
with arbidol (Umifenovir) also diminished the plasma levels of inflam
matory mediators such as IL-6 and C-reactive protein (CRP) as well as 
the presence of the virus in the upper respiratory tract. In this trial, 
adverse effects of the treatment had not been reported (Zhou et al., 
2020a). However, IFN nebulization is currently not applied during 
standard treatment of COVID-19, because there are some data regarding 
the risks of transmitting the viral infection by nebulization (Mary et al., 
2020; Sethi et al., 2020). 

On the other hand, clinical trials investigating effects of recombinant 
IFN-γ (Type II IFN) and IFN-λ (Type III IFN) administration in COVID-19 
are ongoing. In a clinical study by Myasnikov on over 18 years of age 
patients with moderate COVID-19 infection, daily subcutaneous 
administration of recombinant interferon gamma (IFN-̂I3), once a day, 
during 5 days showed a positive effect on the recovery processes of 
moderate COVID-19. Patients who received IFN-̂I3 had no progression of 
respiratory failure and no transfer to intensive care unit was needed 
(Myasnikov et al., 2021). In another clinical trial (NCT05054114) the 
efficacy and safety of nasal IFN-γ use in healthy subjects for COVID-19 
prevention is under evaluation (ClinicalTrials.gov, 2022). In a clinical 
trial (NCT04331899) on mild to moderate COVID-19 outpatients sub
cutaneous administration of Peginterferon Lambda-1a (Lambda) within 
72 h of diagnosis didn’t improve symptoms, and no effects on viral 
shedding was found (Jagannathan et al., 2021). In another clinical trial 
(NCT04354259) subcutaneous administration of Peginterferon Lambda 
in outpatients with laboratory-confirmed COVID-19 could prevent 
clinical deterioration and shorten duration of viral shedding (Feld et al., 
2021). 

6.2. Questions and ambiguities regarding IFN-Is administration 

Despite obtaining satisfactory outcomes, there are still several con
tradictions and questions that limit the administration of IFN-Is in pa
tients with COVID-19. For instance, some studies have reported a 
negative association between late IFN-I therapy and clinical improve
ment in COVID-19 (Liu et al., 2020). Another important ambiguity 
regarding the treatment of COVID-19 using IFN-I is to determine the 
appropriate time to start the treatment (Aricò et al., 2020; Wang et al., 
2020). 

A retrospective study compared the efficacy of nebulized IFN-α2 in 
the initial and advanced phases of COVID-19 and found that early IFN- 
α2 therapy significantly reduced patient mortality. However, IFN-α2 
administration in advanced stages of the disease could not improve the 
treatment procedure and even delayed the recovery and increased the 
mortality rate (Wang et al., 2020). Other studies emphasized early 
initiation of IFN-I treatment and proposed that the ideal administration 
time could be within the early five days after symptoms onset and could 
be extended up to maximum ten days after onset of the symptoms (Aricò 
et al., 2020; Hung et al., 2020; Wang et al., 2020). However, these 
studies warned about the use of IFN-I treatment in advanced stages of 
the disease, regarding high mortality due to hyper-inflammation and 
cytokine storm in late stages (Aricò et al., 2020; Wang et al., 2020). 
Given that the main therapeutic mechanism of IFN-I is preventing the 
virus replication, it seems logical that the optimal time of IFN-I usage is 
the early stages of the disease when the virus is replicating. IFN-I 
administration at the early stages of the disease can bridge innate and 
adaptive immunity by stimulating humoral and cellular responses (Aricò 
et al., 2020). In addition to antiviral functions, IFN-Is also have 
pro-inflammatory properties. Therefore, if patients enter the 
hyper-inflammatory phase in which cytokine storm occurs, IFN-I in
tensifies secretion of the inflammatory cytokines, exacerbating the 
inflammation and increasing the mortality risk (Aricò et al., 2020). 
Some studies believe that the severe IFN-I response is one of the main 
suspects for hyper-inflammatory responses in COVID-19 patients (Wilk 
et al., 2020; Zhou et al., 2020b). Normally, high levels of tumor necrosis 
factor (TNF) induce tolerance to TLR signaling in monocytes to prevent 
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more severe inflammation (Park et al., 2017). High levels of IFN-Is 
abrogate the TLR tolerance to TNF, leading to a maximal response of 
monocytes and macrophages, which exacerbate the inflammation (Park 
et al., 2017). Therefore, the timing of IFN-I therapy is of great impor
tance to COVID-19 treatment. 

