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Abstract—This study provides an overview of scientific results on the feasibility of using type III interferons
against SARS-CoV-2. We have analyzed data obtained from the PubMed electronic database for the period
2020—2022. The results of our own studies of pharmacological substances based on recombinant IFN-A1 and
its pegylated form are also presented. Completed and ongoing investigations allow us to position IFN-A as an

effective therapeutic agent against SARS-CoV-2.
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INTRODUCTION

Interferons (IFNs) are natural antiviral cytokines
that confer effective early immune response. IFNs are
secreted by host cells in response to viral infection and
promote an antiviral state by inducing the expression
of IFN-stimulated genes (ISGs). ISGs reduce viral
load by suppressing virus entry into host cells, viral
replication and/or transmission [1, 2].

IFNs of three types have been discovered,
I (IFN-0/B), IT (IFN-y) and III (IFN -A). IFN-A is
the predominant IFN produced by mucosal epithelial
cells and is pivotal to antiviral immunity against viral
infection in the respiratory tract [3—5]. Since the dis-
covery of IFN-A in 2003 significant knowledge has
been accumulated about this group of cytokines and
their functions in the body [6]. The study of IFN-A
functions confirmed a significant similarity of its anti-
viral activity with type I IFN, which is implemented
via the same signaling pathways, as well as distinctive
effects of IFN-A on the body associated with the lim-
ited expression of its receptors. The type I IFN recep-
tor is ubiquitously expressed by nearly all cell types,
while the expression of the IFN-A receptor, IFNLRI,
is mainly limited to mucosal surfaces that act as ana-
tomical barriers against entry and colonization of many
microbes [7]. By contrast to type I IFNs, IFN-A con-
fers antiviral protection without driving a systemic
proinflammatory state and exhibits tissue-protective
and anti-inflammatory effects [8]. The lack of proin-
flammatory responses in the lung tissues [9] is an
important advantage of IFN-A over type I IFNs.

Abbreviations: 1FN, interferon; ISGs, interferon-stimulated
genes.
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Thus, IFN-A constitutes the first line of defense
against microbial infections and together with IFN-«
drives an antiviral state. IFN-A functions as a sentinel
molecule in host defense, since IFN-o starts its action
only 48 h post-infection [10]. In general, type 111 IFNs
control infection locally at barrier surfaces whereas
type I IFNs control infection systemically.

POTENTIAL PATHWAYS OF SARS-CoV-2
EVASION OF HOST ANTIVIRAL ACTION

Coronavirus-2 has caused a large global outbreak
of severe acute respiratory syndrome (SARS-CoV-2)
and is a major public health issue worldwide. New
tools and tactics to help stop the COVID-19 pandemic
and treat COVID-19 are necessary.

SARS-CoV-2 is highly sensitive to IFN inhibition,
but at the same time the virus can evade the immune
detection.Several immune evasion strategies developed
by SARS-CoV-2 are currently known [11]. First, during
SARS-CoV infection, coronavirus isolates its dou-
ble—stranded RNA (dsRNA) inside double membrane
vesicles, which shields the viral dSRNA from detection
by the pattern recognition receptor (PRR) [12].
Another strategy of CoV is the inhibition of IFN pro-
duction and signaling. Several studies showed that
IFN- production is suppressed by a range of SARS-
CoV-2 proteins: NSP1, NSP3, NSP5, NSP12, NSP13,
NSP14, NSP15, ORF3a, ORF3b, ORF6, ORF7a,
ORF7b, ORFS, ORF9b, N, and M [13—15]. It was
shown that these proteins reduce the RIG-I (retinoic
acid-inducible gene I)-mediated induction of IFN-[3-
promoter (/FNBI) activity, which suggests that they
may suppress RLR-mediated (RIG-I-like receptor)
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signaling [13, 16, 17]. Xia et al. [17] compared the inhib-
itory activity of the Middle East respiratory syndrome
coronavirus (MERS-CoV), severe acute respiratory
coronavirus-1 (SARS-CoV-1), and SARS-CoV-2 in
terms of type I IFN production and transmission of its
signal and revealed that the NSP1 and NSP6 proteins of
SARS-CoV-2 inhibit signal transmission of type I IFNs
more effectively than the other two coronaviruses.
Furthermore, coronavirus may antagonize IFN sig-
naling for immune evasion through blocking phos-
phorylation of transcription factor STAT1 [18]. Miorin
et al. [19] showed that SARS-CoV-2 is able to effi-
ciently block STAT1 and STAT2 nuclear translocation in
order to impair ISG transcription. Shin et al. [20] found
that IFNs may be antagonized by the SARS-CoV-2
papain-like protease (PLP™) which cleaves the ubiqui-
tin-like interferon-stimulated gene 15 protein (ISG15)
to evade host innate immunity.

