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A B S T R A C T   

COVID-19 exhibits a global health threat among the elderly and the population with underlying health condi-
tions. During infection, the host’s innate immune response acts as a frontline of defense by releasing cytokines 
such as type I interferon (IFN α and β) thereby initiating antiviral activity. However, this particular interferon 
response is interrupted by factors such as SARS-CoV-2 non-structural proteins, aging, diabetes, and germ-line 
errors eventually making the host more susceptible to illness. Therefore, enhancing the host’s innate immune 
response by administering type I IFN could be an effective treatment against COVID-19. Here, we highlight the 
importance of innate immune response and the role of IFN β monotherapy against COVID-19.   

1. Introduction 

In December 2019, the epidemic in Wuhan, China, was designated as 
a severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
causing coronavirus disease (COVID-19). In March 2020, the COVID-19 
outbreak was announced as a pandemic [1]. As of mid-July 2021, 
COVID- 19 has infected more than 180 million and killed more than 4 
million people worldwide [2]. With the lack of specific therapeutic in-
terventions, the COVID-19 exhibits a potential threat of fatality among 
the elderly and others with underlying health ailments [3]. 

SARS-CoV-2 is a zoonotic virus with a bilipid membrane coated with 
spike proteins, membrane proteins, and envelope proteins providing a 
stronger protective layer for viral single-stranded RNA (ssRNA) [4]. 
SARS-CoV-2 enters the airway and infects airway epithelial cells (AECs) 
initially causing mild pneumonia followed by dyspnea and finally 
leading to respiratory failure [5]. Simultaneously, SARS-CoV-2 trans-
mits from the infected individual to the non-infected primarily through 
respiratory droplets [6]. During infection, the host’s innate immune 
response acts as a frontline of defense by releasing cytokines such as type 
I interferon (IFN α and IFN β). The type I IFN induces hundreds of 
interferon-stimulated genes (ISGs) which set up the antiviral state 
thereby protecting the host from the infection [7]. However, the type I 
IFN production is impaired by SARS-CoV-2 non-structural proteins 
(nsp), aging, diabetes, and germ-line errors [8–12]. Thus, the deficiency 

of type I IFN leads to poor innate immune responses in the host against 
SARS-CoV-2 infection, eventually leading to severe illness. Therefore, 
enhancing the host’s innate immune response by administering type I 
IFN could be a key to prevent the host from COVID-19 severity. We 
evaluated here the importance of the innate immune response during 
SARS-CoV-2 infection and the molecular mechanism of IFN β-mediated 
antiviral activity against SARS-CoV-2 infection and concluded that the 
IFN β monotherapy as an attractive potent treatment option against 
SARS-CoV-2. 

2. Host-virus interaction 

When the SARS-CoV-2 enters the airway, the virus spike protein (S) 
recognizes and binds the angiotensin-converting enzyme-2 receptor 
(ACE-2) on the surface of airway epithelial cells (AECs) [13]. The 
receptor-bound spike protein is cleaved by the transmembrane protease 
serine 2 (TMPRSS2) followed by membrane-fusion or endosomal entry 
into the AECs [14]. After entering the host cell, the virion releases viral 
ssRNA into the cytoplasm. The viral ssRNA replicates in the cytoplasm 
via RNA-dependent RNA polymerase (RdRP), a viral polymerase, fol-
lowed by translation using cellular machinery [15]. The replicated viral 
particles are assembled in the endoplasmic reticulum-Golgi apparatus 
intermediate compartment (ERGIC) followed by exocytosis [14]. 

In the host-virus interaction, ACE-2 and TMPRSS2 play a huge role in 
recognizing and cleaving the S protein eventually leading to viral entry. 
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Abbreviations 

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2 
CTSB/L cathepsin B/L 
TMPRSS2 transmembrane protease, serine 2 
ACE2 angiotensin-converting enzyme 2 receptor 
AEC airway epithelial cell 
PAMPS pathogen-associated molecular patterns 
ssRNA single-stranded RNA 
RLRs RIG-I like receptor 
CARD caspase activator, and recruitment domain 
MAVS mitochondrial antiviral signaling 
TBK 1 TANK-binding kinase 1 
TRAF3 TNF receptor-associated factor 3 
IRF 3 & 7 interferon regulatory factor 3 and 7 
IFNAR interferon-alpha/beta receptor 
Tyk 2 tyrosine kinase 2 
Jak 1 Janus kinase 1 
STAT 1 & 2 signal transducer and activator of transcription 1 and 2 

