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Abstract
The coronavirus disease (COVID-19) caused by a severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread
rapidly worldwide. Given that this contagious viral outbreak is still unfolding, it is urgent to understand the pathogenesis of
SARS-CoV-2 infection and explore effective treatments to protect patients from developing a severe illness related to COVID-
19. Recently, IFN-α has been considered a potential therapeutic strategy to treat COVID-19 disease, mainly because the innate
immune system rapidly produces IFN-α as the first line of defense to combat viral infections. However, IFN-α can also play a
role in immunoregulatory effects, causing pathogenic damage and uncontrolled inflammatory responses. There are 13 human
IFN-α subtypes that bind to the same receptor and induce different interferon-stimulated gene (ISG) expression, regulating
various antiviral and immunoregulatory effects. The varying degrees of inflammatory regulations may raise concerns about the
possible side effects to enlarge the inflammatory responses, exacerbating the severity of infection. Thus, the analysis of various
IFN-α subtype induction during SARS-CoV-2 infection is necessary in exploring the mechanism of COVID-19 pathogenesis.
This review summarizes the current understanding of IFN-α in the pathogenesis of respiratory virus diseases and IFN-α based
clinical intervention used in SARS-CoV-2 infection and other respiratory virus diseases. Besides, new ideas in selecting suitable
IFN-α subtypes or combinations as drug candidates for viral infection treatment will also be discussed.

Key Points
• IFN-α plays an important role in anti-viral and immunoregulatory effects in COVID-19 patients caused by SARS-CoV-2.
• The uncontrolled inflammation and disease severity correlated to the diversity of IFN-α subtype induction.
• Selecting suitable IFN-α subtypes or combinations as drug candidates will be beneficial for the treatment of patients with
COVID-19.
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Introduction

The 2019 coronavirus disease (COVID-19) emergence,
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has been deemed a global pandemic since it

has swept across 202 countries (Kissler et al. 2020). As of
April 1st, 2021, SARS-CoV-2 has caused more than 136 mil-
lion documented infection cases and nearly 3 million deaths
worldwide (https://coronavirus.jhu.edu/map.html). COVID-
19’s quick emergence and uncontrolled widespread have
imposed a continuous threat to humans. Infection with
SARS-CoV-2 results in diverse clinical symptoms for
COVID-19, ranging from mild to serious respiratory illness.
The severe cases were mainly shown as pneumonia and acute
respiratory distress syndrome (ARDS), leading to a worse
prognosis (Guan et al. 2020). The primary mechanism of
ARDS is associated with the uncontrolled systemic inflamma-
tory responses and the release of massive pro-inflammatory
cytokines (Conti et al. 2020). This so-called cytokine storm
initiates the inflammatory-induced lung injury, causing
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respiratory failure. Thus, there is an urgent need to better un-
derstand the molecular mechanisms of SARS-CoV-2 patho-
genesis to explore the potential clinical treatment.

SARS-CoV-2 infection is initiated by the binding of the
viral spike proteins to the host cells-expressing angiotensin-
converting enzyme 2 (ACE2) receptor (Zhou et al. 2020b),
which stimulates the membrane fusion to release the viral
RNA. After releasing, the viral genomic RNA or the interme-
diates during viral replication are recognized by the pattern
recognition receptors (PRRs), which will activate downstream
signaling pathways to induce type I interferon (IFN-I) produc-
tion (Li et al. 2020a). The IFN-I molecules then bind to the
cell-surface receptor IFN-α and IFN-β receptor (IFNAR),
resulting in the transcription of hundreds of interferon-
stimulated genes (ISGs) that block the replication and the
spread of the virus (Kawai and Akira 2010). Thus, IFN-Is
are among the first cytokines produced during viral infection
to promote body’s immune responses. In COVID-19 patients,
IFN-I signaling is required for ISG induction and the recruit-
ment of pro-inflammatory cells in the lung, indicating its nec-
essary role in host defense against viral infection.
Furthermore, several studies have identified that the loss of
IFN-I related immunity could cause a severe symptom in the
COVID-19 patient (Zhang et al. 2020). This observation indi-
cates that the effective activation of innate immunity, mainly
through IFN-I responses and its downstream cascades, is es-
sential to suppress and eliminate viral replication during
SARS-CoV-2 infection.

Upon infection, the host mobilizes the innate immune sys-
tem to rapidly produce IFN-Is, specifically IFN-α and IFN-β,
to defend against viral infection. However, several studies
demonstrated that the excessive activation of IFN-α signaling
pathway might cause the uncontrolled inflammatory re-
sponses, which is positively correlated with the disease sever-
ity (Channappanavar et al. 2019). Interestingly, all 13 sub-
types of human IFN-α bind to the same receptor and induce
different downstream ISG expressions (Sutter et al. 2016).
The diversity in ISG stimulations may exhibit distinct biolog-
ical activities in antiviral effects and immune regulatory re-
sponses. Accordingly, wemay presume that the disease sever-
ity of COVID-19 may be related to various IFN-α subtype
induction. It has been reported that IFN-α subtypes were dif-
ferently induced in the high or low pathogenic influenza virus-
infected human epithelial cells or mouse, accompanied with
the varying degrees of inflammatory responses (Yang et al.
2020). This evidence provides the close connection between
the IFN-α subtypes and the uncontrolled inflammatory re-
sponses, which may further cause pathological damage to in-
crease disease severity. Additionally, the IFN-α subtype in-
duction analysis paves a way to understand the underlying
mechanism of the pathogenesis, and it could further determine
specific IFN-α subtype(s) associated with higher antiviral ef-
fects and lower immunoregulatory responses. Once identified,

the specific IFN-α subtypes, or a combination with other an-
tiviral drugs, could be used as a drug candidate that helps
enhance antiviral effects while minimizing immunopathology
to the host. This review summarized the current under-
standing of IFN-α and its mechanism of pathogenesis.
New ideas on selecting suitable IFN-α for clinical treat-
ment will also be discussed.

The origin and transmission of SARS-CoV-2

SARS-CoV-2 was first discovered in the bronchoalveolar la-
vage fluid (BALF) of three COVID-19 patients from Wuhan
Jinyintan Hospital on December 30, 2019 (Zhu et al. 2020).
As its rapid transmission, SARS-CoV-2 has swept across 202
countries, shown as a global pandemic (Li et al. 2020c). To
date, the person-to-person transmission is the main mecha-
nism which occurs with an infected patient intimately
contacting other individuals. The droplets and aerosolized vi-
ral particles expelled from the COVID-19-infected individual
to nearby individuals through talking, coughing, or sneezing
were considered the primary media for the transmission (Ong
et al. 2020). Aside from the person-to-person transmission,
virus can also be acquired through direct contact with abiotic
surfaces (Rothan and Byrareddy 2020), which serve as
potential transmission and spread of the SARS-CoV-2
virus. Thus, taking effective transmission control is a
strategy for decreasing the infection rate and protecting
everyone from an infection.