SARS-CoV-2 proteins suppress production of the
endogenous interferons that affect COVID-19 severity
[21—23]. Scagnolari et al. [24] revealed that critically-
ill patients that required invasive mechanical ventila-
tion had a decreased expression of the IFN-A(1-3),
type I IFN, and ISGs genes. In addition, it was
reported that the presence of anti-IFN autoantibodies
predicted critical COVID-19 [25, 26]. At the same
time, some patients with severe COVID-19 had high
levels of IFN-o, and hence the severe illness in these
patients may be explained by reduced sensitivity of the
virus to IFNs [27].

The association of IFN gene polymorphisms with
COVID-19 susceptibility and severity is also of inter-
est. Some diseases are known to be caused by genetic
variants within components of the immune system, for
example, in IFN-mediated signaling pathways. In
2009, three independent genome-wide association
studies revealed that the rs12979860 single-nucleotide
polymorphism in the promoter region of the IFN-A3
(IL28B) gene is significantly associated with sponta-
neous clearance of the hepatitis C virus and a sustained
virological response to chronic hepatitis [28—30]. It was
later revealed that /L28B genetic variants lead to vari-
able immune responses to acute respiratory infections
and SARS-CoV-2 infection. Homozygous variants of
the genes encoding IFN-A3/4 may correlate with
reduced clearance of viruses in children with acute
respiratory infections [31]. Saponi-Cortes et al. [32]
revealed a relationship of the rs12979860 polymor-
phism of the IFN-A4 (IFNL4) gene with symptomatic
COVID-19 infection. With regard to the general pop-
ulation without this disease, the T allele of rs12979860
was overexpressed in COVID-19 patients, suggesting
that this allele may be a risk factor for COVID-19. It
was also found that the gene polymorphisms in the
host (/L28B 151297860 C/T and IFNL4 rs368234815
TT/AG) can affect the ability of the host to modulate
viral infection without a clear impact on the outcome
of COVID-19 [33]. Rahimi et al. [34] demonstrated
that more severe COVID-19 was associated with unfa-
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vorable genotypes of IL258B and IFNL4 SNPs than
favorable genotypes. The relationship of COVID-19
severity with certain allelic variants of IFN genes has a
considerable clinical value and can be used to predict
and optimize individual antiviral therapy regimens.

IFN-A AS SARS-CoV-2 INHIBITOR

The innate immune system of the airway epithe-
lium is the first line of defense against respiratory
viruses, it produces IFN-A (IFN- A1, -A2, -A3 and -A4),
molecules eliciting a rapid antiviral response [35].

Davidson et al. [9] and Fox et al. [36] showed that
primary tracheal epithelial cells and mouse lung epi-
thelial cell lines induce the expression of antiviral
genes in response to type I and type III IFNs. Viral
infection of the epithelium stimulates the production
of type I and type III IFNs, but type III IFN is the
main IFN expressed in response to influenza A infec-
tion, respiratory syncytial virus, SARS-CoV-2 and
others [37, 38]. New strains of coronaviruses that have
emerged in recent decades cause severe upper and
lower respiratory tract infection. Beucher et al. [39]
reconstituted primary bronchial epithelia from adult
and child donors to follow the SARS-CoV-2 infec-
tion dynamics using imaging methods and RT-PCR.
Some reconstituted epithelia limited virus replication
and spread. This phenotype was more frequent in
epithelia derived from children versus adults and cor-
related with an accelerated release of type III IFN,
while type III IFN gene knockout using CRISPR/Cas9
promoted infection. These data indicate the important
role of IFN-A in restriction of SARS-CoV-2 infection
in the respiratory tract. The expression of type I INF
(oo and B) was undetectable in the supernatant and
transcriptome signatures.