ISGs interferon-stimulated genes 
IFITM 3 interferon-induced transmembrane protein 3 
PAI-1 plasminogen activator inhibitor 
ssRNA single-stranded RNA 
PKR protein kinase R 
IKK IκB kinase complex 
NF κB nuclear factor kappa-light-chain-enhancer of an activated 

B cell 
eIFα2 eukaryotic initiation factor α 2 
IFN β interferon β 
IRF 9 interferon regulatory factor 9 
IFN interferon 
HAM HTLV-1 associated myelopathy 
CHC chronic hepatitis C 
COPD chronic obstructive pulmonary disease 
IM intramuscular 
SC subcutaneous 
NEB nebulization  

Fig. 1. The host-virus interaction in the airway epithelial cell. The SARS-CoV-2 spike protein binds ACE-2 followed by TMPRSS2-mediated proteolytic cleavage of the 
receptor-bound spike protein. The virus enters the host through the endosomal-mediated or membrane-fusion entry. After entering the host, the virion releases ssRNA 
into the cytoplasm. The ssRNA replicates via RdRP and translates using cellular machinery. The replicated viral particles (S, E, M and N) are assembled in the ERGIC 
followed by exocytosis. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; CTSB/L, cathepsin B/L; TMPRSS2, transmembrane protease, serine 2; ACE2, 
angiotensin-converting enzyme 2 receptor; RdRP, RNA-dependent RNA polymerase; ERGIC, Endoplasmic Reticulum-Golgi apparatus Intermediate Compartment; E, 
envelope proteins; S, spike proteins; M, membrane proteins; and N, nucleocapsid proteins. 
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Unlike SARS-CoV-1, SARS-CoV-2 S protein has a unique four amino acid 
(proline-arginine-arginine-alanine) insertion at the S1/S2 site which can 
be primed by furin. In the in vitro, the S1/S2 priming plays a crucial role 
in subsequent cleavage activation by TMPRSS2 in the membrane-fusion 
entry (early) in Calu-3 cells, on the other hand, the S1/S2 priming is not 
essential in the endosomal entry (late) in Vero E6 cells [16]. Notably, 
SARS-CoV-2 is shown to be more dependent on TMPRSS2 mediated 
membrane-fusion entry than SARS-CoV-1 in TMPRSS2+ 293T-ACE2 
cells [17]. In the in-vitro study, E− 64d and camostat, a cathepsin B/L 
and TMPRSS2 inhibitor, completely inhibited entry of PV SARS-S and PV 
SARS-2-S into TMPRSS2+ Caco-2 cells. On the other hand, when the 
TMPRSS2+ Caco-2 cells were treated with either E− 64d or camostat, the 
cells showed only partial inhibition against viral entry [18]. Similar 
effects had been observed in the TMPRSS2+ 293T-ACE2 cells when 
treated with hydroxychloroquine, an interferer of endosomal acidifica-
tion, and camostat [17]. These findings show that both the 
membrane-fusion and endosomal entry should be targeted to inhibit the 
host cell from SARS-CoV-2 infection. Therefore, we hypothesize that the 

combination of TMPRSS2 and Cathepsin B/L inhibitors would be an 
effective treatment option against COVID-19 which warrants further 
animal studies and clinical trials. 

Similarly, Vero cells pre-incubated with anti-ACE2 antibodies 
significantly inhibited entry of pseudovirions (PV) harboring SARS-S 
and SARS-2-S [18]. Of note, ACE2 plays an important role in the 
renin-angiotensin-aldosterone system (RAAS). The ACE converts 
angiotensin I to angiotensin II thereby stimulating inflammation, vaso-
constriction, fibrosis, apoptosis, and fluid retention. Concurrently, ACE2 
converts angiotensin I & II into angiotensin-(1–9) & angiotensin-(1–7) 
and stimulates the opposite effect eventually counterbalancing the ACE 
effect. As the SARS-CoV-2 infection disrupts the ACE/ACE2 physiolog-
ical balance, it leads to RAAS hyperactivation eventually causing acute 
lung injury, pulmonary edema, high blood pressure, and fibrosis [19]. 
Therefore, anti-ACE2 antibodies would disrupt the cellular homeostasis 
eventually supporting COVID-19 progression, hence, we hypothesize 
anti-ACE2 antibodies would be an inappropriate treatment option 
against COVID-19. Intriguingly, innate immune response plays a central 

