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Abstract

The new coronavirus, named severe acute
respiratory syndrome coronavirus 2 (SARS-
CoV-2), turned into a pandemic affecting
more than 200 countries. Due to the high rate
of transmission and mortality, finding specific
and effective treatment options for this infec-
tion is currently of urgent importance.
Emerging technologies have created a promis-
ing platform for developing novel treatment
options for various viral diseases such as the
SARS-CoV-2 virus. Here, we have described
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potential novel therapeutic options based on
the structure and pathophysiological mecha-
nism of the SARS-CoV-2 virus, as well as the
results of previous studies on similar viruses
such as SARS and MERS. Many of these
approaches can be used for controlling viral
infection by reducing the viral damage or by
increasing the potency of the host response.
Owing to their high sensitivity, specificity, and
reproducibility, siRNAs, aptamers, nanobod-
ies, neutralizing antibodies, and different
types of peptides can be used for interference
with viral replication or for blocking internal-

R. Ranjbar (D<)

Molecular Biology Research Center, Systems
Biology and Poisonings Institute, Bagiyatallah
University of Medical Sciences, Tehran, Iran
e-mail: ranjbarre @ gmail.com

A. Sahebkar (<)

Biotechnology Research Center, Pharmaceutical
Technology Institute, Mashhad University of Medical
Sciences, Mashhad, Iran

Neurogenic Inflammation Research Center, Mashhad
University of Medical Sciences, Mashhad, Iran

Halal Research Center of IRI, FDA, Tehran, Iran

Polish Mother’s Memorial Hospital Research
Institute (PMMHRI), Lodz, Poland

e-mail: sahebkara@mums.ac.ir;
amir_saheb2000@yahoo.com

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature 81

Switzerland AG 2021

P. C. Guest (ed.), Clinical, Biological and Molecular Aspects of COVID-19, Advances in
Experimental Medicine and Biology 1321, https://doi.org/10.1007/978-3-030-59261-5_7

7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-59261-5_7&domain=pdf
https://doi.org/10.1007/978-3-030-59261-5_7#DOI
mailto:ranjbarre@gmail.com
mailto:sahebkara@mums.ac.ir
mailto:amir_saheb2000@yahoo.com
mailto:amir_saheb2000@yahoo.com

82

H. Aghamollaei et al.

ization. Receptor agonists and interferon-
inducing agents are also potential options to
balance and enhance the innate immune
response against SARS-CoV-2. Solid evi-
dence on the efficacy and safety of such novel
technologies is yet to be established although
many well-designed clinical trials are under-
way to address these issues.
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7.1 Introduction

The novel coronavirus, which is known as SARS-
CoV-2, was first identified in the city of Wuhan,
the People’s Republic of China, which has spread
globally. Its fast outbreak resulted in the 2019—
2020 coronavirus pandemic of what has been
termed COVID-19 disease. The primary
symptoms of COVID-19 infection are fever, dry
cough, sputum production, fatigue, and shortness
of breath. In severe cases, other symptoms
including persistent chest pain or pressure,
confusion, anosmia, and  gastrointestinal
symptoms are seen.

Like other coronaviruses, such as severe acute
respiratory syndrome (SARS) (SARS-CoV) and
Middle East respiratory syndrome (MERS-CoV),
the new coronavirus carries a single-positive
stranded RNA. The genome size for SARS-
CoV-21is 29,891 nucleotides which encodes 9860
amino acids. This genome has 82% nucleotide
identity with human SARS-CoV [1]. The
organization of genes in the coronaviruses shares
the same order, coding for polyproteins la and 1b
and the spike (S), membrane (M), envelope (E),
and nucleocapsid (N) proteins.

Of the several common drugs currently used
to treat COVID-19 infection, chloroquine, rem-
desivir, lopinavir (LPV), and ritonavir (RTV)
have gained the most attention. Despite the rela-
tive effectiveness of these medications, they
also have side effects. The most hopeful antivi-
ral to combat SARS-CoV-2 is remdesivir.

Remdesivir was effective against MERS-CoV
and SARS-CoV by acting as an inhibitor of
RNA-dependent RNA polymerases in the RNA
replication process [2-5]. LPV is an HIV-1 pro-
tease inhibitor. This drug has been used in com-
bination with RTV to improve its half-life and
found to be effective against SARS-CoV in tis-
sue culture and in patients with HIV-1 [6].
However, the antiviral property of LPV against
MERS-CoV remains ambiguous. There are
some safety concerns to the use of this drug,
including risk of cardiac arrhythmia, caution in
patients with hepatic disease, and significant
drug interactions [6]. Chloroquine is an antima-
larial drug which has been shown to have
in vitro activity against SARS-CoV-2. Its mech-
anism of action may include inhibition of viral
enzymes or processes such as viral DNA and
RNA polymerase. Using chloroquine may have
some limitations including the risk of cardiac
arrhythmia and risk of retinal injury, with cau-
tions in patients with diabetes and those with
glucose 6-phosphate dehydrogenase (G6PD)
deficiency [7-10]. In addition, it has significant
drug interactions.

Another possible treatment option is to use the
serum from patients infected with the SARS-
CoV-2. However, it is not yet clear whether a
sufficient set of potential donors is possible.
Studies on MERS-CoV have shown that the sera
from patients recovering from infection do not
appear to contain adequate antibody titers for
therapeutic use [11].

Based on the recommendation of the World
Health Organization (WHO) and the Centers for
Disease Control and Prevention (CDC), there are
currently no approved drugs or vaccines for the
treatment or prevention of COVID-19. In recent
years, with the development and integration of
different scientific branches, several techniques
have been proposed for the treatment of viral
infections. These methods, which have emerged
from a successful combination of medical
sciences,  biotechnology, chemistry, and
bioinformatics, have shown promising results in
the treatment of viral infections. Here, we have
aimed to review the potency of novel and
emerging techniques for the treatment of
COVID-19.
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7.2  Small Interfering RNA

The discovery of RNA interference (RNA1) pro-
vided a new approach for silencing the expres-
sion of specific genes in order to treat a wide
range of human disorders. RNA interference as
an antiviral mechanism was originally discovered
in plants. Later, it was also observed in other
organisms, including nematodes, Drosophila,
and vertebrates [12, 13]. As a tool, siRNAs is a
powerful approach specifically designed to
reduce and prevent the synthesis of the target pro-
tein. This has brought the opportunity to develop
a new generation of drugs for several diseases.
Currently, many pharmaceutical companies are
developing RNA-based therapeutics to specifi-
cally regulate various disease-causing genes. A
detailed discussion of RNA therapies and their
advantages, disadvantages, and challenges has
been reviewed [see 14]. Several research teams
have successfully used siRNA technology for
developing  various  antiviral  treatments
(Table 7.1). Their effects have been evaluated on
cell lines and animal models, and positive results
have been reported. The great potential of siRNA
for the management of serious human and animal
respiratory viruses including respiratory syncy-
tial virus (RSV), SARS-CoV, influenza, adenovi-
rus, avian metapneumovirus, and the porcine
respiratory virus has also been reviewed [see 15,
16].