Currently, there is evidence of the antiviral activity
of IFN-A, both in vitro and in vivo, in relation to
SARS-CoV-2. These data highlight a key role of IFN-A
in shaping immunity against SARS-CoV-2 infection
and preventing clinical outcomes. The ability of IFN-A
to induce a narrower set of ISGs than type I IFN does
in a more targeted set of cells expressing IFNLR1 and
lack of systemic inflammation suggests possible thera-
peutic antiviral applications for IFN-A. The critical
stage in interferon therapy is the time when the treat-
ment begins. A recent retrospective study of 446 patients
with COVID-19 showed that early administration of
IFN-o was associated with favorable outcome and
recovery, whereas late administration of IFN-o,, when
multiple organs are affected, was associated with
increased mortality [40].

Felgenhauer et al. [4]1] demonstrated an antiviral
effect of IFN I (IFN-a) and IIT (IFN-L) types against
SARS-CoV-2. The researchers used two mammalian
epithelial cell lines and found that both IFNs dose-
dependently inhibit SARS-CoV-2. It was concluded
that SARS-CoV-2 is sensitive to exogenously added
IFNs [41]. Vanderheiden et al. [42] showed that pre-
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Fig. 1. The effect of types I, 11, and III interferons on infected SARS-CoV-2 Vero E6 cells. (a) The percentage of infected
Vero E6 cells estimated as the ratio of cells positive for the viral nucleoprotein (NP) to the total number of cells (the data are
shown as mean value * standard deviation, n = 3). (b) Analysis of virus titers expressed as TCIDs, in Vero E6 cell supernatants
(data are shown as mean + SEM, n = 3) [17, Creative Commons Attribution License 4.0 (CC BY)].

treated human airway epithelial cultures with type I or
IIT IFN 24 h prior to infection reduced viral RNA
titers (3-fold) resulting in a 90% reduction in virus rep-
lication. Posttreatment of infected cells also reduced
viral load: a significant effect was seen on day 3 of the
experiment. In the above-mentioned study, Beucher
et al. [39] demonstrated that treatment of bronchial
adult epithelia with exogenous type II1 IFN restricted
SARS-CoV-2 infection. Sohn et al. [43] revealed that
IFN-A1 significantly limited SARS-CoV-2 production
in primary human bronchial epithelial cells in culture.
Pretreatment of human lung cells with type I IFN com-
pletely blocked infectious virus production, and treat-
ment with IFN-A1 at the time of infection inhibited
virus production more than 10-fold. In experiments
with transgenic mice expressing the human angioten-
sin-converting enzyme 2 (ACE2), it was shown that one
dose of IFN-A1 administered intranasally reduced ani-
mal morbidity and mortality. Dijkman et al. [44] con-
ducted a search for effective IFN-A1 treatment regi-
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men to control MERS-CoV infection. Cultures of
human primary airway epithelial cells (hAECs)
treated with a single dose of IFN-o and IFN-A
showed similar ISG expression, whereas cells treated
with two doses of IFNs expressed eclevated levels of
ISGs only in IFN-A-treated cells. Similarly, mice
treated with two doses of IFN-A were better protected
than mice that received a single dose, and a combina-
tion of prophylactic and delayed therapeutic regimens
completely protected mice from MERS-CoV infection.