Fig. 2. A proposed model of host innate immunity induced by PAMPs. (A) The ssRNA enters the AEC and is recognized by intracellular receptors such as RLRs 
eventually transforming to an active form. The activated RIG-1 undergoes ubiquitination by E3 ligases and the CARD domain of ubiquitinated RIG-I interacts with the 
CARD domain of MAVS. The MAVS activates TBK1 and NF-kB through TRAF3 and IKK complex. The TBK1 phosphorylates IRF 7 and IRF 3 thereby stimulating type I 
IFN production; On the other hand, NF kB induces pro-inflammatory cytokine production. Aging is associated with the downregulation of proteins such as RLR, E3, 
and IRFs which impairs type I IFN production. Furthermore, nsp 6, N protein, nsp 13, nsp 14 and ORF 6 impair type I IFN production by inhibiting viral RNA sensing, 
TBK1 phosphorylation, and IRF phosphorylation. Conversely, N protein directly interacts with NF-kB and promotes cytokine release. (B) The interferon binds the 
IFNAR induces STAT homodimerization and heterodimerization thereby promoting the expression of ISGs and anti-inflammatory cytokines. Intriguingly, nsp 1, nsp 
6, N protein, and ORF 6 inhibit STAT 1/STAT 2 phosphorylation and nuclear translocation eventually impairing interferon signaling. AEC, airway epithelial cell; 
PAMPS, pathogen-associated molecular patterns; ssRNA, single-stranded RNA; RLRs, RIG-I like receptor; CARD, caspase activator, and recruitment domain; MAVS, 
mitochondrial antiviral signaling; TBK 1, TANK-binding kinase 1; TRAF3, TNF receptor-associated factor 3; IRF 3 & 7, interferon regulatory factor 3 and 7; IFNAR, 
interferon-alpha/beta receptor; Tyk1, tyrosine kinase 1; Jak 2, Janus kinase 2; STAT 1 & 2, signal transducer and activator of transcription 1 and 2; ISGs, interferon- 
stimulated genes; nsp, non-structural proteins; ORF, open reading frame proteins; N, SARS-CoV-2 N protein. 
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role in controlling both the membrane fusion and endosomal viral entry 
with undisrupted cellular homeostasis and safeguards the non-infected 
cells from pathogenicity followed by initiating adaptive immunity. 
Hence, the innate immune system acts as the first line of defense in viral 
infections by preventing the viral invasion or replication in the host (see 
Fig. 1) [7]. 

3. Innate immune response 

In the innate immune response, when a pathogen-associated mo-
lecular pattern (PAMP) is generated in the host cell, it is recognized by 
an intracellular pathogen recognition receptor (PRR) such as retinoic 
acid-inducible gene I (RIG-I) like receptor (RLR). Activated RLR un-
dergoes ubiquitination by E3 ligase and the CARD domain of ubiquiti-
nated RLR interacts with the CARD domain of mitochondrial antiviral 
signaling protein (MAVS). This process is followed by MAVS interaction 
with nuclear factor-kB (NF-kB) and interferon regulatory factor (IRF) 
leading to the expression of pro-inflammatory cytokines, chemokines, 
and type I and type III interferon (IFN α/β and IFN λ) [20]. The 
pro-inflammatory cytokines and chemokines recruit lymphocytes and 
leukocytes to the site of infection thereby initiating an inflammatory 
response. On the other hand, type I interferon induces 
interferon-stimulated genes (ISGs) and anti-inflammatory cytokines 
through the JAK-STAT signaling pathway (Fig. 2) where ISGs inhibit 
viral replication while the anti-inflammatory cytokines compensate the 
inflammatory response. This innate immune response acts as a frontline 
of defense in preventing the host from viral infections and severe 
inflammation [21]. 