Using siRNA technology to specifically target
the key mRNAs for SARS-Cov-2 infection and
assembly could be a valuable tool for the
treatment of COVID-19. Similar to MERS and
SARS, SARS-Cov-2 belongs to the coronavirus
family, and its genome structure, host infection,
and assembly likely share a common pattern.
Therefore, reports on the application of siRNA
for SARS and MERS could be informative for
designing siRNA treatments for SARS-Cov-2.
One of the most important proteins in the
coronavirus family is the RNA-dependent RNA
polymerase (RdRP), which is responsible for
genome replication once the host cell is infected
by the virus. One strategy to prevent the viral
amplification and spread of the disease is to
decrease the corresponding mRNA for this

Table 7.1 Reported studies on siRNA against respiratory

viruses

Target disease Target gene/genes Reference

Respiratory Viral fusion (F) [105]

syncytial virus phosphoprotein (P)

(RSV) proteins

Influenza virus RNA-dependent [17, 18,
RNA polymerase 105]
(RdRP)

Influenza virus Ran-binding protein | [106]
5

SARS Spike protein [23,24]

SARS RdRP protein [19-21]

SARS Envelop protein [21]

SARS Leader sequence [107]

Human Spike protein [22]

CoronavirusNL63

Adenoviruses Adenoviral E1A [108]

Influenza A1 virus Nucleocapsid [109—
protein; polymerase | 111]
acidic protein

SARS Spike protein [112]

MERS Spike protein [113]

SARS Leader, TRS, [114]
3’-UTR and spike

protein. Several studies have shown that targeting
of RARP using an siRNA approach is an effective
strategy for controlling influenza and SARS
disease in cell lines and animal models, by
resulting in an 80-90% reduction of virus
replication [17-21]. Other potential targets for
using siRNA against SARS-CoV-2 are the
structural proteins. These proteins are involved in
virus assembly and binding to the host cell.
Several reports have shown that siRNA against
structural proteins, S, E, and M protein, could
reduce the progression of coronavirus infections,
including  SARS-CoV, MERS-CoV, and
HCoV-NL63 [19, 21-24].

7.3  Neutralizing Antibodies

Since the 1980s, when the first therapeutic
monoclonal antibody (mAb) was approved,
dozens of monoclonal antibodies have been
used in the treatment of various diseases. Today,
the majority of the biotherapeutic product mar-
ket is occupied by monoclonal antibodies [25].
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During recent years, monoclonal antibodies are
increasingly being considered as agents to fight
severe viral diseases. In this section, we high-
light the potential targets for neutralizing anti-
bodies against SARS-CoV-2 inspired by those
mAbs developed for combating of SARS-CoV
or MERS-CoV.

Once coronavirus binds to the cell surface
receptors via the spike protein, its replication
begins [26]. Specific interaction between S1
subunit of the spike protein and its receptor
creates a conformational change in the S2
subunit, which causes the viral envelope to fuse
with the cellular membrane and release of the
nucleocapsid into the cytoplasm [27]. The cell
surface enzymes are used as a specific receptor
for most of the human coronaviruses. For
example, angiotensin-converting enzyme 2
(ACE2) works as a receptor for HCoV-NL63,
SARS-CoV, and SARS-CoV-2 coronaviruses,
while MERS-CoV attaches via dipeptidyl
peptidase 4 (DPP4) [28] (Fig. 7.1). Thus, an
effective treatment against SARS-CoV-2 might
be developed based on the use of neutralizing or
blocking monoclonal antibodies targeting either
the viral spike protein or the host receptor [29].
Monoclonal antibodies against the spike protein
in coronaviruses have shown promising results
both in vitro and in vivo. Coughlin et al. generated
dozens of mAbs against the SARS-CoV spike
protein, and some of them were effective in
in vitro studies [30]. Recently, a comprehensive
review on the possibility of applying monoclonal
antibody-based treatment for SARS-Cov-2 was

published by Shanmugaraj et al. [29]. One
potential source of mAbs for SARS-Cov-2 is via
identification and isolation from either an
antibody human phage library or memory B cells
from infected and recovered patients.

Interleukin 6 (IL-6) acts as a pro-inflamma-
tory cytokine by stimulating the acute phase
response. Research has shown that the levels of
cytokines such as IL-6 in COVID-19 cases can
increase dramatically and the use of drugs that
can inhibit this cytokine improves patient recov-
ery. There are different kinds of FDA-approved
antibodies that block IL-6 or IL-6 receptors such
as siltuximab (Sylvant), sarilumab (Kevzara),
and tocilizumab (Actemra). Studies have shown
that the administration of these antibodies in
COVID-19 patients with high levels of IL-6 can
greatly improve the severity of this disease [31].
Currently, both intravenous and subcutaneous
administration of RoActemra and subcutaneous
administration of Kevzara are considered in
phase 2 clinical trials as a treatment for COVID-19
[32]. The results are expected in June 2021.

7.4 Aptamer-Based Viral
Treatment
Aptamers are non-coding single-stranded

nucleotide sequences that specifically bind to
their targets. Aptamers are synthesized by an in
vitro process called systematic evolution of
ligands by exponential enrichment (SELEX).
Compared to mAbs, aptamers are easily synthe-

Fig. 7.1 Schematic of SARS-CoV-2 SARS-CoV MERS-CoV
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sized, and their targets include a wide range of
biomolecules. Aptamer-based therapeutics has
the potential to create a revolution in the devel-
opment of antiviral drugs. Nowadays, several
approved aptamer-based drug for various dis-
eases is available on the market. There are sev-
eral advantages over using aptamer-based
treatments including high specificity, rapid
selection process, no need for the complex pro-
cess of protein expression and purification, and
the simple process needed for large-scale man-
ufacturing. These advantages make aptamer
technology well-suited for treatment of viral
infections [33].