SARS-CoV-2 is a member of the coronavirus family and
has an enveloped positive-stranded RNA genome (Wang et al.
2020c). In the mid-1960s, the coronaviruses (CoVs) were first
identified and classified into four distinct subfamilies, α−/β−/
γ−/δ-CoV, which were based upon their genotypical and se-
rological characteristics (Guo et al. 2020). Among them, α
and β-CoV mainly infect mammals, while γ and δ-CoV
mainly infect birds (Guo et al. 2020). Based on the severity
of the infection, CoVs can be divided into lower and higher
pathogenic subtypes. The lower pathogenic coronaviruses in-
duce a mild infection in the upper and lower respiratory tract
such as CoV-229E and CoV-NL63. In comparison, the higher
pathogenic coronaviruses infect the lower respiratory tract,
causing severe symptoms and even respiratory failures such
as the ones found in severe acute respiratory syndrome coro-
navirus (SARS-CoV) and Middle East respiratory syndrome
coronavirus (MERS-CoV) (Channappanavar and Perlman
2017). The current SARS-CoV-2 pandemic is the third coro-
navirus outbreak occurring in the past 2 decades and shares
about 79% and 50% of its genetic sequence with the
coronaviruses responsible for the SARS-CoV pandemic in
2002 and MERS-CoV pandemic in 2012 (Wang et al.
2020c; Yin and Wunderink 2018). In the SARS-CoV-2 ge-
netic encoding sequence, there are 27 different proteins,
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including the spike (S) protein, envelope (E) protein, mem-
brane (M) glycoproteins, and nucleocapsid (N) protein (Wu
et al. 2020b). The spike glycoprotein was found to acquire 21
mutations in the binding region, which indicates that this nov-
el coronavirus gradually evolved by adapting to its human
hosts through its higher binding power (Forni et al. 2017;
Wen et al. 2020). Thus, an urgent need is to better understand
this novel SARS-CoV-2 and its host-pathogen biology, which
may provide new insights into the effective treatment of pa-
tients with COVID-19 and to curtail the current pandemic.

The entry of SARS-CoV-2

SARS-CoV-2 primarily infects and enters the cells by the viral
S protein binding with the host ACE2 receptor (Luan et al.
2020; Wrapp et al. 2020), a membrane-anchored carboxypep-
tidase highly expressed by airway epithelial and type I and II
alveolar epithelial cells (Kim et al. 2020; Zhou et al. 2020a).
This receptor is also highly expressed on the cell surface of
many tissues and organs such as the heart, kidney, intestine,
and blood vessels (Zhou et al. 2020a), which may explain why
some COVID-19 patients (46%) experience renal, gastrointes-
tinal, and cardiovascular problems (Gu et al. 2020).
Interestingly, ACE2 mRNA level also appear to be regulated
by multiple factors, including age and tobacco smoke
(Busnadiego et al. 2020). Since ACE2 is the receptor of the
S protein which mediates viral invasion, the soluble form of
ACE2 might be considered a potential therapeutic strategy to
prevent the SARS-CoV2 infection (Batlle et al. 2020; Sun
et al. 2020). Some studies have focused on the monkey kid-
ney’s cell line Vero-E6 which have shown that soluble ACE2
could block SARS-CoV replication by binding to its viral
particles and preventing them from entering into the cells (Li
et al. 2003). Upon the S protein’s receptor recognition, the
viral entry into the target cells also requires S protein priming
by cellular proteases, the human transmembrane protease ser-
ine 2 (TMPRSS2). It can cleave at the S1/S2 boundary, and
then the S2 subunit allows for the fusion of viral and cellular
membranes to enter into the cells (Hoffmann et al. 2020; Xia
et al. 2020; Yang and Shen 2020). After SARS-CoV-2 enters
the cells, it subsequently releases its viral RNA into the cyto-
plasm and translates by its host ribosomes to produce
viral replicative enzymes which generate new RNA ge-
nomes. Finally, the viral RNAs direct these necessary
components to synthesize and assemble new viral parti-
cles (Astuti and Ysrafil 2020).

In addition to recognizing and binding the ACE2 receptor
of SARS-CoV-2, several studies have found a novel invasion
route through CD147 and S protein, by using co-
immunoprecipitation and ELISA methods to prove the bind-
ing of CD147 and S protein (Wang et al. 2020d). In the same
study, researchers have also shown that an anti-CD147

humanized antibody could significantly inhibit the virus from
invading the host cells (Wang et al. 2020d), which indicates
anti-CD147’s effective blocking and its ability to reduce
SARS-CoV-2 viral infection. Thus, the novel route of
CD147-S protein could provide a critical target for developing
specific antiviral drugs.

The pathogenesis of SARS-CoV-2

When an individual contracts the SARS-CoV-2 virus, the pa-
tient may experience a wide range of symptoms such as fever
(88.7%), cough (67.8%), fatigue (38.1%) ranging from mild
to moderate, and severe pneumonia (15%) in several cases
(Guan et al. 2020; Wang et al. 2020b). In general, elderly
individuals and those who suffer from underlying conditions
are susceptible to infection and ultimately experience serious
outcomes (Guo et al. 2020). The median age of COVID-19
patients is 47 years old which ranges from 35 to 58 years old
(Guan et al. 2020). Characteristically, severe pneumonia is
often associated with rapid virus replication, massive inflam-
matory cell infiltration, and elevated pro-inflammatory
cytokine/chemokine responses. These symptoms may cause
acute lung injury (ALI) and even a worse acute respiratory
distress syndrome (ARDS). Currently, ARDS is considered
the leading cause of death in patients who suffer from
COVID-19 (Chen et al. 2020; Huang et al. 2020).

For patients with severe COVID-19 disease, the primary
concern is their uncontrolled systemic inflammatory re-
sponses caused by a massive production of pro-
inflammatory cytokines, including IL-6, IP-10, MCP-1,
MIP-1α, and TNF-α, with diverse pro-inflammatory roles
(Conti et al. 2020; Huang et al. 2020). The excessive and
unbalanced pro-inflammation cytokine production causes a
“cytokine storm syndrome” which may contribute to a signif-
icant organ damage and pathological injuries (Ruan et al.
2020; Tian et al. 2020; Wu et al. 2020a; Xu et al. 2020).
The lung injury of a SARS-CoV-2 patient demonstrates bilat-
eral diffuse alveolar damage and the presence of interstitial
mononuclear inflammatory infiltration. Such alveolar damage
and infiltration are composed of lymphocytes and multinucle-
ated syncytial cells in intra-alveolar spaces, consistent with
viral cytopathic-like changes. Such lung injuries may be
asymmetric: one side of the lung may show evidence of the
desquamation of pneumocytes and hyaline membrane forma-
tion, while the other side may display pulmonary edema with
a hyaline membrane formation indicating the development of
ARDS (Xu et al. 2020). Such pulmonary injuries have also
been seen in patients with SARS-CoV and MERS-CoV infec-
tion (Ding et al. 2003; Ng et al. 2016). Taken together, the
cytokine storm is a common feature in severe COVID-19
infection and responsible for the initiation of inflammatory-
induced lung injury, leading to ARDS and respiratory failure.
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Accordingly, anti-cytokine therapy such as IL-6, TNF-α, and
IL-1 antagonists has been suggested as therapeutic approach
in the alleviation of hyper-inflammatory response in patients
with SARS-CoV-2 infection (Roshanravan et al. 2020).

Innate immune responses to SARS-CoV-2
infection

The S proteins on SARS-CoV-2’s surface initiate the cellular
infection by binding to the host cells via the ACE2 receptor,
which in turn stimulates membrane fusion and releases viral
RNA. After this release, the viral genomic RNA or dsRNA
intermediates are detected by PRRs as pathogen-associated
molecular patterns (PAMPs), mainly RIG-I-like receptors
(RLRs) and Toll-like receptors (TLRs) (Alexopoulou et al.
2001; Li et al. 2020a; Wu and Chen 2013), which mediate
the related downstream signaling pathways to control and
eliminate the virus infection.