Recently, several studies conducted on severe COVID-19 patients 
reported an elevated level of proinflammatory cytokines such as inter-
leukin 6 (IL-6), IL-1β, IL-2, interleukin 1 receptor antagonist (IL-1RA), 
and tumor necrosis factor (TNF α) in the blood. Furthermore, chemo-
kines such as C-X-C motif ligand 8 (CXC8), CXCL9, CXCL16, C–C motif 
ligand (CCL8), interferon-induced protein (IP-10), monocyte chemo-
attractant protein 1 (MCP-1), macrophage inflammatory proteins (MIP- 
1α), MIP-1β, CXCL8, granulocyte-macrophage colony-stimulating factor 
(GM-CSF) are found in the bronchoalveolar lavage fluid (BALF) [22]. 
Notably, an in vitro study conducted on SARS-CoV-1 reported that the 
SARS-CoV-1 nucleocapsid (N) protein can directly interact with NF-kB 
and facilitates nuclear translocation, eventually manipulating cytokine 
release [23]. Similarly, human monocytes and macrophages cultured in 
the presence of SARS-CoV-2 N protein and S protein expressed high 
levels of cytokines such as IL-6, IL1B, IL-10 and TNF [24]. Supportively, 
SARS-CoV-2 N protein promotes NF-kB signaling by targeting IKK 
complex eventually initiating cytokine release in vitro [25]. Addition-
ally, SARS-CoV-2 N protein antagonizes interferon signaling by 
impairing phosphorylation and nuclear translocation of STAT 1 and 
STAT 2 in 293T cells [26]. However, the studies were conducted in the 
non-infected cells either expressing or being treated with SARS-CoV-2 N 
and S protein. Therefore, the role of SARS-CoV-2 N protein and S protein 
in NFkB signaling and cytokine storm during infection warrants further 
investigation. 

Concurrently, lower levels of type I and type III IFN in the blood had 
also been reported among COVID-19 severity than the control [27,28]. 
Similar effects had also been observed in coronaviruses such as 
SARS-CoV-1 and middle eastern respiratory syndrome coronavirus 
(MERS-CoV). The interferon antagonistic effect may be due to 
SARS-CoV-2 N protein, non-structural proteins (nsp) and open reading 
frame proteins (ORF). In vitro studies reported that among 27 viral 
proteins of SARS-CoV-2, such as nsp 1, nsp 6, nsp 13, nsp 14, nsp 15, and 
ORF 6 can be potent interferon antagonists (Fig. 2) [11,12]. Specifically, 
N protein, nsp 1, nsp 6 and ORF 6 impair ISGs expression by inhibiting 
STAT 1/STAT 2 phosphorylation and nuclear translocation in both 
SARS-CoV-1 and SARS CoV-2 [11,29,30]. Notably, nsp 14, a 
guanine-N7-methyltransferase, methylates the 5’ cap structure of the 
viral RNA to mimic the host RNA eventually leading to virus immune 

evasion. These findings point at the ability of SARS CoV-2 in impairing 
interferon production and signaling leading to a muted innate immune 
response. However, the role of SARS-CoV-2 nsp and ORF in virus im-
mune evasion, interferon production, and interferon signaling needs 
further evaluation. Additionally, the type I interferon production is also 
impaired by, i) the downregulation of proteins such as RLRs, E3 ligases, 
and IRFs due to aging (11), ii) germline errors in toll-like receptors 3 
(TLR3) and IRF 7 [10], and iii) enhanced glucose levels (diabetes) in the 
blood [8] (Fig. 2). These host immanent factors render a host more 
susceptible to SARS-CoV-2 infection and severity. 

In innate immunity, type I and III interferon acts as a mediator of the 
antiviral activity and anti-inflammatory response thereby preventing 
viral infection and severe tissue damage. However, coronaviruses such 
as SARS-CoV-1, MERS-CoV, and SARS-CoV-2 are known to manipulate 
the innate immune response by targeting interferon production and 
signaling. Unlike SARS-CoV-1, the SARS-CoV-2 is more sensitive to type 
I IFN treatment in vitro [31]. Hence, it could be beneficial to enhance the 
innate immune response in the infected individual to control the severity 
of COVID-19, and type I IFN therapy could be an effective treatment 
option against COVID -19 [32]. 