Because of the high specificity and affinity for
their targets, aptamers are being increasingly
applied in research and therapeutics. Many
researchers have studied the development of
aptamer-based antiviral treatment especially with
respect to HIV and influenza viruses. In various
studies, many proteins and enzymes from the
HIV virus, including reverse transcriptase,
integrase, and transactivation responsive protein,
have been targeted for aptamer development [34—
37]. Several studies have also focused on the
hemagglutinin protein in the influenza virus
structure for aptamer selection [38—41]. In
addition, in two separate studies, whole influenza
virus was targeted for aptamer selection, and the
results showed more than 90% inhibition of
receptor binding in the presence of aptamers [38,
39]. Shum et al. produced a comprehensive
overview of aptamer-based therapies and their
challenges in the treatment of various viruses
[33].

Aptamer technology has also been used to
combat the previous SARS-CoV outbreak. The
SARS-CoV helicase contains a functional
domain with double-stranded nucleic acid
unwinding and ATPase activities. A study showed
that the aptamer might bind to the nucleic acid
binding site of the helicase and block the
unwinding and subsequent helicase activities
[42].

The number of patients infected by SARS-
CoV-2 is increasing rapidly, and in these
circumstances, research plans need to be pushed
forward in the right direction to find effective

treatments. Using aptamer technology could
potentially lead to an effective treatment against
COVID-19 disease in a short time and at a
relatively low cost. For COVID-19, it is
recommended to consider one of the strategies
below. One suitable target is blocking the viral
fusion with the target cell. The spike protein is
responsible for cell attachment and entry, and
blockade by an aptamer could be an effective
way to inhibit infection. Proteins and enzymes
involved in the viral replication cycle including
polymerases and nucleocapsid protein are other
potential targets for inhibitory aptamers. Another
promising target for aptamer treatment is RNA-
dependent RNA polymerase, because of its
importance in virus replication. In addition,
specific regions of the viral genome interact with
various proteins responsible for transcription
initiation, translation, and replication, or viral
assembly. These proteins are also promising
targets for the generation of aptamers with
selective affinity to these regions [43].

Although the intrinsic physicochemical fea-
tures of aptamers pose serious challenges for
their transport to infected organs or cells, they
may be well-suited for respiratory viruses
because the upper airways and lungs are relatively
accessible as target organs.

7.5 Nanobodies
Nanobodies are a new class of recombinant anti-
body derived from heavy-chain antibodies in
camels and sharks. Unlike traditional antibodies,
the variable domain of these types of antibodies
is made from a single region [44]. These types of
antibodies have specific properties that
distinguish them from others, including smaller
size, higher affinity, more solubility and resistance
to denaturation, stability in intolerable condition
(high and low pH, high temperature), a broad
diversity of epitopes recognition, faster tissue
permeability, high sequence homology with
human antibodies, and cost-effective production
[44-49].

Nanobodies are now used and tested in the
treatment of many diseases, including viruses
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such as hepatitis B, influenza, polio, rabies, HIV,
RSV, FMDYV, and rotavirus [50]. One of these
nanobodies called ALX-0171 inhibits RSV
infection by binding to the F-protein of virus and
blocking uptake into the cells [51]. It is important
to note that due to the specific properties of this
type of antibody, ALX-0171 was used as an
inhaled form. This method of administration at
the site of infection has many advantages,
including an increase in the efficacy of the drug
and reduced dose compared to systemic injections
[52].

The receptor-binding domain (RBD) of the
spike protein is the priority target against the
coronavirus family as this allows binding to the
host cell surface receptor. In a recent study,
scientists isolated nanobodies against the RBD
domain of the MERS-CoV which potently
neutralized ~ MERS-CoV  infection  [53].
Therefore, there is some hope that a similar
approach can be used against SARS-Cov-2.

7.6  Peptide Inhibitors

Peptides are short chains of amino acids that are
usually composed of less than 50 amino acids.
Peptides have many advantages over proteins and
antibodies, such as being small in size, easy to
synthesize, as well as efficient in cell and tissue
penetration [54]. They can also have high affinity,

specificity, and activity and do not accumulate in
a particular tissue, resulting in low toxicity.

In the treatment of viral diseases, peptides
have two important applications. By studying
viral antigens and selecting the appropriate
peptides, they can be used as vaccines, and
subsequently, the immune system can detect and
eliminate the virus. They can also be used
competitively against viral proteins and thereby
prevent viral entry into cells. Guo et al. attempted
to identify the most potent peptides to stimulate
the humoral immune system as a SARS vaccine
[55]. They synthesized 4942 overlapping peptides
from all proteins of the SARS genome and
evaluated these against serum from patients
recovering from the virus. Peptides recognized
by antibodies in the serum samples were selected
for potential use as a polyvalent immunogen
[55]. In order to investigate the possibility of
using these peptides against SARS-Cov-2, we
conducted a blast analysis of the same peptides
against SARS-Cov-2 proteins. The results of this
analysis showed that among 24 peptides presented
in the SARS-CoV study, 13 are highly conserved
to regions SARS-Cov-2 proteins and might
therefore be used as vaccine candidates against
the virus (Table 7.2).

Wang et al. analyzed various peptides of the
SARS-CoV spike protein using a bioinformatics
approach and synthesized the most promising
candidates [24]. Next, they screened these

Table 7.2 Blast of peptides recognized in SARS convalescent sera against NCBI databases which gave high sequence

identities with SARS-Cov-2 proteins

Category SARS peptide Covid-19 peptide Homology (%) | Antibody classes
Orfla NQDVNLHSSRLS NQDVNLHSSRLS 100 IgA, IgM
Nucleocapsid (N)-protein | QLPQGTTLPKGFYA | QLPQGTTLPKGFYA |100 1gG, IgA
TVTLLPAADMDDF | TVTLLPAADLDDF 92 IgG, IgM
YKTFPPTEPKKD YKTFPPTEPKKD 100 IgA
GGSQASSRSSSR GGSQASSRSSSR 100 IgG, IgM
IRQGTDYKHWPQ IRQGTDYKHWPQ 100 IgG, IgM
Spike (S)-protein CPFGEVFNATKF CPFGEVFNATRF 91 IgA
PIGAGICASYHT PIGAGICASYQT 91 IgG, IgA, IgM
QYGSFCTQLNRA QYGSFCTQLNRA 100 IgG, IgM
PFAMQMAYRENG PFAMQMAYRFNG 100 IgM
Membrane (M)-protein KEITVATSRTLS KEITVATSRTLS 100 IgG, IgA, IgM
GTITVEELKQLL GTITVEELKKLL 91 IgG, IgA, IgM
E-protein YVYSRVKNLNSS YVYSRVKNLNSS 100 IgG, IgA, IgM
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peptides using T cells from individuals who had
recovered from the disease. They found that two
peptides (FIAGLIAIV and LITGRLQSL) were
immunogenic and effectively stimulated a T-cell
immune response against this virus. To investigate
the possibility of using these two peptides as
immunogens against COVID-19, we compared
the sequences against those in the SARS-CoV-2
spike protein. This revealed 100% identity,
lending support to their potential use as a SARS-
Cov-2 vaccine. Another study targeted MHC-I
and MHC-II epitopes within the spike protein of
the SARS-CoV-2 virus in an informatics-based
approach to identify the most promising peptide
vaccine candidates [56]. They identified 29
peptides within the MHC-I region and 8 within
the MHC-II region, which they used to synthesize
a single vaccine complex.