RLRs-dependent antiviral signaling pathway

RLRs, including the H family members RIG-I (DDX58),
MDA5 (IFIH), and LGP2 and RIG-I and MDA5, are mainly
responsible for viral recognition in the cytoplasm (Wu et al.
2013; Yoo et al. 2014). RIG-I directly recognizes and binds to
viral 5′-PPP RNA and short dsRNA,whileMDA5 senses long
dsRNA (Kowalinski et al. 2011; Nikonov et al. 2013). After
the recognition, RIG-I and MDA5 converge on the mitochon-
drial adaptor protein, including mitochondrial antiviral signal-
ing protein (MAVS), interferon-B promoter stimulator 1 (IPS-
1), or virus-induced signaling adaptor (VISA), which mediate
the signaling cascades (Lee et al. 2018; Tao et al. 2019; Xu
et al. 2018). The adaptor proteins trigger TBK1/IKKE and
IKKα/IKKβ through TRAFs tomediate the activation of tran-
scription factors (Clément et al. 2008), such as interferon reg-
ulatory factor 3 (IRF3) and interferon regulatory factor 7
(IRF7). Upon phosphorylation and activation of IRF3 and
IRF7, they are translocated to the nucleus and stimulate
IFN-I expression, particularly IFN-α and IFN-β, which initi-
ates the subsequent downstream signaling pathways through
the autocrine and paracrine to induce the expression of ISGs
and exerts antiviral and immunoregulatory effects.

TLRs-dependent antiviral signaling pathway

TLRs are essential PRRs for recognizing viral components or
replicating intermediates during an infection. TLR3, TLR7,
TLR8, and TLR9 sense viral nucleic acid in the endosome,
while TLR2 and TLR4 recognize viral proteins on the cell
surface (Arpaia and Barton 2011; Wu et al. 2013). After the

recognition, the activated TLRs combine with the adaptor
molecule MyD88 and TRIF leading to the activation of the
downstream signaling cascade such as IRF3, IRF7, and NK-
kB, which are accompanied by their nuclear translocation.
This subsequently leads to a further induced expression of
IFN-Is and a series of pro-inflammatory cytokines (Arpaia
and Barton 2011; Kawai and Akira 2010; Kostoula et al.
2019; Spiegel et al. 2005). It has been shown that COVID-
19 patients have an enhanced activity of multiple IRFs which
may aid in the occurrence of an IFN-I related immune re-
sponse for controlling and eliminating the viral infection
(Liao et al. 2020).

The role of IFN-I related signaling pathway
in SARS-CoV-2 infection

When SARS-CoV-2 invades the host, PRRs initially recog-
nize the viral nucleic acid and thus induce a series of signaling
cascades to promote the synthesis of IFN-Is, which plays a
significant role in antiviral defense for limiting the spread of
the virus (Li et al. 2020a). IFNs are critical effectors associated
with the activation of both innate and adaptive immune re-
sponses against viruses and other microbial infections
(Wang and Fish 2019). IFNs are classified as type I (-α, -β,
-δ, -ε, -ζ, -κ, -τ, and -ω), II (-γ), and III IFNs (-λ1, -λ2, -λ3),
based on the different binding receptors (Hoffmann et al.
2015). Among them, IFN-Is are highlighted for their effective-
ness to limit the viral spread (Isaacs and Lindenmann 1957)
and involvement in mediating immunoregulatory effects.
Noticeably, IFN-α exists with 13 human subtypes sharing
similar sequences and structures (Hoffmann et al. 2015;
Schreiber and Piehler 2015), and they have a strong correla-
tion with each other (Fig. 1). Additionally, all IFN-α subtypes
bind to the same receptor complex IFN-α and IFN-β receptor
(IFNAR) which induces different downstream ISG expres-
sions (Sutter et al. 2016). This differential induction may like-
ly be due to the nature of its structural properties, e.g., indi-
vidual amino acids at specific positions, or the difference in
their binding affinity to both receptor subunits of IFNAR
(Lavoie et al. 2011), which allows them to play different roles
in viral infection.

During SARS-CoV-2 infection, the host mobilizes the in-
nate immune system to rapidly produce IFN-Is as the first
defense mechanism for exerting antiviral effects to protect
itself from a viral infection (Cao et al. 2019). The produced
IFN-Is via the common IFNAR on epithelial and immune
cells initiate the Janus kinase signal transducer and activator
of the transcription (JAK-STAT) signaling pathway.
Following this receptor activation, the transcription factor
STAT1 and STAT2 are phosphorylated by Janus protein ty-
rosine kinases JAK1 and TYK2. The phosphorylated STAT1
and STAT2 are associated with IRF9 to form a complex, IFN-
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stimulated gene factor 3 (ISGF3). ISGF3 subsequently enters
the nucleus to stimulate the transcription of numerous ISGs by
binding to the IFN-stimulated response element (ISRE) se-
quences located in the promotors of target genes (Fish and
Platanias 2014; Schneider et al. 2014). The broad range and
diverse ISG production could induce an antiviral state in the
host to defend itself against viral infection. According to a heat
map analysis, several ISGs are upregulated during a SARS-
CoV-2 infection, such as IRF7, STAT2, and MX2 (Benjamin
et al. 2020), which may help suppress and eliminate viral
replication during SARS-CoV-2 infection.

Meanwhile, several studies demonstrated that individuals
with insufficient IFN-I production in their immunity are more
vulnerable to SARS-CoV-2 infection, indicating the impor-
tance of effective IFN-I related antiviral responses during in-
fection. Using gene analysis, the author observed the patients
with severe COVID-19 have mutations in genes of TLR3 and
IRF7, involved in the regulation of IFN-Is (Zhang et al. 2020).
This observation suggests the impaired IFN-I signaling path-
ways that are correlated with the severity of infection. In ad-
dition, a loss-of-function mutation in the TLR7 gene, related
to PRR in IFN-I pathways, was also found in four young men
with severe COVID-19 illness (Van Der Made et al. 2020),
associated with a persistent viral load. Furthermore, high titers
of neutralizing autoantibodies against IFN-α2 were detected
in about 10% of patients with severe COVID-19 pneumonia,
when compared to the asymptomatic or mild phenotype indi-
viduals (Zhang et al. 2020). Collectively, these studies suggest

that the effective innate immune responses, mainly IFN-I re-
sponses and their downstream cascades, are essential for anti-
viral defense against viral infection.

IFN-α and COVID-19

IFN-Is have essential roles in protecting the lung from SARS-
CoV-2 spreading. In contrast, they have also been critical
factors in initiating lung inflammatory responses by inducing
the recruitment and activation of immune cells and the secre-
tion of inflammatory cytokines and chemokines. Examples of
such immune regulations are chemokine inductions of CCL2
and CXCL10, which play important roles in recruiting mono-
cytes/macrophages, T cells, NK cells, and neutrophils and
therefore directly initiate inflammation in the lung (Goritzka
et al. 2014). Accordingly, if excessively activated, IFN-I sig-
naling pathways could result in uncontrolled inflammatory
responses that exacerbate lung tissue damage, considering as
one of the major complications in COVID-19 severity. It was
demonstrated that, in the BALF of COVID-19 patients, the
increased expression of IFN-α and IFN-β correlates with the
morbidity (Broggi et al. 2020), suggesting the potential path-
ogenesis of IFN-Is during SARS-CoV-2 infection. The same
observation was also found in the blood of the severe and mild
COVID-19 patients (Lee et al. 2020). Therefore, IFN-I related
responses likely play a pivotal role in exacerbating inflamma-
tion in severe COVID-19 patients.

Fig. 1 Analysis of various human IFN-α subtypes. a The comparison of amino acid sequence. b Phylogenetic analysis
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Apart from the uncontrolled inflammatory responses, an-
other possible pathogenesis role of IFN-α is the induction of
ACE2 in primary human upper airway basal cells (Ziegler
et al. 2020). ACE2, the receptor for SARS-CoV-2, was shown
to be stimulated by IFN-α. By adopting this potential strategy,
SARS-CoV-2 might exploit the ACE2-mediated tissue-pro-
tective response to provide other cellular targets for an entry
to increase viral infectivity. Arising concerns is about the pos-
sibility of ACE2-inducing side effects due to high IFN-α ex-
pression in the patients with COVID-19. Therefore, effective
therapeutics to control the appropriate level of the IFN-α path-
way, not too much and not too less, may reduce the severity of
infection while preventing unexpected side effects that may
arise with the IFN-α treatment.