4. Pathogenesis of COVID-19 

As mentioned earlier, COVID-19 severity has been associated with 
uncontrolled cytokine release leading to cytokine storm syndrome. 
Comparatively, the cytokines such as IL-2, IL-4, IL-6, IL-1β, and TNF α 
were significantly elevated especially in severe patients. In the clinic, an 
elevated level of IL-6 was associated with disease progression and poor 
prognosis among severe COVID-19 patients [33]. In SARS-CoV-1, N 
protein directly promotes IL-6 expression through NF-kB in vitro [23]. 
Similarly, SARS-CoV-2 N protein may exhibit a potential mechanism in 
IL-6 elevation, as it shares a 90 % amino acid identity with SARS-CoV-1 
N protein [34]. Excessive IL-6 enhances vascular endothelial growth 
factor (VEGF) and destabilizes vascular endothelial cadherin (VE-cad-
herin) thereby causing high vascular permeability in vitro [35]. The 
increased vascular permeability infiltrates excessive macrophages and 
monocytes thus contributing to severe inflammation, as well as increases 
fluid influx into the lungs leading to pulmonary edema [36]. Addition-
ally, elevated IL-6 signaling increases fibrinogen synthesis and platelet 
hyperactivity in vivo and promotes microvascular thrombosis, a condi-
tion observed among severe COVID-19 patients [37,38]. Therefore, IL-6 
may play a crucial role in the pathogenesis of COVID-19. In the clinic, 
tocilizumab, an anti-IL 6 receptor drug, is shown to be effective against 
moderate to severe forms of COVID-19 with a reduced mortality rate 
than the control group [39–42]. Conversely, a few clinical studies 
observed that Tocilizumab therapy is neither effective nor reduced 
mortality among moderate to severe COVID-19 patients [43,44]. Of 
note, tocilizumab administration in COVID-19 patients was associated 
with adverse side effects such as late-onset infection, elevated liver 
function test, neutropenia, and hypertension [45]. A small cohort study 
reported that early tocilizumab therapy is safe and effective against 
COVID-19 [46]. Although anti-IL 6 therapy is a key component of a 
strategy to control COVID-19 pathogenesis, current knowledge of 
anti-IL6 therapy such as tocilizumab against COVID-19 is controversial. 
Therefore, anti-IL 6 therapy requires further clinical studies which may 
reveal the complete safety and efficacy. 

Notably, T cell response mediates B cell activation, pathogen clear-
ance, and apoptosis of the infected cells thereby controlling pathogen-
esis. However, severe COVID-19 patients exhibit a dysregulated T cell 
response. Like MERS and SARS-COV-1, COVID-19 severity was also 
associated with reduced T cell count in the peripheral blood, a condition 
called lymphopenia [47]. In a transcriptome analysis, the elevated 
expression of TP53, a T-cell apoptosis signaling factor, in the BALF of 
severe COVID-19 was reported. It explicates that the lymphopenia 
among severe COVID-19 patients may indeed be due to apoptosis [48, 
49]. On the other hand, persistent activation of CD8+ and CD4+ T cells 
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leads to an exhausted state of the surviving T cells thereby impairing 
adaptive immunity which correlates with the elevated cytokines such as 
IL-6, IL-10, and TNF α [50]. Conversely, robust CD8 T cell clonal 
expansion was observed among mild and recovered COVID-19 patients 
[49]. Therefore, the role of dysregulated T cell response in COVID-19 
pathogenesis warrants further investigation. Additionally, the immune 
cells such as antigen-presenting cells (APC), dendritic cells (DC), and B 
cells also exhibit a dysregulated response among COVID-19 patients 
(Table 2). In summary, the dysregulated immune response in COVID-19 
severity causes acute respiratory distress syndrome (ARDS) followed by 
multiple organ failure eventually leading to mortality [36]. 

5. Therapeutic potential of IFN β 

For decades, type I interferon such as IFN α and IFN β have been a 
promising treatment option against the hepatitis B virus (HBV) and 
multiple sclerosis (MS). In a clinical study, IFN β monotherapy against 
chronic hepatitis C (CHC) is shown to be more effective with the sus-
tained viral response (SVR) than IFN α and ribavirin combination 
therapy [51]. IFN β therapy is under clinical trials against viral diseases 
such as HTLV-1 associated myelopathy (HAM) [52], chronic hepatitis C 

(CHC) [53], chronic obstructive pulmonary disease (COPD) [54] 
(Table 1). Recently, an in vitro study reported that SARS-CoV-2 is more 
sensitive to IFN β than IFN α [55]. In the clinic, autoantibodies against 
IFN α (not against IFN β) have been found in more severe COVID-19 
patients than mild and asymptomatic patients [56]. In transcriptome 
analysis, IRF 3 expression, a key regulator of IFN β production, was 
significantly lower in COVID-19 patients than in the control group [57]. 
Therefore, we hypothesize that COVID-19 specifically targets IFN β 
production, as well as stimulates IFN α antagonists eventually evading 
the innate immune response. Hence, IFN β therapy could be an appro-
priate treatment option against COVID-19 compared with IFN α in terms 
of specificity, efficacy, and associated side effects [58]. In the following 
section, we discuss the antiviral activity and the immunomodulatory 
effect of IFN β. 