Zheng et al. synthesized 24 peptides against
the SARS-COV spike protein and tested these as
inhibitors of viral entry into cells. They found
that SARS-CoV infection was completely
inhibited by two peptides [57]. The sequence of
one of these peptides
(IQKEIDRLNEVAKNLNESLI) is identical to a
sequence in the S2 subunit of SARS-CoV-2,
suggesting that it might be a suitable candidate
for the treatment of COVID-19 disease.

7.7  Fusion Inhibitors
Fusion inhibitors are a class of drugs that were
first introduced in HIV infection, and their
mechanism of action is to prevent and interfere
with the binding, fusion, and entry of the virus
into the target cells [58]. Various strategies can be
proposed to produce a fusion inhibitor against
SARS-CoV-2. The first is the production of small
molecules that can bind to the virus target
receptor and prevent its binding and entry, such
as 1-thia-4- azaspiro[4.5]decan-3-one derivatives
[59]. An alternative approach is the use of drugs
developed for other coronaviruses such as
Nafamostat, Griffithsin, and Dihydrotanshinone
E-64-C and E-64-D [5, 60-64].

Xia et al. found that a peptide derived from the
heptad repeat 2 (HR2) domain of human

coronaviruses has a pan inhibitory function
against several members of this viral family [65].
In vivo studies showed that the inhalation of this
peptide had a high potency in suppressing viral
infection and good safety profile [65].
Subsequently, the same research group developed
lipopeptides derived from the same region and
showed that one of these was more than 100-fold
more potent than the original peptide in
preventing infection with the SARS-CoV-2 virus
[66].

The use of recombinant proteins can also be
an effective way of inhibiting the virus from
entering the cell. Wong et al. reported that the
RBD domain of SARS-Cov S protein potently
binds to ACE2 and prevents infection [67]. The
main advantage of methods that disrupt the virus
host interaction is that the host receptor (ACE2)
does not undergo rapid mutation [68].

Li et al. demonstrated that administration of
recombinant ACE2 effectively bound to the
SARS-CoV virus and inhibited infection of cells
in culture [69]. Recently, Monteil et al. reported
that treatment of Vero E6 cells with recombinant
ACE?2 in the early stage of infection can reduce
the SARS-CoV-2 growth rate by more than 1000-
fold [70]. However, this study only examined the
effects of this protein in the early stages of
infection, and its effectiveness in the later stages
of COVID-19 infection has yet to be determined.

7.8  Antimicrobial Peptides

(AMPs)

The development of antimicrobial peptides dur-
ing the late 1990s and 2000s led to first market-
ing approvals in 2012 for 6 peptides [68]. Peptides
are an important part of the drug industry, and
about 140 peptides are currently being tested in
various clinical trials [71]. The use of peptides in
treating infections has three advantages, includ-
ing the shorter market time, inhibition of protein-
protein interactions, and the availability of
methods to increase the peptide half-lives.
Through the creation of a pore and eliciting
changes in the structure of bacterial cell mem-
branes, peptides have broad-spectrum activity
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Table 7.3 The peptide sequence of the seven selected AMPs

Peptide Sequence

AP00225 ACYCRIGACVSGERLTGACGLNGRIYRLCCR

AP00180 ATCYCRTGRCATRESLSGVCEISGRLYRLCCR

AP00549 GFGCNGPWDEDDMQCHNHCKSIKGYKGGYCAKGGFVCKCY
AP00744 GLPQDCERRGGFCSHKSCPPGIGRIGLCSKEDFCCRSRWYS
AP00729 GLPVCGETCVGGTCNTPGCTCSWPVCTRN

AP00764 GLRSKIWLWVLLMIWQESNKFKKM

AP00223 VTCYCRSTRCGFRERLSGACGYRGRIYRLCCR

against several microorganisms [72-74], with
fewer side effects compared to chemical drugs
[72, 75]. Many peptides are also available which
can inhibit viral activities. For example, a peptide
called RVFV-6, which originates from the Rift
Valley FeverVirus (RVFV) glycoprotein, is an
inhibitor of viral fusion [75, 76]. Kn2-7, a new
derivative of a scorpion venom peptide, has
inhibitory activity against HIV-1, with a weak
cytotoxic effect in mammalian cells [77].
Numerous studies have shown that AMPs are
good candidates for the development of new ther-
apeutic agents against coronaviruses [78-81].
Antiviral AMPs function in different ways,
including prevention of viral entry through par-
ticular receptors, viral fusion blockage through
interaction with the viral envelope and mem-
brane, and stopping viral entry through interac-
tion with heparansulfate [78].

Zhao and colleagues examined the antiviral
activity of 11 mouse defensin-derived peptides.
Among them, one peptide (NGAICWGPCPTA
FRQIGNCGHFKVRCCKIR) showed strong and
wide-ranging antiviral effects on several respiratory
viruses including MERS-CoV, SARS-CoV, and
influenza A HIN1 virus [80]. This peptide inter-
rupts the RBD interaction [81].

In addition to the above approaches, preven-
tion of viral replication is one of the strategies to
control viral infections [82]. Mucropin-Ml
(LFRLIKSLIKRLVSAFK) is a derivative from
mucropin AMP (LFGLIPSLIGGLVSAFK). In
this case, the proline (P) was replaced by arginine
(R), and glycine (G) was changed to lysine (K).
Mucropin-M1 demonstrated activity against
SARS-CoV and influenza A virus H5N1, by
preventing viral replication [83]. The original

peptide mucropin showed no antiviral activity
against any of these viruses.

In another study, Mustafa et al. developed sev-
eral AMPs which bind to the MERS-CoV spike
protein [84]. These peptides belong to the defen-
sin family and may be very important in provid-
ing inhibitory activity. The results of the study
showed that seven peptides had a high affinity for
MERS-CoV spike protein at its active site, sug-
gesting their potential use in the treatment of
COVID-19 (Table 7.3).