There are 13 IFN-α subtypes in human with similar se-
quences and structures. All IFN-α subtypes bind to the same
receptors that induce the production of different ISGs,
resulting in diverse biological activities of antiviral effects
and immune regulations. The differences could make various
IFN-α subtypes induce different intensities of inflammatory
cytokines, such as CXCL10. High CXCL10 production could
cause excessive recruitment of neutrophils to infectious sites,
leading to uncontrolled inflammatory responses. Thus, the
analysis of diverse IFN-α subtype induction might be a way
to explain the difference in inflammation level. By analyzing
this aspect, we might uncover if an induction of the specific
IFN-α subtype could be used as an indicator to diagnose the
severity of patients with COVID-19. Indeed, the correlation
between various IFN-α subtypes and viral pathogenesis was
demonstrated in influenza virus-infected human respiratory
epithelial cells. Following the analysis of IFN-α subtype
cDNA library, IFN-α1, IFN-α6, IFN-α14, and IFN-α16 were
found to be more dominantly induced in higher pathogenic
influenza A virus (IAV)-infected human respiratory epithelial
cells, whereas IFN-α5, IFN-α8, and IFN-α21 were mainly
expressed in lower pathogenic influenza B virus (IBV) infec-
tion cells (Yang et al. 2020). This observation suggests that
IFN-α1, IFN-α6, IFN-α14, and IFN-α16 may have a connec-
tion with the higher inflammatory responses, causing more
severe clinical symptoms, indicating the close association of
diverse IFN-α subtype distribution and the infection severity.
Compared to the influenza virus, it is worth to consider the
connection in patients with COVID-19. Addressing this ques-
tion may provide a better understanding of diverse IFN-α
subtype induction during SARS-CoV-2 infection to explore
underlying mechanism of pathogenesis and a possibility of
whether the specific IFN-α subtype induction could be used
as an indicator to reflect the infection severity. Also, genetic
variants of SARS-CoV-2 have been identified from the orig-
inal strain in different countries of the world, associated with
mild or severe outcome (Voss et al. 2020). Accordingly, di-
verse IFN-α subtype induction in different SARS-CoV-2 var-
iant infection should also be considered a way to reveal the

underlying mechanism of disease severity. Up to date, there is
minimal evidence for the relationship between immunological
features of IFN-α subtypes and COVID-19 severity, which
need to be further explored in the future.

The role of IFN-α in the treatment
of SARS-CoV-2 infection

In contact with a pathogen’s infection, the host immediately
mobilizes the innate immune system to rapidly produce IFN-α
to defend itself against viral infection as the first line of de-
fense. By inducing antiviral responses, IFN-α alone or in
combination with other drugs should be considered the best
drug candidates for the treatment of SARS-CoV-2 infection.
Clinically, IFN-α, combined with lopinavir/ritonavir (LPV/r),
has already been tested in patients with COVID-19.
Compared to the patients administered with oral LPV/r, the
patients receiving a subcutaneous injection of IFN-α2b com-
bined with LPV/r have a shorter length of hospitalization with
an associated enhancement of viral clearance (Wang et al.
2020a). Additionally, administration of IFN-α2bwith or with-
out arbidol significantly reduced the duration of detectable
virus in the upper respiratory tract and the level of inflamma-
tory cytokine IL-6 in the blood (Zhou et al. 2020b). Clinical
studies in Cuba also confirmed the therapeutic effectiveness of
IFN-α2b against COVID-19 (Pereda et al. 2020). In the
same token, patients who suffer from severe MERS-
CoV infection treated with a combination of IFN-α2a
and ribavirin experienced a significantly improved sur-
vival rate of 14 days (Saad et al. 2015). These findings
indicate that IFN-I treatment should be considered an
effective therapy in COVID-19 patients.

Although IFN-α could boost broad-spectrum antiviral re-
sponses, conversely, it can assert immunoregulatory effects,
which may cause pathogenic effects in some cases. Any im-
balance implement of IFN-Is would impact the clinical out-
come of COVID-19 and other co-existing diseases. As previ-
ously reported, MERS-CoV patients receiving IFN-α2a treat-
ment failed to improve their survival rate (Shalhoub et al.
2015). The same outcome was also observed with MERS-
CoV-infected patients who received IFN-α2b treatment (Al-
Tawfiq et al. 2014). The administration of IFN-I within 1 day
after MERS-CoV infection protected mice from lethal infec-
tion, whereas the delayed IFN-I treatment failed to effectively
inhibit virus replication, accompanied by an enhanced pro-
inflammatory cytokine expression and an increased infiltra-
tion of neutrophils in the lungs, resulting in fatal pneumonia
(Channappanavar et al. 2019). These findings may suggest
that the IFN-I administration aggravated the severity of the
infection rather than exerting antiviral effects, and the other
factors, e.g., administration time and dose, should be included
for consideration in any treatment options. Thus, it is
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imperative to evaluate the beneficial-versus-detrimental ef-
fects of IFN-I therapy for COVID-19 patients with divergent
disease severity in clinic application. Similar results were also
observed in influenza virus-infected mice that the treatment of
IFN-α could cause immunopathology, leading to the in-
creased morbidity of the mice (Davidson et al. 2014). Also,
recent studies indicate that SARS-CoV-2-infected mice had
IFN-Is that failed to control SARS-CoV2 replication but drive
pathologic responses (Benjamin et al. 2020). Besides the an-
tiviral effects, the pleiotropic cytokine IFN-α also plays a vital
role in immunoregulatory effects, which may cause damage
and increase the severity of the infection. Altogether, it is
critical to balance antiviral and immunoregulatory effects
when applying IFN-α therapy to treat COVID-19.

Treatment of COVID-19 with suitable IFN-α
subtypes

Many potential SARS-CoV-2 treatment approaches have
been evaluated in several ongoing studies, such as the inhibi-
tion of SARS-CoV-2 fusion/entry, the disruption of replica-
tion, the suppression of an excessive inflammatory response,
as well as convalescent plasma treatment and vaccines (Li
et al. 2020b). Remdesivir (RDV), the RNA-dependent poly-
merase (RdRp) activity inhibitor nucleotide analog, interferes
with the synthesis of new viral RNA by chain termination. It
was the first approved medicine against COVID-19 in the
European Union and then in the USA, India, and Japan for
emergency use to treat COVID-19 patients with severe symp-
tom (Kmietowicz 2020). Dexamethasone, a corticosteroid,
has also been found to improve survival in hospitalized
COVID-19 patients who require supplemental oxygen
(Group 2020). In terms of SARS-CoV-2monoclonal antibody
therapy, a combination of bamlanivimab and etesevimab was
also used as the options for the mild to moderate COVID-19
patients. The primary function of bamlanivimab and
etesevimab is to specifically bind to different but overlapping
sites on the spike protein of SARS-CoV-2, which could block
the viral attachment and entry. Although many potential
methods are implemented in clinical treatment, we still need
to understand the underlying mechanism and explore novel
therapeutic interventions for coronavirus infection.