In addition to the time of treatment onset, the duration and fre
quency of treatment with IFN-I are also questions that must be 
answered. Preclinical studies on influenza viruses showed that long- 
term treatment with IFN-I delays the regeneration of lung epithelial 
cells (Major et al., 2020). Moreover, persistent signaling of IFN-I and 
IFN-III may disrupt the proliferation and repair of lung epithelial cells by 
inducing P53 protein (Major et al., 2020). Based on the therapeutic 
protocols of clinical trials, the frequency of IFN-I administration is 
usually 2–3 times every week that can be reduced to once a week or once 
every ten days using PEGylated forms of IFN-I, which has a prolonged 
half-life (Schreiber, 2020). 

In clinical trials, various types of IFN-Is including IFN-α1b, IFN-α2b, 
IFN-β1a, and IFN-β1b have been used for the treatment of COVID-19 
(Davoudi-Monfared et al., 2020; Hung et al., 2020; Meng et al., 2020; 
Merigan et al., 1973; Monk et al., 2021; Zhou et al., 2020b). However, 
the question that arises here is which type of IFN-I is the ideal choice for 
managing and treating of COVID-19? 

Considering that SARS-CoV-2 predominantly inhibits IFN-β produc
tion, it makes sense that IFN-β might be more effective than IFN-α for the 
treatment of COVID-19. IFN-β has been longtime prescribed in multiple 
sclerosis (MS) and has greater anti-inflammatory and immunomodula
tory function than IFN-α (Harari et al., 2014). On the other hand, IFN-α 
induces more robust antiviral responses, leading to use of IFNα2 in viral 
infections such as hepatitis C (HCV) (Reddy et al., 2002; Rostaing et al., 
1998). In the COVIFERON clinical trial, Darazam et al. evaluated the 
efficacy of IFN-β1a and IFN-β1b in COVID-19 and showed that there was 
a significant difference between IFN-β1b and the control group in the 
case of Time to Clinical Improvement (TTCI) (p-value = 0.031), while no 
significant difference was found between IFN-β1b and the control group 
(p-value = 0.395). Also, both IFN-βs could relatively improve the clin
ical responses and reduce the mortality rate from 45% in the control 
group to 20% in the IFN-β1a group and 30% in the IFN-β1b group but the 
observed differences were not statistically significant (p-value = 0.231) 
(Darazam et al., 2021). The results of this study suggest that IFN-β1a 
might be a more reasonable choice than IFN-β1b for the management of 
COVID-19 due to a significant reduction in TTCI that was observed using 
IFN-β1a (Darazam et al., 2021). Surprisingly, although they showed that 
the treatment efficacy was higher in the early stages than the advanced 
stages of the disease, serious adverse effects following IFN-I therapy 
were not observed even in the advanced stages of COVID-19 (Darazam 
et al., 2021). Despite all the aforementioned studies, the lack of 
multi-arm multi-stage (MAMS) clinical trials to compare the safety and 
efficacy of IFN-I in the prevention and treatment of COVID-19 at 
different stages of the disease is still felt. 

Some studies reported the presence of IFN-I neutralizing antibodies 
in a small proportion of COVID-19 patients, which reduced the effec
tiveness of IFN-I treatment (Bastard et al., 2020). In these cases, the type 
of IFN-I recognized by the neutralizing antibody should be determined, 
and patient treatment should be performed using that type of IFN-I, 
preferably in anti- IFN-I neutralizing antibody-positive subjects 
(Bastard et al., 2020). 

Taken together, given the long experience of IFN-I therapy and the 
availability of the drug at an affordable price, IFN-Is could be considered 
potential candidates for treating COVID-19. However, various clinical 
questions should be answered before to demonstrate a significant clin
ical benefit to COVID-19 patients. 

7. Anti–IFN–I autoantibody in COVID-19: Immunopathogenesis 
and clinical findings 

Recently, it has been demonstrated that insufficient antiviral IFN-I 

responses are the hallmark of COVID-19 infection (Lin and Shen, 
2020). Several SARS-CoV-2 proteins, including nucleocapsid (N), 
membranous (M), and nonstructural (NS) proteins, inhibit the produc
tion of IFN-Is (Palermo et al., 2021). On the other hand, the result of 
multiplexed single-cell epitope and transcriptome sequencing revealed 
the dysfunction of ISG responses in patients with severe COVID-19 (van 
der Wijst et al., 2021). Therefore, the production of circulating auto
antibodies against IFN-Is could be considered an impairment mechanism 
of IFN-I responses in critical COVID-19 patients (Goncalves et al., 2021). 