Zhou et al. recognized that the glycopeptide
antibiotic teicoplanin could inhibit the entrance
of Ebola viruses into the cell cytoplasm [85].
This was carried out by high-throughput
screening of FDA-approved drugs. Further
analysis confirmed that teicoplanin was also
capable of blocking the entry of SARS-CoV and
MERS-CoV viruses. This antibiotic has been
shown to have an inhibitory effect on viral
replication and transcription.

Evaluation of the AMP rhesus theta-defensin 1
(RTD-1) showed 100% survival and a moderate
decrease in lung injury in a mouse model of SARS-
CoV infection [86]. The mechanism appeared via
an effect on the inflammatory system as the
cytokine responses in the treated animals were
altered compared to the untreated group.

7.9 Interferon-Inducing Agents

Another way of modulating the body’s protection
system against SARS infection is through
treatment with interferons or the use of agents
that induce interferon production [§7-89]. IFN
inducers have several advantages compared to
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exogenous IFN. They motivate the production of
the body’s own IFN, which has no antigenic
properties, unlike recombinant forms of IFN
[90]. IFN inducers can be mixed with IFN and
other antiviral drugs, a strategy that could have
both immunomodulating and etiotropic effects
[91].

Bao and colleagues developed a method based
on CpG oligodeoxynucleotides (ODNs) for the
treatment and prevention of SARS-CoV disease
[92]. They found a new CpG ODN called BWO0O1
which could stimulate human peripheral blood
mononuclear cells (PBMCs) to protect Vero cells
against SARS-CoV. In addition, BWO0O01
stimulated human dendritic cells and PBMCs to
secrete high levels of IFN-a and stimulated B cell
and PBMC proliferation. Additionally, BWO001
can increase the secretion of IFN-y and natural
killer cell cytotoxicity. In another study, Barnard
et al. used a mismatched double-stranded (ds)-
RNA called Ampligen® (poly I: poly C124) as an
interferon inducer and a hybrid human interferon
(IFN-a B/D) against SARS-CoV infection [93].
In this study, Ampligen was injected
intraperitoneally 4 h before the mice were
exposed to SARS-CoV. As a result, the titers of
the lung viruses decreased below the detectable
level.

Kumaki and colleagues used polyriboinosinic-
polyribocytidylic acid stabilized with poly-I-
lysine and carboxymethyl cellulose (poly-ICLC)
as an interferon inducer in SARS-CoV-infected
mice [94]. Treatment with poly-ICLC (5 mg/kg)
was initiated 24 h after infection with SARS- Cov
and continued 2 times a day for 5 days. All treated
mice were protected against lethal viral infection,
and virus titers were reduced in the lungs.

7.10 Peptidomimetics

Any compound that can mimic the biological
activities and structural properties of a peptide are
referred to as a peptidomimetic. Changes in
peptide structure in antimicrobial research include
side-chain and backbone modifications with the
use of unnatural amino acids (such as D-amino

acids), peptoids, B-peptides, and lipidation [95].
The main protease (Mpro) is responsible for
proteolytic processing of polyproteins 1a and lab,
causing the release of 15 proteins involved in the
viral replication process [96]. As Mpro is vital at
the beginning of coronavirus replication, it is a
promising target against infection [97, 98].
Kumar et al. designed and synthesized three
peptidomimetic inhibitors that inhibit 3CLpro of
SARS-CoV and MERS-CoV with ICs, values of
0.2-0.7 pM and 1.7-4.7 pM, respectively [98].
These agents demonstrated a desirable selectivity
index and could potentially lead to the discovery
of wide-spectrum antiviral drugs against newly
emerging coronaviruses. In addition, Arun et al.
designed and synthesized several peptidomimetic
SARS-CoV protease inhibitors with good SARS-
CoV 3CLpro inhibitory activity [97]. In another
study, Kankanamalage et al. designed and
evaluated a new compound which inhibits the

3CLpro of the MERS-CoV [99]. These
compounds effectively prevented MERS-CoV
replication.

Finally, Chuck et al. investigated the inhibi-
tory effects of several numbers of nitrile-based
peptidomimetic inhibitors with various peptide
lengths and N-terminal protective groups, on the
enzymatic activity of 3CLpro of SARS-CoV
[100]. Three nitrile-based inhibitors with
carboxybenzyl (Cbz), tert-butyloxycarbonyl
(Boc), and 5-methylisoxazole-3-carboxyl (Mic)
protective groups were synthesized containing
the SARS-CoV  auto-cleavage sequence
AVLQ. Protease activity was measured in the
presence of inhibitors, and the ICs, values of
Cbz-AVLQ-CN, Boc-AVLQ-CN, and Mic-
AVLQ-CN were 4.6 +0.2,49 +2,and 49 = 2 uM,
respectively. Thus, the inhibitory effect of
components with Cbz group was 10 times
stronger than the others. This demonstrated that
the nitrile cap could efficiently deactivate the
3CLpro activity. Further studies showed that
Cbz-AVLQ-CN is a wide-spectrum inhibitor
against several coronavirus strains (e.g., OC43,
NL63, 229E, and HKU1), suggesting that this
approach may have promise for treatment of
COVID-19.
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7.11 Toll-like Receptor Agonists
Toll-like receptors (TLRs) are a group of proteins
that allow the immune system to discriminate
between “self” and “non-self” [34, 35].
Consequently, TLR antagonists and agonists
have been suggested as antiviral or adjuvant
compounds [101, 102].

A study by Totura et al. showed that TLR sig-
naling via the TIR-domain-containing adapter-
inducing interferon-f (TRIF) protein protects mice
from SARS-CoV disease lethality [102]. Their
findings showed a balanced immune response that
operates via both MyD88 adapter-driven and
TRIF-driven pathways. Since the TLR3—/—,
TLR4—/—, and TRAM—/— mice are more sensitive
to SARS-CoV than normal mice, using TLR
agonists can be effective in the treatment of
MERS-CoV and SARS-CoV infection [101, 102].

Zhao and colleagues used intranasal poly(I-C),
lipopolysaccharide, R848, or CpG (TLR3, TLR4,
TLR7/8, or TLRY agonists) in mice infected with
SARS-CoV [103]. After treatment, approximately
95% survival was found for poly(I-C) against
SARS-CoV. Pretreatment with poly (I-C) led to
upregulation of IFN-y, IFN-P, tumor necrosis
factor alpha (TNFa), and IL-1f gene expression in
the lungs. Their investigation also showed that
treatment with poly(I-C) repressed viral replication
in human host cells. These findings suggest that
TLR adapters are crucial in producing a balanced
innate immune response to COVID-19 infection.