To date, the speedy replicating rate of the virus and the
heightened virus-associated inflammatory responses are the
most critical contributors to the development of severe pneu-
monia in patients with SARS-CoV-2 infection (Qin et al.
2020). There is no doubt that the antiviral agents with lower
immunoregulatory effects are necessary to treat the COVID-
19 disease (Conti et al. 2020; Wang et al. 2020e). When bind-
ing to the same receptor IFNAR, diverse IFN-α subtypes
stimulate different downstream ISG expression, allowing
them to play multiple roles in regulating antiviral and

immunoregulatory effects. Therefore, selecting appropriate
IFN-α subtypes with higher antiviral effects and lower immu-
noregulatory functions will benefit the clinical treatment for
SARS-CoV-2 infection. Regarding the various IFN-α sub-
types, many studies have investigated the altering degrees of
antiviral potency and immunoregulatory effects in response to
a viral infection (Thomas et al. 2011). Compared to IFN-α2,
IFN-α5, and IFN-α6, the treatment of IFN-α1, IFN-α4,
IFN-α9, and IFN-α11 in the Friend retrovirus (FV)-infected
mice could significantly reduce the viral load (Gerlach et al.
2009; Kathrin et al. 2012). In addition, immunization with
IFN-α5 and IFN-α6 subtypes could effectively reduce the
viral load in the lungs of BALB/c mice that are challenged
with H1N1 IAV, while the vaccine containing IFN-α1 was
less effective (James et al. 2007). These findings suggest that
diverse IFN-α subtypes show various antiviral effects to dif-
ferent viral infections. Accordingly, it is worth to compare the
antiviral effects of all IFN-α subtypes on SARS-CoV-2’s re-
sponse to better understand the correlation between various
IFN-α subtypes and antiviral effects. This evidence will pro-
vide an insight for selecting the best drug candidate for effec-
tive treatment of COVID-19.

Besides the antiviral effects, the lower immunoregulatory
responses induced by different IFN-α subtypes will also be an
indicator for selection. Since IFN-α could persuade CXCL10
to recruit neutrophils to the infectious site and control its viral
dissemination (Ichikawa et al. 2013; Zhu et al. 2018), the
infiltrated neutrophils, if excessively, may cause pathological
damage to the respiratory epithelium, which would be detri-
mental to the host. Thus, CXCL10 induction could be used by
various IFN-α subtypes as an indicator to distinguish the mag-
nitude of immunoregulatory effects. Indeed, the relationship
between different IFN-α subtypes and CXCL10 production
has been previously investigated in human dendritic cells, in
which IFN-α2 and IFN-α21 could stimulate the expression of
CXCL10, whereas IFN-α1 has no impact (James et al. 2007).
These findings suggest that diverse IFN-α subtypes may ex-
hibit different immunoregulatory effects, such as CXCL10
inducibility. The varying degrees of inflammatory regulations
induced by different IFN-α subtypes may raise a concern
about the possible side effects to enlarge the inflammatory
responses, exacerbating the severity of infection. Therefore,
the specific IFN-α subtypes, with higher antiviral effects and
lower immunoregulatory effects, will be selecting as potential
drug candidates for COVID-19 patients.

Another relevant factor that needs to be mentioned is the
induction of ACE2, which was recognized as an ISG. It may
raise a controversial question for the suitability of IFN-I treat-
ment in patients with COVID-19 because of the possibility
that IFN-stimulated induction of ACE2 might increase the
entry of SARS-CoV-2. Although interferon could enhance
ACE2 expression and surface level, several studies demon-
strated that the antiviral action of IFN-Is against SARS-
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CoV-2 counterbalances any proviral effects of ACE2 induc-
tion and subsequently restrict the virus spread (Busnadiego
et al. 2020). Thus, ACE2 induction is not the determent factor
to be considered. Meanwhile, we could also compare and
analyze the diverse IFN-α subtypes induced variability in
ACE2 expression levels, and this comparison would provide
evidence for us to choose the specific IFN-α subtype to con-
trol the infection rate.

Although IFN-α2a and IFN-α2b were respectively ap-
proved for the treatment of HBV and HCV infections, they
may not be suitable for treating SARS-CoV-2 infection (Li
and Clercq 2020; Paul et al. 2015). The principle of selecting
practical IFN-α subtypes for the treatment of SARS-CoV-2 is
the balance of the antiviral effects and immunoregulatory
functions. Through this criterion, we could choose the specific
IFN-α subtypes with higher antiviral activity and lower im-
munoregulation to explore as the novel therapeutic interven-
tions for COVID-19 treatment. Alternatively, a combination
of missing “in-action” IFN-α subtypes with a potential in-
crease in antiviral efficiency could be a worth-considering
approach to maximize the antiviral effect of IFN-α treatment
for COVID-19 patients. Except for the diverse IFN-α sub-
types, another type I IFN member, IFN-β, also shows prom-
ising results in clinical trials, which may benefit a potentially
combined treatment option. A randomized and double-blind
phase 2 pilot trial conducted in the UK evaluated the inhaled
interferon beta-1a in patients with COVID-19. Compared to
the placebo group, the patients receiving nebulized IFN-β-1a
had decreased the odds of developing severe disease and
shown significant clinical improvement (Monk et al. 2021),
suggesting that IFN-β-1a therapy may accelerate the recovery
process of COVID-19 patients. Besides its apparent clinical
effects, we should carefully consider the inflammatory re-
sponses caused by IFN-β in critically ill COVID-19 patients.
Furthermore, it is worth to evaluate the role of IFN-β-1a on
inflammatory responses and virologic effects and consequent-
ly to assess the potential risks and underlying application as a
combined treatment with several specific IFN-α subtypes.

Availability of data and material Not applicable

Code availability Not applicable

Author contribution L.Y. conceived the idea and drafted the manuscript,
and J.W., P. H., T.Y., S.B., and K.P. assisted with writing and editing and
provided additional insights. C.L. supervised the study.

Declarations

Ethics approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Al-Tawfiq JA, Momattin H, Dib J, Memish ZA (2014) Ribavirin and
interferon therapy in patients infected with theMiddle East respira-
tory syndrome coronavirus: an observational study. Int J Infect Dis
20:42–46. https://doi.org/10.1016/j.ijid.2013.12.003

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA (2001) Recognition
of double-stranded RNA and activation of NF-kappaB by Toll-like
receptor 3. Nature 413(6857):732–738

Arpaia N, Barton GM (2011) Toll-like receptors: key players in antiviral
immunity. Curr Opin Virol 1(6):447–454

Astuti I, Ysrafil (2020) Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2): an overview of viral structure and host response.
Diabetes Metab Syndr 14(4):407–412

Batlle D, Wysocki J, Satchell K (2020) Soluble angiotensin-converting
enzyme 2: a potential approach for coronavirus infection therapy?
Clin Sci 134(5):543–545. https://doi.org/10.1042/CS20200163

Benjamin I, Eric S, Tianyang M, Peiwen L, Amit M, Feimei L, Mia MA,
Jin W, Huiping D, Robert JH (2020) Mouse Model of SARS-CoV-2
Reveals inflammatory role of type I interferon signaling. bioRxiv:
the preprint server for biology

Broggi A, Ghosh S, Sposito B, Spreafico R, Balzarini F, Cascio AL,
Clementi N, De Santis M, Mancini N, Granucci F (2020) Type III
interferons disrupt the lung epithelial barrier upon viral recognition.
Science 369(6504):706–712

Busnadiego I, Fernbach S, Pohl MO, Karakus U, Huber M, Trkola A,
Stertz S, Hale BG (2020) Antiviral activity of type I, II, and III
interferons counterbalances ACE2 inducibility and restricts SARS-
CoV-2. MBio 11(5):e01928–e01920

Cao L, Ji Y, Zeng L, Liu Q, Guo D (2019) P200 family protein IFI204
negatively regulates type I interferon responses by targeting IRF7 in
nucleus. PLoS Pathog 15(10):e1008079

Channappanavar R, Fehr AR, Zheng J, Wohlford-Lenane C, Abrahante
JE, Mack M, Sompallae R, McCray PB, Meyerholz DK, Perlman S
(2019) IFN-I response timing relative to virus replication determines
MERS coronavirus infection outcomes. J Clin Invest 129(9):3625–
3639. https://doi.org/10.1172/JCI126363