5.1. I. IFN β and antiviral activity 

In principle, IFN β binds the IFNAR and initiates the JAK-STAT 
signaling pathway thereby inducing several hundred ISGs, notably the 
interferon-induced transmembrane protein 3 (IFITM3), plasminogen 
activator inhibitor (PAI-1), protein kinase R (PKR), and 2′-5′-oligoade-
nylate synthetase (OAS) [59]. The IFITM 3, a transmembrane protein 
present on the late endosome inhibits the release of viral particles into 
the cytoplasm, as well, initiates lysosomal degradation of the virus [60]. 
Concurrently, PAI-1, an inhibitor protein, also inhibits viral entry 
through TMPRSS2 [61,62]. OAS inhibits viral replication by degrading 
viral RNA through latent ribonuclease (RNase L) [63]. Upon viral RNA 
sensing, the zinc-finger anti-viral protein (ZAP) recruit RNA exosomes, 
eventually initiating viral RNA degradation [64]. Simultaneously, the 
interferon-induced protein 20 (ISG20), an RNA exonuclease inhibits 
viral replication by impairing protein translation (Fig. 3) [65]. 

Therefore, IFN β signaling actively inhibits viral entry, and replica-
tion thereby setting up an effective antiviral state in the infected and the 
non-infected cells. 

In the in-vitro study, IFN β administration in SARS-CoV-2 infected 
cells effectively downregulated viral proteins such as E protein, nsp 14, 
and S protein [66]. Conversely, blocking the interferon signaling by 
ruxolitinib, a JAK kinase inhibitor, had no significant effect on viral 
reads. These data indicate that IFN β controls viral protein translation 
through ISGs. Previous studies reported that both SARS-CoV-1 and 
SARS-CoV-2 effectively downregulated ISGs eventually leading to viral 
progression [28,67]. Hence, it would be a logical approach to 
up-regulate these ISGs through IFN β administration to retain the anti-
viral activity in the host. 

5.2. II. IFN β and immunomodulatory effect 

In addition to antiviral activity, IFN β also exhibits potent anti- 
inflammatory properties. IFN β induces intracellular anti-inflammatory 
proteins such as tristetraprolin (TTP) and suppressor of cytokine 
signaling (SOCS) through the JAK-STAT signaling cascade. TTP de-
stabilizes the mRNA thereby inhibiting pro-inflammatory cytokine 
expression [68] and the suppressor of cytokine signaling (SOCS) inhibits 
JAK thereby impairing the IL-6 signaling cascade in vitro [69]. 
Furthermore, IFN β induces anti-inflammatory cytokines such as IL-10 
and IL-4 (Fig. 2). While IL-10 inhibits T helper cell 1 (Th1) differentia-
tion, inflammatory APC priming, and macrophage activation, IL-4 pro-
motes Th2 differentiation and inhibits lipopolysaccharide (LPS) induced 
cytokine production [70]. Of note, sustained IL-10 and IL-4 production 
after immune cell priming has a pathogenic role which has been 
observed among severe COVID-19 patients [71]. Therefore, the timing 
of IFN β therapy is crucial in COVID-19. 

Additionally, IFN β controls immunopathogenesis by modulating the 
immune responses of cells such as T cell, dendritic cell (DC), B cell, etc 
(Table 1). In CD4+ T cells, IFN β treatment upregulates Bcl2 expression, 
an anti-apoptotic protein, thereby preventing apoptosis and promoting 

Table 1 
Immunomodulatory effect of IFN β   

Dysregulation in COVID-19 Effect of IFN β administration 

APC ↓ pDC impairs antigen 
presentation and reduces type I 
IFN production. 
↓ mTOR levels in pDC [76] 

↑ DC differentiation from CD14+

monocytes and CD34+ progenitors 
[77] 
↓ naive T cell activation in 
draining lymph nodes by 
inhibiting DC migration [72]. 
↓ Antigen presentation by 
downregulating IFN-γ induced 
MHC II molecule expression 
among non-professional APC [78]. 

T cells ↓ CD4+ T cell and CD8+ T cell 
leading to pathogen persistence. 
↑ Tex exhibits dysregulated 
function. 
↑ CD4+ CCR6+ (Th17) secretes IL- 
17 which recruits neutrophils 
and induces pro-inflammatory 
cytokines such as IL-1β and TNF 
α. 
↑ CD4+ CXCR3+ (Th1) secretes 
GM-CSF and IFN-γ. IFN-γ 
increases MHC I and II antigen 
presentation, chemokine 
secretion, macrophage 
activation, and phagocytosis, on 
the other hand, GM-CSF 
activates CD14+ CD16+

monocytes that secretes high 
levels of IL-6 [49]. 