7.12 Conclusions

Emerging techniques can be used for controlling
viral infection by reducing the damage or
increasing the potency of the host response. The
development of siRNAs or aptamers for targeting
genes coding for critical structural (i.e., S, E, and
M) and nonstructural (e.g., RARP, 3CL protease)
proteins can be used to block the effects of
SARS-CoV-2 infection. Also, the sensitivity,
specificity, reproducibility, and ease of use make

mAbs an attractive option for the treatment of
COVID-19. However, this strategy might be
time-consuming and costly compared to other
treatments. Future studies for mAb development
against SARS-CoV-2 may be focused on the
identification and use of S1 epitopes as a key
target for inhibition of viral entry into the cells.

Peptides are one of the most promising options
for the development of anti-COVID-19 drugs as
they can be used as antigens for vaccine production
or as inhibitors for preventing viral infection. Due
to the homology of SARS-CoV and SARS-Cov-2
protein sequences, several peptides proposed for
use in the former could be applicable for the
treatment of COVID-19. Based on our blast
results, we propose 13 peptides with high
homology for consideration as a target for vaccine
development (Table 7.2). Peptidomimetics can
also help to improve peptide effectiveness as
antiviral agents. Unique features of nanobodies
such as the small size, low immunogenicity, and
capacity for conjugation with other agents make
them ideal candidates for viral detection and
therapy.

In addition, Toll-like receptor agonists can
protect against SARS-CoV, and IFN inducers
stimulate the natural production of the IFN by the
host, thereby improving the host response against
viral infection. Production of different inhibitors
by genetic engineering and recombinant protein
expression is another approach which may be
promising as viral therapies. Specifically, the use
of ACE2 recombinant proteins for inhibition of
viral entry may also work against future
coronavirus infections given that it this protein is
an endogenous factor.

The approaches mentioned in this review
prove that it is possible to quickly start well-
designed randomized controlled studies even in
the middle of a global emergency such as the
COVID-19 pandemic. Table 7.4 shows the
potential drugs in different phases of clinical
trials for treatment of COVID-19, which
highlights this capacity. However, there is a need
for novel platforms for the development and
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Table 7.4 Potential biological-derived drug in different phase of clinical trial for treatment of COVID-19 (clinicaltri-

als.gov)
Number| Drug/ Molecule | Type Effect Status
1 TJ003234 mAb Anti-GM-CSF monoclonal antibody Phase I
2 Lopinavir Protease inhibitory - Phase 11
3 Ritonavir Protease inhibitory Cytochrome P450-3A4 Phase I1
4 Fludase Fusion inhibitor Preventing of viral entry by removing sialic -
(DASI181) receptor
5 Sarilumab Immunosuppressive Blocking of interleukin-6 receptor Phase I1
6 Tocilizumab Immunosuppressive Blocking of interleukin-6 receptor Phase I1
7 Sargramostim Leukocyte growth Recombinant granulocyte macrophage colony- Phase
factor stimulating factor I
8 Mavrilimumab | mAb Granulocyte macrophage colony-stimulating factor | Phase II
receptor inhibitor
9 bacTRL-Spikel | Vaccine Stimulation of antibody production against Phase I
SARS-CoV-2 Spike protein
10 Ad5-nCoV Vaccine Stimulation of antibody production against Phase I1
SARS-CoV-2 Spike protein
11 Emapalumab mAb Anti-interferon-gamma (IFNy) Phase II
12 IFN-a2p Interferon Recombinant human interferon ol Early
Phase I
13 rhIFNa Interferon Recombinant human interferon Alpha-1b Phase 111
14 INO-4800 DNA vaccine Stimulation of antibody production against Phase I1I
SARS-CoV-2 Spike protein
15 mRNA-1273 Vaccine Stimulation of antibody production against Phase 1
SARS-CoV-2 Spike protein

manufacturing of therapeutic agents and vaccines
that can be readily adapted to new viral agents in
line with the National Institute of Allergy and
Infectious Diseases initiative [104]. Such a
platform would facilitate the development of
therapeutic agents and vaccines to enter clinical
trials in less than 16 weeks and fast-track large-
scale manufacturing if a given drug proves to be
effective [115]. Such approaches are now essen-
tial given that the continuance of the current pan-
demic and the likely eruption of future
coronavirus outbreaks. Finally, the authors of this
article believe that both traditional and emerging
approaches are essential for the prevention and
treatment of COVID-19 [116, 117].

Acknowledgments Thanks to guidance and advice from
the Clinical Research Development Unit of Baqgiyatallah
Hospital.

References

1. Chan JF, Kok KH, Zhu Z, Chu H, To KK, Yuan S
et al (2020) Genomic characterization of the 2019
novel human-pathogenic coronavirus isolated from
a patient with atypical pneumonia after visiting
Wuhan. Emerg Microb Infect 9(1):221-236

2. Agostini ML, Andres EL, Sims AC, Graham RL,
Sheahan TP, Lu X et al (2018) Coronavirus sus-
ceptibility to the antiviral remdesivir (GS-5734) is
mediated by the viral polymerase and the proofread-
ing exoribonuclease. MBio 9(2):e00221-e00218.
https://doi.org/10.1128/mBi0.00221-18

3. Brown AJ, Won JJ, Graham RL, Dinnon KH III,
Sims AC, Feng JY et al (2019) Broad spectrum
antiviral remdesivir inhibits human endemic
and zoonotic deltacoronaviruses with a highly
divergent RNA dependent RNA polymerase.
Antivir Res 169:104541. https://doi.org/10.1016/j.
antiviral.2019.104541

4. de Wit E, Feldmann F, Cronin J, Jordan R, Okumura
A, Thomas T et al (2020) Prophylactic and thera-
peutic remdesivir (GS-5734) treatment in the rhesus


https://doi.org/10.1128/mBio.00221-18
https://doi.org/10.1016/j.antiviral.2019.104541
https://doi.org/10.1016/j.antiviral.2019.104541
http://clinicaltrials.gov
http://clinicaltrials.gov

92

H. Aghamollaei et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

macaque model of MERS-CoV infection. Proc Natl
Acad Sci USA 117(12):6771-6776

. Wang M, Cao R, Zhang L, Yang X, Liu J, Xu M

et al (2020) Remdesivir and chloroquine effectively
inhibit the recently emerged novel coronavirus
(2019-nCoV) in vitro. Cell Res 30(3):269-271