Channappanavar R, Perlman S (2017) Pathogenic human coronavirus
infections: causes and consequences of cytokine storm and immu-
nopathology. Semin Immunopathol 39(5):529–539. https://doi.org/
10.1007/s00281-017-0629-x

Chen N, ZhouM, Dong X, Qu J, Gong F, Han Y, Qiu Y, Wang J, Liu Y,
Wei Y (2020) Epidemiological and clinical characteristics of 99
cases of 2019 novel coronavirus pneumonia in Wuhan, China: a
descriptive study. Lancet 395(10223):507–513

Clément J-F, Meloche S, Servant MJ (2008) The IKK-related kinases:
from innate immunity to oncogenesis. Cell Res 18(9):889–899

Conti P, Ronconi G, Caraffa A, Gallenga C, Kritas S (2020) Induction of
pro-inflammatory cytokines (IL-1 and IL-6) and lung inflammation

4012 Appl Microbiol Biotechnol (2021) 105:4005–4015

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ijid.2013.12.003
https://doi.org/10.1042/CS20200163
https://doi.org/10.1172/JCI126363
https://doi.org/10.1007/s00281-017-0629-x
https://doi.org/10.1007/s00281-017-0629-x


by COVID-19: anti-inflammatory strategies. J Biol Regul Homeost
34(2)

Davidson S, Crotta S, McCabe TM,Wack A (2014) Pathogenic potential
of interferon αβ in acute influenza infection. Nat Commun 5(1):1–
15

Ding Y, Wang H, Shen H, Li Z, Geng J, Han H, Cai J, Li X, Kang W,
Weng D (2003) The clinical pathology of severe acute respiratory
syndrome (SARS): a report from China. J Pathol 200(3):282–289

Fish EN, Platanias LC (2014) Interferon receptor signaling in malignan-
cy: a network of cellular pathways defining biological outcomes.
Mol Cancer Res 12(12):1691–1703

Forni D, Cagliani R, Clerici M, Sironi M (2017) Molecular evolution of
human coronavirus genomes. Trends Microbiol 25(1):35–48

Gerlach N, Gibbert K, Alter C, Nair S, Zelinskyy G, James CM, Dittmer
U (2009) Anti-retroviral effects of type I IFN subtypes in vivo. Eur J
Immunol 39(1):136–146

Goritzka M, Durant LR, Pereira C, Salek-Ardakani S, Openshaw PJ,
Johansson C (2014) Alpha/beta interferon receptor signaling am-
plifies early proinflammatory cytokine production in the lung during
respiratory syncytial virus infection. J Virol 88(11):6128–6136

Group TRC (2020) Dexamethasone in hospitalized patients with Covid-
19—preliminary report. N Engl J Med 384:693–704

Gu J, Han B, Wang J (2020) COVID-19: gastrointestinal manifestations
and potential fecal–oral transmission. Gastroenterology 158(6):
1518–1519

Guan W-J, Ni Z-Y, Hu Y, Liang W-H, Ou C-Q, He J-X, Liu L, Shan H,
Lei C-L, Hui DS (2020) Clinical characteristics of coronavirus dis-
ease 2019 in China. N Engl J Med 382(18):1708–1720

Guo Y-R, Cao Q-D, Hong Z-S, Tan Y-Y, Chen S-D, Jin H-J, Tan K-S,
Wang D-Y, Yan Y (2020) The origin, transmission and clinical
therapies on coronavirus disease 2019 (COVID-19) outbreak - an
update on the status. Mil Med Res 7(1):11. https://doi.org/10.1186/
s40779-020-00240-0

Hoffmann H-H, SchneiderWM, Rice CM (2015) Interferons and viruses:
an evolutionary arms race of molecular interactions. Trends
Immunol 36(3):124–138. https://doi.org/10.1016/j.it.2015.01.004

Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T,
Erichsen S, Schiergens TS, Herrler G, Wu N-H, Nitsche A (2020)
SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor. Cell 181:271–
280.e8

Huang C,Wang Y, Li X, Ren L, Zhao J, HuY, Zhang L, Fan G, Xu J, Gu
X (2020) Clinical features of patients infected with 2019 novel co-
ronavirus in Wuhan, China. Lancet 395(10223):497–506

Ichikawa A, Kuba K, Morita M, Chida S, Tezuka H, Hara H, Sasaki T,
Ohteki T, Ranieri VM, dos Santos CC, Kawaoka Y, Akira S, Luster
AD, Lu B, Penninger JM, Uhlig S, Slutsky AS, Imai Y (2013)
CXCL10-CXCR3 enhances the development of neutrophil-
mediated fulminant lung injury of viral and nonviral origin. Am J
Respir Crit Care Med 187(1):65–77. https://doi.org/10.1164/rccm.
201203-0508OC

Isaacs A, Lindenmann J (1957) Virus interference. I. The interferon. Proc
R Soc Lond B Biol Sci 147(927):258–267

James CM, AbdadMY, Mansfield JP, Jacobsen HK, Vind AR, Stumbles
PA, Bartlett EJ (2007) Differential activities of alpha/beta IFN sub-
types against influenza virus in vivo and enhancement of specific
immune responses in DNA vaccinated mice expressing
haemagglutinin and nucleoprotein. Vaccine 25(10):1856–1867

Kathrin G, Jara J, Joedicke A, Meryk M, Trilling S (2012) Interferon-
alpha subtype 11 activates NK cells and enables control of retroviral
infection. PLoS Pathog 8(8):e1002868

Kawai T, Akira S (2010) The role of pattern-recognition receptors in
innate immunity: update on Toll-like receptors. Nat Immunol
11(5):373–384

Kim Y-I, Kim S-G, Kim S-M, Kim E-H, Park S-J, Yu K-M, Chang J-H,
Kim EJ, Lee S, Casel MAB (2020) Infection and rapid transmission
of SARS-CoV-2 in ferrets. Cell Host Microbe 27:704–709.e2

Kissler SM, Tedijanto C, Goldstein E, Grad YH, Lipsitch M (2020)
Projecting the transmission dynamics of SARS-CoV-2 through the
postpandemic period. Science 368(6493):860–868

Kmietowicz Z (2020) Covid-19: Selected NHS patients will be treated
with remdesivir. Br Med J Publishing Group 369:m2097

Kostoula C, Shaker T, Cerovic M, Craparotta I, Vezzani A (2019) TLR3
preconditioning induces anti-inflammatory and anti-ictogenic ef-
fects in mice mediated by the IRF3/IFN-β axis. Brain Behav
Immun 81:598–607

Kowalinski E, Lunardi T,McCarthy AA, Louber J, Brunel J, Grigorov B,
Gerlier D, Cusack S (2011) Structural basis for the activation of
innate immune pattern-recognition receptor RIG-I by viral RNA.
Cell 147(2):423–435

Lavoie TB, Kalie E, Crisafulli-Cabatu S, Abramovich R, DiGioia G,
Moolchan K, Pestka S, Schreiber G (2011) Binding and activity of
all human alpha interferon subtypes. Cytokine 56(2):282–289.
https://doi.org/10.1016/j.cyto.2011.07.019

Lee JS, Park S, Jeong HW, Ahn JY, Choi SJ, Lee H, Choi B, Nam SK, Sa
M, Kwon J-S (2020) Immunophenotyping of COVID-19 and influ-
enza highlights the role of type I interferons in development of
severe COVID-19. Sci Immunol 5(49):eabd1554

Lee N-R, Ban J, Lee N-J, Yi C-M, Choi J-Y, Kim H, Lee JK, Seong J,
Cho N-H, Jung JU (2018) Activation of RIG-I-mediated antiviral
signaling triggers autophagy through the MAVS-TRAF6-Beclin-1
signaling axis. Front Immunol 9:2096

Li G, Clercq (eds) (2020) Therapeutic options for the 2019 novel
coronavirus (2019-nCoV). Nat Rev Drug Discov 19(3):149–150