↑ CD4+ CD25+ Foxp3+ (T reg) 
population secretes IL-10 and TGF 
β which inhibits T cell activation 
and Th1/Th2 differentiation. 
↑ Bcl2 expression among the T reg 

population. 
↑ CD4+ CCR4+ (Th2) secretes IL-4 
which actively inhibits activated 
macrophage and pro- 
inflammatory cytokines such as IL- 
1 and TNF. 
↓ IL-17 through T reg population 
[79] 

B cell ↓ CD3− CD19+ B cell impairs 
pathogen clearance [80]. 

↑ CD69, CD86, and MHC II on the 
B cell surface which enhances B 
cell function. 
↑ Bcl2 expression leading to B cell 
survival [81] 

Cytokines ↑ IL-2, IL-6, IL-1β, IL-1Ra, TNF α, 
and IFN-γ leading to cytokine 
storm syndrome. 
↓Type I IFN and type III IFN 
impairs innate immune response 
[82] 

↑ IL-10 and IL-4 actively inhibit 
immune cell activation and 
recruitment. 
↓ IL-1β maturation by inhibiting 
inflammasome activation [83] 

Others ↑ Neutrophils secrete IL-1β and 
IL-1Ra. 
↓ Monocytes, eosinophil, and 
basophil [82] 

↑ Neutrophils apoptosis and 
efferocytosis [74] 

pDC, plasmacytoid dendritic cell; Th, T helper cells; T reg, T regulatory cells; T 
ex, exhausted state T cell; IL, interleukins; MHC, major histocompatibility 
complex; GM-CSF, granulocyte-macrophage colony-stimulating factor; TNF, 
tumor necrosis factor; IFN, interferon; mammalian target of rapamycin (mTOR); 
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survival in vitro. It also promotes Treg differentiation from the CD4+

population, which actively inhibits Th1/Th17 differentiation [70]. In DC, 
IFN β administration downregulates chemokine receptor 7 (CCR7) and 
matrix metallopeptidase (MMP) thereby inhibiting migration and T cell 
activation in the draining lymph nodes [72]. It also promotes DC dif-
ferentiation from CD14+ monocytes and CD34+ progenitors thereby 
promoting the production of cytokines such as IL-10, and TGF β [73]. In 
B cells, IFN β promotes survival by upregulating Bcl2 and enhances 
function by inducing surface markers such as CD69, CD86, and MHC II. 
In neutrophils, IFN β promotes apoptosis thereby controlling excessive 
neutrophils at the site of inflammation and promotes the efferocytosis of 
apoptotic cells [74]. Thus, IFN β exhibits a central role in driving to-
wards the resolution phase from chronic inflammation. However, a 
delayed IFN β response has pathogenic consequences [75]; hence, the 
timing of IFN β therapy in COVID-19 is crucial. 

6. Clinical interventions 

Recently, drugs such as remdesivir, lopinavir/ritonavir, and 
hydroxychloroquine are clinically approved therapeutic interventions 
against COVID-19. However, clinical studies conducted on these drugs 
reported neither significant clinical improvement nor reduction in 
mortality rate among COVID-19 patients, which may be due to their 
non-specificity [84–86]. It explicates the importance of more targeted 
therapeutic interventions such as the administration of IFN β. IFN β is 
shown to be effective against several viral diseases by enhancing the 
host’s innate immune response (Table 2). Of note, in a clinical study, IFN 
β monotherapy against CHC exhibited a potent antiviral activity with 
sustained viral response among Asian patients, and, intriguingly, IFN β 
and ribavirin combination therapy increased the proportion of patients 
who fully recovered [87]. In vivo, early IFN β administration showed 
significantly reduced viral RNA levels and an increased survival rate 
than the delayed IFN β treatment among the MERS-CoV infected mice 
[88]. Supportively, a pilot study reported that IFN β and 