Miorin et al. [19] evaluated the susceptibility of
SARS-CoV-2to IFN pretreatment. Vero E6 cells were
treated with different concentrations of type I, type 11,
or type III IFNs prior to infection. It was found that
IFN-I pretreatment of Vero E6 cells drastically
reduced the percentage of infected cells. Pretreatment
with IFN-II also inhibited viral infection, whereas pre-
treatment of Vero E6 cells with IFN-III resulted in only
a minor reduction of infection (Fig. 1). As IFN-III pre-
treatment effectively controls SARS-CoV-2 infection in
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Table 1. Inhibition of SARS-CoV-2 replication in Vero E6 cells pretreated with IFN-A1 or PEG-IFN-A1?

[IFN-A1], Integrity of monolayer, [PEG-IFN-A1], Integrity of monolayer,
ng/mL ODsy49 ng/mL ODsy

c-b 1.25 +0.25¢ o 1.20 +0.23¢
42000.00 1.15 + 0.20¢ 108000.00 0.30 £ 0.119
14000.00 1.20 +0.20¢ 36000.00 1.15+0.21¢
4667.00 1.18 £ 0.15¢ 12000.00 1.17 £ 0.21¢
1555.00 1.13 £ 0.15¢ 4000.00 1.15+0.18¢
518.00 1.19 +0.17¢ 1333.00 1.05 +0.21F
173.00 1.16 + 0.18° 444.00 0.95 +0.19°
57.60 1.12 £ 0.15¢ 148.00 0.91 £ 0.20f
19.20 1.10 + 0.14° 49.40 0.85 +0.18f
6.40 0.50 + 0.112 16.50 0.51 +0.13"
2.13 0.18 + 0.10 5.50 0.23 + 0.08"
0.71 0.21 £ 0.111 1.82 0.20 + 0.07
0.23 0.18 £ 0.101 0.61 0.23 +0.08!
Ccti 0.14 + 0.09! ct 0.15 £ 0.101

3The table shows data from [52]. The results were obtained by microscopy (virus-specific cytopathogenic effect) and using the MTT
assay to measure cellular metabolic activity. Significant results are in bold (p < 0.05).

bNegative control—Vero E6 cells not infected with SARS-CoV-2.
“Total integrity of the Vero E6 monolayer.

Total monolayer death resulting from cytotoxicity of the maximum PEG-IFN-A1 dose.

Individual foci of virus-specific cytopathogenic effect.
0—45% of virus-specific cytopathogenic effect.
840—60% of virus-specific cytopathogenic effect.
?‘50—85% of virus-specific cytopathogenic effect.
"Total death of the Vero E6 monolayer.

JPositive control—Vero E6 cells infected with SARS-CoV-2, but not treated with IFN-A1; the control results were taken as 100%.

vitro and in vivo [45, 46], it was suggested that Vero E6
cells express only low levels of the IFN-III receptor.

In experiments with three conventional mouse cell
lines and transgenic mice expressing the human ver-
sion of ACE2 Chong et al. [47] revealed that nasally-
delivered IFN-A confers pre- and post-exposure pro-
tection against infection by several SARS-CoV-2
strains without causing extensive inflammation.

ELABORATION OF IFN-A COVID-19
THERAPEUTICS

Biopharmaceuticals based on recombinant human
IFN-AI targeting COVID-19 hold promise as antiviral
countermeasures. Nevertheless, despite the urgent
need to find such antiviral interventions, there are still
no effective antiviral drugs available for COVID-19.
Recombinant protein therapeutics exhibit a good
pharmacokinetic profile and are resistant to enzymes
in blood.

PEGylation, a chemical modification of target
proteins and peptides with polyethylene glycol (PEG),
is one of the most common solutions to enhance the
stability of protein drugs and prolong their therapeutic

half-life [48]. Many such drugs are available in the
pharmaceutical industry (Pegasys, PEG-Intron, Neu-
lasta, Esperoct, Plegridy etc.) and numerous similar
compounds are at the stage of development and pre-
clinical studies. ZymoGenetics and Bristol-Myers
Squibb (United States) have a candidate product of
pegylated IFN-A for parenteral administration to be
used in prophylaxis of hepatitis virus. This pegylated
IFN-A showed a greater safety profile than pegylated
IFN-0 [49]. However, PEG-IFN-A is an experimen-
tal agent and has not yet been approved.