It is reasonable to presume that the dysfunction of IFN-I development 
or production of autoantibodies against it may result in viral spread, 
subsequent pulmonary and systemic inflammation, as well as COVID-19 
predisposition. As summarized in Table-1, anti–IFN–α autoantibodies 
were detected in patients recovered from severe COVID-19 (Acos
ta-Ampudia et al., 2021). Approximately 10% of COVID-19 patients 
have a remarkable level of autoantibodies against IFN-I and these anti
bodies are associated with the severity of the infection (Bastard et al., 
2020; Zhou and Wang, 2021). 

An observational study on more than 980 patients with severe 
COVID-19 infection has indicated significant autoantibodies against 
IFN-I, especially both IFN-α2 and IFN-ω (13.7%) compared with unex
posed healthy individuals (0.3%) (Bastard et al., 2020). Additionally, a 
large cohort study in COVID-19 infected patients revealed that 3.5% of 
these patients harbored some mutations in those eight genes involved in 
coding the TLR signaling molecules and the IFN-I pathway (Zhang et al., 
2020). Abers et al. reported that 26 out of 218 patients with severe 
COVID-19 had a significant level of anti–IFN–I autoantibodies; 34.7% 
had anti–IFN–β while 65.3% had anti–IFN–α and anti–IFN–ω (Abers 
et al., 2021). In another study, 21 out of 84 patients with critical 
COVID-19 infection (25%) had a significant level of anti–IFN–α2 auto
antibodies (Goncalves et al., 2021). In this study, anti–IFN–α2 autoan
tibodies with neutralizing activity were detected in 15 of the mentioned 
patients, which made a significant impairment of the IFN-I response 
(Goncalves et al., 2021). In another study; among 47 patients with se
vere COVID-19 pneumonia who were hospitalized in Madrid, Spain; 
more than 10% showed IFN-α and IFN-ω neutralizing autoantibodies 
compared to asymptomatic control subjects. These autoantibodies were 
significantly associated with higher CRP levels and lower lymphocyte 
counts and increased risk of death in patients (Troya et al., 2021). 
Hence, patients with anti–IFN–I neutralizing autoantibodies might be 
considered more susceptible to COVID-19 infection (Gupta et al., 2020). 

According to the antiviral characteristics of IFN-I, recombinant forms 
of IFN-I are considered promising candidates for the treatment of severe 
COVID-19 (Sodeifian et al., 2022). Although plasma exchange has been 
used to remove autoantibodies against IFN-I, further studies are needed 
to evaluate the efficacy of this treatment (de Prost et al., 2021). Taken 
together, the production of IFN-I autoantibodies refers to inborn errors 
of autoimmune B cells which could benefit as a diagnostic and prog
nostic criterion. 

In addition to anti–IFN–I autoantibodies, COVID-19 patients may 
produce autoantibodies against other cytokines or their receptors. Wang 
et al. showed that sever COVID-19 patients have anti-cytokine anti
bodies targeting IL-1α/β, IL-6, granulocyte-macrophage colony- 
stimulating factor (GM-CSF), leptin and IL-18Rβ. Also, autoantibodies 
targeting chemokines including CXCL1, CXCL7, CCL2, CCL15, CCL16, 
and the atypical chemokine receptor-1 (ACKR1, or Duffy blood group 
antigen) were identified in this patients (Wang et al., 2021). 

Bastard et al. identified antibodies against cytokines such as GM-CSF, 
IL-6, IL-10, IL-12p70, IL-17A, IL-17F, IL-22, and TNF-b in COVID-19 
patients, among them only autoantibodies targeting IL-6, IL-12p70, 
and IL-22 showed neutralizing properties (Bastard et al., 2020). 

Both Bastard and Wang revealed that a subset of anti-cytokine an
tibodies inhibit binding of soluble factors to their receptors on the cell 
surface and are assumed to have a pathogenic role by thwarting pro
tective immune responses against COVID-19 (Chang et al., 2021). 