Li G, Fan Y, Lai Y, Han T, Li Z, Zhou P, Pan P, Wang W, Hu D, Liu X,
Zhang Q, Wu J (2020a) Coronavirus infections and immune re-
sponses. J Med Virol 92(4):424–432. https://doi.org/10.1002/jmv.
25685

Li H, Zhou Y, Zhang M, Wang H, Zhao Q, Liu J (2020b) Updated
approaches against SARS-CoV-2. Antimicrob Agents Chemother
64(6):e00483–e00420

Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, Ren R, Leung KS, Lau
EH, Wong JY (2020c) Early transmission dynamics in Wuhan,
China, of novel coronavirus–infected pneumonia. N Engl J Med
382:1199–1207

Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne MA,
Somasundaran M, Sullivan JL, Luzuriaga K, Greenough TC
(2003) Angiotensin-converting enzyme 2 is a functional receptor
for the SARS coronavirus. Nature 426(6965):450–454

Liao M, Liu Y, Yuan J, Wen Y, Zhang Z (2020) Single-cell landscape of
bronchoalveolar immune cells in patients with COVID-19. Nat Med
26(6):842–844

Luan J, Lu Y, Jin X, Zhang L (2020) Spike protein recognition of mam-
malian ACE2 predicts the host range and an optimized ACE2 for
SARS-CoV-2 infection. Biochem Biophys Res Commun 526:165–
169

Monk PD, Marsden RJ, Tear VJ, Brookes J, Batten TN, Mankowski M,
Gabbay FJ, Davies DE, Holgate ST, Ho L-P (2021) Safety and
efficacy of inhaled nebulised interferon beta-1a (SNG001) for treat-
ment of SARS-CoV-2 infection: a randomised, double-blind, place-
bo-controlled, phase 2 trial. Lancet Respir Med 9(2):196–206

Ng DL, Al Hosani F, Keating MK, Gerber SI, Jones TL, Metcalfe MG,
Tong S, Tao Y, Alami NN, Haynes LM (2016) Clinicopathologic,
immunohistochemical, and ultrastructural findings of a fatal case of
Middle East respiratory syndrome coronavirus infection in the
United Arab Emirates, April 2014. Am J Pathol 186(3):652–658

Nikonov A, Mölder T, Sikut R, Kiiver K, Männik A, Toots U, Lulla A,
Lulla V, Utt A,Merits A (2013) RIG-I andMDA-5 detection of viral
RNA-dependent RNA polymerase activity restricts positive-strand
RNA virus replication. PLoS Pathog 9(9):e1003610

4013Appl Microbiol Biotechnol (2021) 105:4005–4015

https://doi.org/10.1186/s40779-020-00240-0
https://doi.org/10.1186/s40779-020-00240-0
https://doi.org/10.1016/j.it.2015.01.004
https://doi.org/10.1164/rccm.201203-0508OC
https://doi.org/10.1164/rccm.201203-0508OC
https://doi.org/10.1016/j.cyto.2011.07.019
https://doi.org/10.1002/jmv.25685
https://doi.org/10.1002/jmv.25685


Ong SWX, Tan YK, Chia PY, Lee TH, Ng OT, Wong MSY, Marimuthu
K (2020) Air, surface environmental, and personal protective equip-
ment contamination by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) from a symptomatic patient. JAMA 323(16):
1610–1612

Paul F, Pellegrini S, Uzé G (2015) IFNA2: The prototypic human alpha
interferon. Gene 567(2):132–137

Pereda R, González D, Rivero HB, Rivero JC, Pérez A, López LDR,
Mezquia N, Venegas R, Betancourt JR, Domínguez RE (2020)
Therapeutic effectiveness of interferon-α2b against COVID-19:
the cuban experience. J Interf Cytokine Res 40(9):438–442

Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, Xie C, Ma K, Shang K,
WangW (2020) Dysregulation of immune response in patients with
coronavirus 2019 (COVID-19) in Wuhan, China. Clin Infect Dis
71(15):762–768

Roshanravan N, Seif F, Ostadrahimi A, Pouraghaei M, Ghaffari S (2020)
Targeting cytokine storm to manage patients with COVID-19: a
mini-review. Arch Med Res 51:608–612

Rothan HA, Byrareddy SN (2020) The epidemiology and pathogenesis of
coronavirus disease (COVID-19) outbreak. J Autoimmun 109:
102433

Ruan Q, Yang K, Wang W, Jiang L, Song J (2020) Clinical predictors of
mortality due to COVID-19 based on an analysis of data of 150
patients from Wuhan, China. Intensive Care Med 46(5):846–848

SaadMM,Baig K,Omrani AS (2015) Ribavirin and interferon alfa-2a for
severe Middle East respiratory syndrome coronavirus infection:a
retrospective cohort study. Lancet Infect Dis 14:090

Schneider WM, Chevillotte MD, Rice CM (2014) Interferon-stimulated
genes: a complex web of host defenses. Annu Rev Immunol 32(1):
513–545

Schreiber G, Piehler J (2015) The molecular basis for functional plasticity
in type I interferon signaling. Trends Immunol 36(3):139–149.
https://doi.org/10.1016/j.it.2015.01.002

Shalhoub S, Farahat F, Al-Jiffri A, Simhairi R, Shamma O, Siddiqi N,
Mushtaq A (2015) IFN-α2a or IFN-β1a in combination with riba-
virin to treat Middle East respiratory syndrome coronavirus pneu-
monia: a retrospective study. J Antimicrob Chemother 70(7):2129–
2132. https://doi.org/10.1093/jac/dkv085

Spiegel M, Pichlmair A, Martinez-Sobrido L, Cros J, Garcia-Sastre A,
Haller O, Weber F (2005) Inhibition of beta interferon induction by
severe acute respiratory syndrome coronavirus suggests a two-step
model for activation of interferon regulatory factor 3. J Virol 79(4):
2079–2086

Sun P, Lu X, Xu C, Wang Y, Sun W, Xi J (2020) CD-sACE2 inclusion
compounds: an effective treatment for coronavirus disease 2019
(COVID-19). J Med Virol 92:1721–1723

Sutter K, Song J, Dittmer U (2016) Different antiviral effects of IFN-
αlpha subtypes in a mouse model of HBV infection. Ztschrift Für
Gastroenterologie 54(12):1343–1404

Tao XA, Tian C, Lia C, Wang W, Cao L, Rao H, Yang Q, Shu H-B, Xu
L-G (2019) RACK1 attenuates RLR antiviral signaling by targeting
VISA-TRAF complexes. Biochem Biophys Res Commun 508(3):
667–674

Thomas C, Moraga I, Levin D, Krutzik PO, Podoplelova Y, Trejo A, Lee
C, Yarden G, Vleck SE, Glenn JS, Nolan GP, Piehler J, Schreiber G,
Garcia KC (2011) Structural linkage between ligand discrimination
and receptor activation by type I interferons. Cell 146(4):621–632.
https://doi.org/10.1016/j.cell.2011.06.048

Tian S, Hu W, Niu L, Liu H, Xu H, Xiao S-Y (2020) Pulmonary pathol-
ogy of early phase 2019 novel coronavirus (COVID-19) pneumonia
in two patients with lung cancer. J Thorac Oncol 15:700–704

Van Der Made CI, Simons A, Schuurs-Hoeijmakers J, Van Den Heuvel
G, Mantere T, Kersten S, Van Deuren RC, Steehouwer M, Van

Reijmersdal SV, Jaeger M (2020) Presence of genetic variants
among young men with severe COVID-19. JAMA 324(7):663–673

Voss JD, Skarzynski M, McAuley EM,Maier EJ, Gibbons TF, Fries AC,
Chapleau RR (2020) Variants in SARS-CoV-2Associated with mild
or severe outcome. medRxiv