. Chu C, Cheng V, Hung I, Wong M, Chan K, Chan K

et al (2004) Role of lopinavir/ritonavir in the treat-
ment of SARS: initial virological and clinical find-
ings. Thorax 59(3):252-256

. Fox R (1996) Anti-malarial drugs: possible mecha-

nisms of action in autoimmune disease and pros-
pects for drug development. Lupus 5(Suppl 1):4-10

. Gao J, Tian Z, Yang X (2020) Breakthrough: chlo-

roquine phosphate has shown apparent efficacy in
treatment of COVID-19 associated pneumonia in
clinical studies. Biosci Trends 14(1):72-73

. Yao X, Ye F, Zhang M, Cui C, Huang B, Niu P et al

(2020) In vitro antiviral activity and projection of
optimized dosing design of hydroxychloroquine for
the treatment of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Clin Infect Dis Mar
9:ciaa237. https://doi.org/10.1093/cid/ciaa237.
Online ahead of print

Smith T, Prosser T (2020) COVID-19 drug
therapy-potential ~ options.  https://www.lusia-
das.pt/pt/Covid19%20Public%20Resource %20
Center/Clinical%20and%20Research%20
Articles/18032020/COVID-19-Drug-Therapy_Mar-
2020.pdf

Arabi Y, Balkhy H, Hajeer AH, Bouchama A,
Hayden FG, Al-Omari A et al (2015) Feasibility,
safety, clinical, and laboratory effects of conva-
lescent plasma therapy for patients with Middle
East respiratory syndrome coronavirus infection:
a study protocol. Springerplus 4:709. https://doi.
org/10.1186/540064-015-1490-9

Agami R (2002) RNAI and related mechanisms and
their potential use for therapy. Curr Opin Chem Biol
6(6):829-834

Cerutti H (2003) RNA interference: traveling
in the cell and gaining functions? Trends Genet
19(1):39-46

Bajan S, Hutvagner G (2020) RNA-based therapeu-
tics: from antisense oligonucleotides to miRNAs.
Cell 9(1):137. https://doi.org/10.3390/cells9010137
Bitko V, Barik S (2007) Respiratory viral diseases:
access to RNA interference therapy. Drug Discov
Today Ther Strateg 4(4):273-276

Wu CJ, Chan YL (2006) Antiviral applications of
RNAI for coronavirus. Expert Opin Investig Drugs
15(2):89-97

Gao Y, Sun L, Dong JX, Xingye X, Shu Y, Chen M
et al (2006) Rapid identification of small interfer-
ing RNA that can effectively inhibit the replication
of multiple influenza B virus strains. Antivir Ther
11(4):431-438

Ge Q, McManus MT, Nguyen T, Shen C, Sharp
PA, Eisen HN et al (2003) RNA interference of
influenza virus production by directly targeting

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

mRNA for degradation and indirectly inhibiting all
viral RNA transcription. Proc Natl Acad Sci U S A
100(5):2718-2723

. He ML, Zheng BJ, Chen Y, Wong KL, Huang

JD, Lin MC et al (2006) Kinetics and synergistic
effects of siRNAs targeting structural and replicase
genes of SARS-associated coronavirus. FEBS Lett
580(10):2414-2420

He ML, Zheng B, Peng Y, Peiris JSM, Poon LLM,
Yuen KY et al (2003) Inhibition of SARS-associated
coronavirus infection and replication by RNA
interference. JAMA 290(20):2665-2666

Meng B, Lui YW, Meng S, Cao C, Hu Y (2006)
Identification of effective siRNA blocking the
expression of SARS viral envelope E and RDRP
genes. Mol Biotechnol 33(2):141-148

Pyrc K, Bosch BJ, Berkhout B, Jebbink MEF,
Dijkman R, Rottier P et al (2006) Inhibition of
human coronavirus NL63 infection at early stages of
the replication cycle. Antimicrob Agents Chemother
50(6):2000-2008

Qin ZL, Zhao P, Zhang XL, Yu JG, Cao MM, Zhao
LJ et al (2004) Silencing of SARS-CoV spike gene
by small interfering RNA in HEK 293T cells.
Biochem Biophys Res Commun 324(4):1186-1193
Zhang Y, Li T, Fu L, Yu C, Li Y, Xu X et al (2004)
Silencing SARS-CoV spike protein expression in
cultured cells by RNA interference. FEBS Lett
560(1-3):141-146

Ecker DM, Jones SD, Levine HL (2015) The
therapeutic monoclonal antibody market. MADbs
7(1):9-14

Fung TS, Liu DX (2019) Human coronavirus:
host-pathogen interaction. Annu Rev Microbiol
73:529-557

Masters PS (2006) The molecular biology of corona-
viruses. Adv Virus Res 66:193-292

Lim YX, Ng YL, Tam JP, Liu DX (2016) Human

coronaviruses: a review of virus-host interac-
tions. Diseases 4(3):26. https://doi.org/10.3390/
diseases4030026

Shanmugaraj B, Siriwattananon K, Wangkanont K,
Phoolcharoen W (2020) Perspectives on monoclonal
antibody therapy as potential therapeutic interven-
tion for Coronavirus disease-19 (COVID-19). Asian
Pac J Allergy Immunol 38(1):10-18

Coughlin M, Lou G, Martinez O, Masterman SK,
Olsen OA, Moksa AA et al (2007) Generation and
characterization of human monoclonal neutralizing
antibodies with distinct binding and sequence fea-
tures against SARS coronavirus using XenoMouse.
Virol 361(1):93-102

Zhang C, Wu Z, Li JW, Zhao H, Wang GQ (2020)
The cytokine release syndrome (CRS) of severe
COVID-19 and Interleukin-6 receptor (IL-6R)
antagonist tocilizumab may be the key to reduce the
mortality. Int J Antimicrob Agents 55(5):105954.
https://doi.org/10.1016/j.ijantimicag.2020.105954
Coomes EA, Haghbayan H (2020)
Interleukin-6  in  COVID-19: a  systematic


https://doi.org/10.1093/cid/ciaa237
https://www.lusiadas.pt/pt/Covid19 Public Resource Center/Clinical and Research Articles/18032020/COVID-19-Drug-Therapy_Mar-2020.pdf
https://www.lusiadas.pt/pt/Covid19 Public Resource Center/Clinical and Research Articles/18032020/COVID-19-Drug-Therapy_Mar-2020.pdf
https://www.lusiadas.pt/pt/Covid19 Public Resource Center/Clinical and Research Articles/18032020/COVID-19-Drug-Therapy_Mar-2020.pdf
https://www.lusiadas.pt/pt/Covid19 Public Resource Center/Clinical and Research Articles/18032020/COVID-19-Drug-Therapy_Mar-2020.pdf
https://www.lusiadas.pt/pt/Covid19 Public Resource Center/Clinical and Research Articles/18032020/COVID-19-Drug-Therapy_Mar-2020.pdf
https://doi.org/10.1186/s40064-015-1490-9
https://doi.org/10.1186/s40064-015-1490-9
https://doi.org/10.3390/cells9010137
https://doi.org/10.3390/diseases4030026
https://doi.org/10.3390/diseases4030026
https://doi.org/10.1016/j.ijantimicag.2020.105954