A study by Chang et al. investigated circulating antibodies in 
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hospitalized patients with COVID-19 and demonstrated that about 
60–80% of all hospitalized COVID-19 patients had at least one detect
able anti-cytokine antibody. In this study many interleukins were 
identified as autoantibody targets such as IL-1, IL-6, IL-10, IL-15, IL-17A, 
IL-22, and IL-31, in addition to cytokines with well-known activities 
such as chemotactic chemokine macrophage inflammatory protein-1 
alpha (MIP-1α), leukemia inhibitory factor (LIF), and vascular endo
thelial growth factor-B (VEGF-B) (Chang et al., 2021). 

These anti-cytokine antibodies disturb immune function and impair 
immunological control of the virus by blocking immunoreceptor 
signaling and changing composition of the peripheral immune cells, and 
surrogates of these autoantibodies can worsen disease severity in animal 
models of SARS-CoV-2 infection (Wang et al., 2021). 

8. Therapeutic approaches for the management of Anti-IFN 
auto-antibodies in COVID-19 

Pieces of evidence suggested that the presence of autoantibodies 
against IFN makes patients vulnerable to the severity of COVID-19. As a 
result, measurement of the autoantibody levels in patients may help us 
choose the best treatment protocol and manage the disease more intel
ligently (Khamsi, 2021). 

Several treatment strategies including plasma exchange through 
plasmapheresis, depletion of plasmablasts by monoclonal antibodies, 
preventing auto-antibody production, administration of convalescent 
plasma, recombinant IFN-I, corticosteroids, and intravenous immuno
globulin (IVIG) have been suggested for the management of these au
toantibodies in patients with COVID-19. However, still, there is not 
sufficient data regarding the application of these therapeutic tactics 
(Casadevall and Pirofski, 2020). 

Convalescent plasma is a transfusion method based on passive im
munization. In this method, infected patients receive plasma from do
nors recovered from COVID infection (Selvi, 2020). Early administration 
of convalescent plasma can decrease the severity of the symptoms 
(Acosta-Ampudia et al., 2021). Several studies showed that this trans
fusion has no critical adverse effects on recipients, and they also showed 
a temporary increase in IgG levels against SARS-CoV-2, which improved 
symptoms of the disease during 1–3 days after transfusion (Mendoza-
Pinto et al., 2021). However, this is not an approved therapeutic pro
cedure and studies did not show reliable and consistent results for its 
approval as a standard treatment for COVID-19. 

Plasma exchange is a therapeutic method aiming to eliminate 

inflammatory molecules, immunocomplexes, and pathogenic antibodies 
by separating the plasma from blood and replacing it with solutions with 
oncotic pressure molecules while maintaining blood volume constant 
(Mendoza-Pinto et al., 2021). De Prost et al. reported a case series study 
comprising four patients with destructive COVID-19 and high levels of 
autoantibodies against IFN-I and SARS-CoV-2. Three of these patients 
received four sessions of plasma exchange, and one of them got three 
sessions. Using plasma exchange, the concentration of autoantibodies 
decreased while anti-SARS-CoV-2 antibodies remained stable. As a 
result, two patients were discharged from the hospital, while two passed 
away (de Prost et al., 2021). 

Generally, before subcutaneous injection of IFN-I, plasmapheresis is 
performed to remove autoantibodies and to prevent neutralization of 
recombinant IFN-I in patients. It was shown that treatment with IFN-I 
could be effective during the initial phase of COVID-19, while its 
administration can be lethal when patients’ conditions worsen, probably 
due to cytokine storm and systemic inflammation (Bojdani et al., 2020). 
A preliminary study by Monk et al. revealed that inhalation of IFN-β can 
improve the clinical outcomes of COVID-19 patients (Monk et al., 2021). 
In a cohort study by Troya et al. on 47 patients with severe COVID-19 
infection, approximately 10.6% had significantly high levels of auto
antibodies against IFN-1α and IFN-ω, while no anti–IFN–β antibody was 
detected in their plasma samples. They were treated with recombinant 
IFN-β1b, and there were no significant clinical differences between pa
tients with or without autoantibodies in their response to IFN-β1b 
therapy (Troya et al., 2021). 