An electron beam may be used for protein immobi-
lization instead of chemical attachment [50]. Electron
beam immobilization uses laser-driven acceleration of
electrons to MeV-scale energies (1—5 MeV) at doses of
0.5 to 6 Mrad and 7y-radiation for immobilization of
biologically active molecules on low molecular weight
water-soluble carriers. The use of this technology
makes it possible to obtain protein therapeutics with
high bioavailability and low toxicity while preserving
their biological activity.

We also used electron beam immobilization to pre-
pare PEG-IFN-AL in order to obtain an active phar-
maceutical substance to inhibit SARS-CoV-2. The
2023
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PEG-IFN-AI therapeutic agent was created at the
Institute of Cytology and Genetics (Novosibirsk, Rus-
sia) and the Goldberg Research Institute of Pharmacol-
ogy and Regenerative Medicine (Tomsk, Russia) in
cooperation with the Siberian Center of Pharmacology
and Biotechnology (Russia). PEGylated products were
obtained with electron beam usage [51]. PEG-IFN-A1
was cytotoxic on cultured Vero E6 cells only at its max-
imum concentration, i.e., 108 pug/mL, while a three
times lower concentration was not cytotoxic. In terms
of the antiviral activity of both forms of IFN-Al
against SARS-CoV-2 in Vero E6 cells, the half maxi-
mal inhibitory concentration (ICs,) for PEG-IFN-A1
was 25.0 £ 6.5 ng/mL, while it was 7.3 £ 3.1 ng/mL for
recombinant IFN-A1 (p < 0.05, Mann—Whitney test)
(Table 1).

Therefore, the inhibitory activity of PEG-IFN-A1
on SARS-CoV-2 replication in Vero E6 cells was three
times lower than that of unpegylated IFN-AL. It is
known that modifications of protein molecules often
attenuate their functional activity because of an
increased stereospecific blockade, which interferes
with receptor binding [53, 54]. At the same time, a sig-
nificant increase in stability and extended serum per-
sistence of modified proteins often counteracts the
reduced biological activity of target proteins.

Currently, PEG-IFN-A is being investigated as a
drug for the treatment of COVID-19. Dinnon et al. [55]
demonstrated in a mouse model that the human
PEG-IFN-Ala potently inhibits SARS-CoV-2 repli-
cation in epithelial cells and both prophylactic and
therapeutic administration of PEG-IFN-Ala dimin-
ished SARS-CoV-2 replication in the lungs.

Feld et al. [56] described the advantage of a single
subcutaneous injection of PEG-IFN-A in the treat-
ment of mild to moderate COVID-19 within 7 days of
symptom onset or first positive swab if asymptomatic.
Meanwhile, in another randomized placebo-con-
trolled study of 120 patients with mild to moderate
COVID-19, a subcutaneous dose of PEG-IFN-AI
within 72 hours of diagnosis neither shortened the dura-
tion of SARS-CoV-2 viral shedding nor improved symp-
toms [57]. Hence, further investigations of PEG-IFN-A
use for prophylaxis and treatment of COVID-19 are
necessary due to ambiguous results.

CONCLUSIONS

To date, the basic understanding of the antiviral
role of IFN-A has been obtained. The concept that
IFN-A is a sentinel molecule of epithelial barriers and
a potent contributor to urgent antiviral protection
appears reasonable. In our opinion, this concept is
now at the stage of integration into practical usage.
Evidently, exogenous IFNs instead of IFN inducers
will be more effective in enhancing antiviral protec-
tion. The high risks of viral pandemics necessitate the
urgent development and manufacture of medicines
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based on IFN-A. Based on the experience of using
IFN types I and II in medicine, it is argued that mod-
ified forms of IFN-A will be the most advantageous,
including pegylated forms obtained by electron beam
or chemical immobilization with optimal pharmaco-
kinetics.
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