Fig. 3. The role of IFN β in antiviral activity. 1, The IFN binds the IFNAR on the cell surface and initiates the JAK-STAT signaling pathway inducing ISGS which 
encodes IFITM, PAI-1, OASL, ZAP and ISG20, etc.; 2, PAI-1 inhibits TMPRSS2 that cleaves ACE-2 bound spike protein of SARS- COV-2; 3, IFITM3 inhibits the viral 
ssRNA release into the cytoplasm through endosome and initiates lysosomal degradation of the virus; 4, OAS activates RNase L that effectively degrades viral RNA; 5, 
ZAP senses and attaches to viral RNA, followed by recruiting RNA exosome that eventually degrades viral RNA; 6, The ISG20 inhibits viral replication by impairing 
protein translation. IFITM 3, interferon-induced transmembrane protein 3; PAI-1, plasminogen activator inhibitor; CTSB/L cathepsin B/L; ssRNA, single-stranded 
RNA; PKR, protein kinase R; OASL, 2′-5′-oligoadenylate synthetase like; IKK, IκB kinase complex; NF κB, nuclear factor kappa-light-chain-enhancer of an acti-
vated B cell; eIFα2, eukaryotic initiation factor α 2; IFN β, interferon β; IFNAR, interferon-alpha/beta receptor; Jak 1, Janus kinase 1; Tyk 2, tyrosine kinase 2; STAT 1 
and 2, signal transducer and activator of transcription 1 and 2; IRF 9, interferon regulatory factor 9. 

S.K. Kali et al.                                                                                                                                                                                                                                   



Microbial Pathogenesis 158 (2021) 105105

7

lopinavir/ritonavir combination therapy significantly lowered mortality 
when administered within 7 days after symptom onset among hospi-
talized MERS patients [89]. In vitro study, SARS-CoV-2 was more sen-
sitive to IFN β than SARS-CoV-1 and the effective concentration (EC 50) 
of IFN β was less than that of IFN α [55]. In a recent clinical study, the 
triple combination therapy (interferon beta-1b, lopinavir-ritonavir, and 
ribavirin) for COVID-19 patients significantly reduced the recovery time 
compared to the control (lopinavir-ritonavir) group [90]. Similarly, the 
IFN β with hydroxychloroquine plus lopinavir-ritonavi showed 
improved odds of recovery and death than the control. However, the IFN 
β did not change the time to reach clinical response than the control 
[91]. Taken together, we hypothesize that IFN β could be the key 
component for reaching efficiency in triple and double combination 
therapy against COVID-19. 

Conversely, the SOLIDARITY randomized trial reported that 2000 
COVID-19 patients, who received subcutaneous interferon beta 1-a or 
interferon beta-1a plus lopinavir-ritonavir, had little or no effect in 
clinical improvement [92]. The result of the SOLIDARITY trial is in 
complete contrast to the above-mentioned interferon beta combination 
therapy. Recently the nebulized interferon beta-1a (SNG001) treated 
COVID-19 patients showed improved odds of recovery and death than 
the control group. Of note, improvement of patient-reported breath-
lessness was greater among the SNG001 group than the control [93]. 

Comparatively, the nebulized therapy directly delivers the interferon 
in the airway than the subcutaneous route, used in the SOLIDARITY 
trial, eventually initiating anti-viral response in the mucosa. On the 
other hand, the patients recruited in the nebulized therapy are less se-
vere than the patients in the SOLIDARITY trial. Furthermore, in a 
transcriptomic analysis IFN β expression in the nasal mucosa, indepen-
dent of viral road, predicted the clinical outcome of severe COVID-19 
patients [94]. Of note, the INF β has a detrimental effect in the severe 
stages of COVID-19. Therefore, the stage of COVID-19 and route of 
administration is crucial during interferon therapy against COVID-19. 
Once timing, dosing, and immunogenicity issues have been thoroughly 
investigated, INF β could be a potential early-stage treatment option 
against COVID-19 [95,96]. Currently, IFN β monotherapy and combi-
nation therapy (Table 2) are under clinical trials [97–99], which will 

reveal the safety and efficacy of IFN β against COVID-19. 

7. Conclusions 

Several viral diseases primarily target the innate immune response to 
replicate and progress in the host. Intriguingly, COVID-19 severity was 
associated with a significantly low innate immune response. IFN β 
monotherapy would be an effective early-stage treatment option to 
prevent COVID-19 severity. For instance, SNG001, an IFN β product, is 
in phase 3 clinical trial against COVID-19 and its final data will reveal 
the efficiency of IFN β monotherapy. Therefore, IFN β monotherapy- 
mediated enhancement of innate immune response could be a key 
component in future strategies to prevent large-scale viral disease 
outbreaks. 
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