Wang B, Li D, Liu T, Wang H, Luo F, Liu Y (2020a) Subcutaneous
injection of IFN alpha-2b for COVID-19: an observational study.
BMC Infect Dis 20(1):1–6

Wang BX, Fish EN (2019) Global virus outbreaks: interferons as 1st
responders. Semin Immunol 43:101300

Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, Wang B, Xiang H, Cheng
Z, Xiong Y (2020b) Clinical characteristics of 138 hospitalized pa-
tients with 2019 novel coronavirus–infected pneumonia in Wuhan,
China. JAMA 323(11):1061–1069

WangH, Li X, Li T, Zhang S, Liu J (2020c) The genetic sequence, origin,
and diagnosis of SARS-CoV-2. Eur J Clin Microbiol 39(9):1629–
1635

Wang K, Chen W, Zhou Y-S, Lian J-Q, Zhang Z, Du P, Gong L, Zhang
Y, Cui H-Y, Geng J-J (2020d) SARS-CoV-2 invades host cells via a
novel route: CD147-spike protein. BioRxiv

Wang M, Cao R, Zhang L, Yang X, Xiao G (2020e) Remdesivir and
chloroquine effectively inhibit the recently emerged novel
coronavirus (2019-nCoV) in vitro. Cell Res 30(3):1–3

Wen F, Yu H, Guo J, Li Y, Luo K, Huang S (2020) Identification of the
hyper-variable genomic hotspot for the novel coronavirus SARS-
CoV-2. J Inf Secur 80:671–693

Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh C-L, Abiona O,
Graham BS, McLellan JS (2020) Cryo-EM structure of the 2019-
nCoV spike in the prefusion conformation. Science 367(6483):
1260–1263

Wu C, Chen X, Cai Y, Zhou X, Xu S, Huang H, Zhang L, Zhou X, Du C,
Zhang Y (2020a) Risk factors associated with acute respiratory dis-
tress syndrome and death in patients with coronavirus disease 2019
pneumonia in Wuhan, China. JAMA Intern Med 180(7):934–943

Wu F, Zhao S, Yu B, Chen Y-M, Wang W, Song Z-G, Hu Y, Tao Z-W,
Tian J-H, Pei Y-Y, Yuan M-L, Zhang Y-L, Dai F-H, Liu Y, Wang
Q-M, Zheng J-J, Xu L, Holmes EC, Zhang Y-Z (2020b) A new
coronavirus associated with human respiratory disease in China.
Nature 579(7798):265–269. https://doi.org/10.1038/s41586-020-
2008-3

Wu J, Chen ZJ (2013) Innate immune sensing and signaling of cytosolic
nucleic acids. Annu Rev Immunol 32(1):461–488

Wu J, Sun L, Chen X, Du F, Shi H, Chen C, Chen ZJ (2013) Cyclic
GMP-AMP Is an Endogenous SecondMessenger in Innate Immune
Signaling by Cytosolic DNA. Science 339(6121):826–830

Xia S, Zhu Y, Liu M, Lan Q, XuW,Wu Y, Ying T, Liu S, Shi Z, Jiang S
(2020) Fusion mechanism of 2019-nCoV and fusion inhibitors
targeting HR1 domain in spike protein. Cell Mol Immunol 17(7):
765–767 1-3

Xu T, Chu Q, Cui J, Bi D (2018) Inducible MicroRNA-3570 feedback
inhibits the RIG-I-dependent innate immune response to
rhabdovirus in teleost fish by targeting MAVS/IPS-1. J Virol
92(2):e01594–e01517

Xu Z, Shi L,Wang Y, Zhang J, Huang L, Zhang C, Liu S, Zhao P, Liu H,
Zhu L (2020) Pathological findings of COVID-19 associated with
acute respiratory distress syndrome. Lancet Respir Med 8(4):420–
422

Yang L,Wang S,Wang Y, Zhao P, Cui C, Tu L, Li X, Yu Y, Li H,Wang
L (2020) Diversity of locally produced IFN-α subtypes in human
nasopharyngeal epithelial cells and mouse lung tissues during influ-
enza virus infection. Appl Microbiol Biotechnol 104:6351–6361

4014 Appl Microbiol Biotechnol (2021) 105:4005–4015

https://doi.org/10.1016/j.it.2015.01.002
https://doi.org/10.1093/jac/dkv085
https://doi.org/10.1016/j.cell.2011.06.048
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41586-020-2008-3


Yang N, Shen H-M (2020) Targeting the endocytic pathway and autoph-
agy process as a novel therapeutic strategy in COVID-19. Int J Biol
Sci 16(10):1724–1731

Yin Y, Wunderink RG (2018) MERS, SARS and other coronaviruses as
causes of pneumonia. Respirology 23(2):130–137. https://doi.org/
10.1111/resp.13196

Yoo JS, Kato H, Fujita T (2014) Sensing viral invasion by RIG-I like
receptors. Curr Opin Microbiol 20:131–138

Zhang Q, Bastard P, Liu Z, Le Pen J, Moncada-Velez M, Chen J, Ogishi
M, Sabli IK, Hodeib S, Korol C (2020) Inborn errors of type I IFN
immunity in patients with life-threatening COVID-19. Science
370(6515):eabd4570

Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, Si H-R, Zhu
Y, Li B, Huang C-L (2020a) A pneumonia outbreak associated with
a new coronavirus of probable bat origin. Nature 579(7798):270–
273

Zhou Q, Chen V, Shannon CP, Wei X-S, Xiang X, Wang X, Wang Z-H,
Tebbutt SJ, Kollmann TR, Fish EN (2020b) Interferon-α2b

Treatment for COVID-19. Front Immunol 11:1061. https://doi.org/
10.3389/fimmu.2020.01061

Zhu L, Liu L, Zhang Y, Pu L, Liu J, Li X, Chen Z, Hao Y, Wang B, Han
J, Li G, Liang S, Xiong H, Zheng H, Li A, Xu J, Zeng H (2018)
High level of neutrophil extracellular traps correlates with poor
prognosis of severe influenza Ainfection. J Infect Dis 217(3):428–
437. https://doi.org/10.1093/infdis/jix475

Zhu N, Zhang D, WangW, Li X, Yang B, Song J, Zhao X, Huang B, Shi
W, Lu R (2020) A novel coronavirus from patients with pneumonia
in China, 2019. N Engl J Med 382:727–733

Ziegler CG, Allon SJ, Nyquist SK, Mbano IM, Miao VN, Tzouanas CN,
Cao Y, Yousif AS, Bals J, Hauser BM (2020) SARS-CoV-2 receptor
ACE2 is an interferon-stimulated gene in human airway epithelial
cells and is detected in specific cell subsets across tissues. Cell
181(5):1016–1035. e19

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

4015Appl Microbiol Biotechnol (2021) 105:4005–4015

https://doi.org/10.1111/resp.13196
https://doi.org/10.1111/resp.13196
https://doi.org/10.3389/fimmu.2020.01061
https://doi.org/10.3389/fimmu.2020.01061
https://doi.org/10.1093/infdis/jix475

	Potential role of IFN-α in COVID-19 patients and its underlying treatment options
	Abstract
	Introduction
	The origin and transmission of SARS-CoV-2
	The entry of SARS-CoV-2
	The pathogenesis of SARS-CoV-2
	Innate immune responses to SARS-CoV-2 infection
	RLRs-dependent antiviral signaling pathway
	TLRs-dependent antiviral signaling pathway
	The role of IFN-I related signaling pathway in SARS-CoV-2 infection
	IFN-α and COVID-19
	The role of IFN-α in the treatment of SARS-CoV-2 infection
	Treatment of COVID-19 with suitable IFN-α subtypes
	References