IVIG can regulate the immune system response to SARS-COV-2 by 
blocking pro-inflammatory cytokines such as IL-1, IL-6, and TNF-α, in
hibition of Th1 and Th17 cells, neutralization of autoantibodies, and 
expansion of regulatory T cells (Maddur et al., 2014; Mendoza-Pinto 
et al., 2021). However, according to the results of IVIG usage in the 
SARS-CoV-1 outbreak in 2003, IVIG administration can lead to unde
sirable reactions such as developing venous thromboembolism, which 
was seen despite using heparin in SARS-CoV-1 patients (Lew et al., 
2003). 

Plasmablast depletion therapy and inhibition of reactive B-cells 
through several mechanisms result in the elimination of B-cells 
harboring inborn abnormality by targeting CD19, CD20, and B-cell 
activating factor (BAFF), which will prevent the production of autoan
tibodies. These procedures are used to control autoimmune disorders, 
including SLE (Lee et al., 2021). These are only some suggestions for 
future studies, based on plasmablast depletion as currently, there is no 

Table 1 
Preclinical findings in COVID-19 patients with positive anti–IFN–I autoantibodies.  

Total number of COVID-19 patients Total number of 
normal or 
healthy subjects 

Number or percentage of anti IFN-I 
autoantibody-positivity in COVID-19 patients 

Number or percentage of anti IFN-I 
autoantibody-positivity in normal 
or healthy subjects 

Reference 

105 patients 
Including 84 critically ill (80%), 10 mild (9.5%) 
and 11 autoimmune polyendocrinopathy type 1 
syndrome (10.5%) patients 

76 31/105 (29.5%) Not Reported (the normal group 
used to determine a positive cut- 
off value) 

Goncalves 
et al. (2021) 

218 patients 
Including 135 critical (61.9%), 44 severe 
(17.9%) and 39 mild/moderate (20.2%) 
patients 

– 26/218 (11.9%) including 17/218 (7.8%) or 17/ 
26 (65.3%) autoantibody against both IFN-α and 
IFN-ω and 1/26 (3.8%) or 1/218 (0.4%) anti IFN- 
β 

– Abers et al. 
(2021) 

22 COVID-19 patients with APS-1 27 21/22 (95.5%) autoantibody against both IFN-α 
and IFN-ω, 1/22 (4.5%) anti IFN- β and 1/22 
(4.5%) anti IFN-ω 

Not Reported (the normal group 
used to determine a positive cut- 
off value) 

Bastard et al. 
(2021b) 

47 patients 118 5/47 (10.6%) autoantibody against both IFN-α 
and IFN-ω 

0% Troya et al. 
(2021) 

987 patients 1227 101/987 (10.2%) 
In details 36/987 (3.6%) patients showed anti 
IFN-α, 13/987 (1.3%) anti IFN-ω and 52/987 
(5.2%) had both anti IFN-α and IFN-ω. 

Prevalence of autoantibodies 
against type I IFNs: 0.33% 
(0.015–0.67%) 

Bastard et al. 
(2020) 

275 patients – 49/275 (17.8%) IFN-α2 and/or IFN-ω – Solanich et al. 
(2021) 

3595 patients 1639 13.6% 1% Bastard et al. 
(2021a)  
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registered investigation on this idea. 

9. Concluding remarks and future perspectives 

It is now obvious that IFN-Is play an important role in the battle 
between the immune system and SARS-COV-2. Although SARS-COV-2 is 
highly sensitive to IFN-Is, its inhibitory mechanisms interfere with IFN-I 
production, and defective functions of IFN-Is could change the outcome 
of the battle between the immune system and SARS-CoV-2 in favor of the 
virus. 

Despite the promising results achieved by the numerous clinical 
trials evaluating the effects of exogenous IFN-I administration to over
come defective functions of IFN-Is in COVID-19 patients, some studies 
have reported a negative association between IFN-I therapy and clinical 
improvement in COVID-19. It is assumed that several factors influence 
the outcome of IFN-I therapy in COVID-19 patients such as the time of 
treatment onset, the duration and frequency of the treatment, the type of 
IFN-I, and the presence of autoantibodies against IFN-Is. 

Therefore, our knowledge regarding different aspects of IFN-I ther
apy in COVID-19 and its influencing factors is still incomplete. 

Also, the available data regarding IFN-Is roles in COVID-19 immu
nopathology is very limited yet. We need to know more about the 
mechanisms by which SARS-COV-2 disturbs IFN-Is anti-viral activities. 
In addition, we need to find strategies that can be applied to overcome 
these mechanisms. The discovery of these mechanisms can help us to 
provide better treatment for COVID-19. It is not completely clear yet 
which of the patient-related factors are involved in the IFN-I impaired 
responses caused by SARS-COV-2. Could immunodeficiency be the main 
reason? Why do some individuals have anti–IFN–Is autoantibodies and 
which mechanisms are involved in the autoantibody production, 
breakage of B cells’ tolerance, or other similar disorders? 

Finally, to overcome defective functions of IFN-Is, we can also 
explore approaches to induce the production of functional IFN-Is in the 
patient’s body or to find some solutions to protect IFN-Is from unde
sirable effects of SARS-COV-2. 
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Alt-IRF IRFs other than IRF3 or IRF7 
AP-1 Activator protein 1 
APCs Antigen-presenting cells 
APS-1 Autoimmune polyendocrinopathy type 1 syndrome 
BAFF B-cell activating factor 
cGAMP cyclic di-GMP-AMP 
cGAS cytosolic GAMP synthase 
CP Convalescent plasma 
COVID-19 Coronavirus 2019 

DAI DNA-dependent activator of IRFs 
DDX58 DExD/H-Box helicase 58 
DCs Dendritic cells 
DR5 Death receptor 5 
dsRNA Double-stranded RNA 
eIF2-α Eukaryotic translation initiation factor 2α 
ER Endoplasmic reticulum 
GAS γ-activated site 
GM-CSF Granulocyte-macrophage colony-stimulating factor 
IFNs Interferons 
IFN-I Type-I interferons 
IFN-̂I3 Recombinant interferon gamma 
IFITM IFN-inducible transmembrane 
IFNAR IFN alpha-receptor 
IFNR Interferon receptor 
IRF IFN-regulatory factor 
ISGs Interferon-stimulated genes 
ISREs IFN-stimulated response elements 
IKKε IκB kinase-ε 
IL-10 Interleukin-10 
IVIG Intravenous immunoglobulin 
JAK1 Tyrosine kinases Janus kinase 1 
LGP2 Laboratory of genetics and physiology 2 
LIF Leukemia inhibitory factor 
M Membrane 
MAPK Multiple mitogen-activated protein kinases 
MAV Mitochondrial antiviral signaling protein 
MAVS Mitochondrial antiviral signaling protein 
MDA5 Melanoma differentiation-associated gene 5 
MIP-1α Macrophage inflammatory protein-1 alpha 
MS Multiple sclerosis 
mTOR Mammalian target of the rapamycin 
MyD88 Myeloid differentiation primary response 88 
N Nucleocapsid 
NFκB Nuclear factor kappa-light-chain-enhancer of activated B cells 
NK Natural killer 
NKG2D NK group 2 member D 
NLRs Nucleotide oligomerization domain-like receptors 
NOD2 NOD-containing protein 2 
NS Nonstructural 
OAS 2′, 5′-oligoadenylate synthetase 
PAMPs Pathogen-associated molecular patterns 
pDC Plasmacytoid DC 
PD1 Programmed cell death protein 1 
PDL1 Programmed cell death 1 ligand 1 
PE Plasma exchange 
PI3K Phosphoinositide 3-kinases 
PKR Protein kinase RNA-activated 
PLpros Papain-like proteases 
PRRs Pattern recognition receptors 
RA Rheumatoid arthritis 
RIG Retinoic acid-inducible gene 
RIG-I Retinoic acid-inducible gene I 
RLRs Retinoic acid-inducible gene I (RIG-I)-like receptors 
SAD Systemic autoimmune diseases 
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2 
SLE Systemic lupus erythematosus 
SSc Systemic sclerosis 
SS Sjogren’s syndrome 
ssRNA Single-stranded RNA 
STAT Signal transducer and activator of transcription 
STING Stimulator of IFN genes 
TBK1 TANK-binding kinase 1 
TCR T cell receptor 
TDR7 Tudor domain-containing protein 7 
TLRs Toll-like receptors 
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TNF Tumor necrosis factor 
TRAM TLR adaptor molecule 
TRAF TNF receptor-associated factor 
TRAIL TNF-related apoptosis-inducing ligand 
TRIF TIR domain-containing adaptor protein inducing IFNβ 
TTCI Time to clinical improvement 
TYK2 Tyrosine kinase 2 
VEGF-B Vascular endothelial growth factor-B 
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