7 Emerging Technologies for the Treatment of COVID-19

93

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

review and meta-analysis. medRxiv. https:/doi.
org/10.1101/2020.03.30.20048058

Shum KT, Zhou J, Rossi JJ (2013) Aptamer-based
therapeutics: new approaches to combat human viral
diseases. Pharmaceuticals (Basel) 6(12):1507-1542
DeStefano JJ, Nair GR (2008) Novel aptamer inhibi-
tors of human immunodeficiency virus reverse tran-
scriptase. Oligonucleotides 18(2):133-144

Kim SJ, Kim MY, Lee JH, You JC, Jeong S (2002)
Selection and stabilization of the RNA aptam-
ers against the human immunodeficiency virus
type-1 nucleocapsid protein. Biochem Biophys Res
Commun 291(4):925-931

Kissel JD, Held DM, Hardy RW, Burke DH (2007)
Single-stranded DNA aptamer RT1t49 inhibits RT
polymerase and RNase H functions of HIV type
1, HIV type 2, and SIVCPZ RTs. AIDS Res Hum
Retrovir 23(5):699-708

Watrin M, Von Pelchrzim F, Dausse E, Schroeder R,
Toulmé JJ (2009) In vitro selection of RNA aptam-
ers derived from a genomic human library against
the TAR RNA element of HIV-1. Biochemistry
48(26):6278-6284

Cheng C, Dong J, Yao L, Chen A, Jia R, Huan
L et al (2008) Potent inhibition of human influ-
enza HSNI virus by oligonucleotides derived
by SELEX. Biochem Biophys Res Commun
366(3):670-674

Gopinath SCB, Sakamaki Y, Kawasaki K, Kumar
PKR (2006) An efficient RNA aptamer against
human influenza B virus hemagglutinin. J Biochem
139(5):837-846

Park SY, Kim S, Yoon H, Kim KB, Kalme SS, Oh S
et al (2011) Selection of an antiviral RNA aptamer
against hemagglutinin of the subtype H5 avian
influenza virus. Nucleic Acid Ther 21(6):395-402
Wongphatcharachai M, Wang P, Enomoto S,
Webby RJ, Gramer MR, Amonsin A et al (2013)
Neutralizing DNA aptamers against swine influenza
H3N2 viruses. J Clin Microbiol 51(1):46-54

Jang KJ, Lee NR, Yeo WS, Jeong YJ, Kim DE (2008)
Isolation of inhibitory RNA aptamers against severe
acute respiratory syndrome (SARS) coronavirus
NTPase/helicase. Biochem Biophys Res Commun
366(3):738-744

Wandtke T, Wozniak J, Kopinski P (2015) Aptamers
in diagnostics and treatment of viral infections.
Viruses 7(2):751-780

Hamers-Casterman C, Atarhouch T, Muyldermans
S, Robinson G, Hammers C, Songa EB et al (1993)
Naturally occurring antibodies devoid of light
chains. Nature 363(6428):446-448

Arbabi Ghahroudi M, Desmyter A, Wyns L, Hamers
R, Muyldermans S (1997) Selection and identifica-
tion of single domain antibody fragments from camel
heavy-chain antibodies. FEBS Lett 414(3):521-526
Bakherad H, Gargari SLM, Rasooli I, RajabiBazl M,
Mohammadi M, Ebrahimizadeh W et al (2013) In
vivo neutralization of botulinum neurotoxins sero-

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

type E with heavy-chain camelid antibodies (VHH).
Mol Biotechnol 55(2):159-167

Ebrahimizadeh W, Gargari SM, Rajabibazl M,
Ardekani LS, Zare H, Bakherad H (2013) Isolation
and characterization of protective anti-LPS
nanobody against V. cholerae O1 recognizing Inaba
and Ogawa serotypes. Appl Microbiol Biotechnol
97(10):4457-4466

Harmsen M, De Haard H (2007) Properties,
production, and applications of camelid single-
domain antibody fragments. Appl Microbiol
Biotechnol 77(1):13-22

Aghamolaei H, Gargari SLM, Rasaee MJ, Ghanei
M (2017) Camelid variable fragments of heavy
chain antibodies (Nanobody): its applications in
research, diagnosis and therapy. Minerva Biotecnol
29(2):89-100

Vanlandschoot P, Stortelers C, Beirnaert E, Ibafiez
LI, Schepens B, Depla E et al (2011) Nanobodies®:
new ammunition to battle viruses. Antivir Res
92(3):389-407

Detalle L, Stohr T, Palomo C, Piedra PA, Gilbert BE,
Mas V et al (2016) Generation and characterization
of ALX-0171, a potent novel therapeutic nanobody
for the treatment of respiratory syncytial virus infec-
tion. Antimicrob Agents Chemother 60(1):6—13

De Bruyn S, De Smedt T, Allosery K, Crabbe P, De
Brabandere V, Detalle L et al (2015) ALX-0171:
safety and therapeutic potential of an inhaled anti-
RSV Nanobody. RDD Europe 1:37-48

Zhao G, He L, Sun S, Qiu H, Tai W, Chen J et al
(2018) A novel nanobody targeting Middle
East respiratory syndrome coronavirus (MERS-
CoV) receptor-binding domain has potent cross-
neutralizing activity and protective efficacy against
MERS-CoV. J Virol 92(18):e00837-e00818

Marqus S, Pirogova E, Piva TJ (2017) Evaluation of
the use of therapeutic peptides for cancer treatment.
J Biomed Sci 24(1):21. https://doi.org/10.1186/
$12929-017-0328-x

Guo JP, Petric M, Campbell W, McGeer PL (2004)
SARS corona virus peptides recognized by anti-
bodies in the sera of convalescent cases. Virol
324(2):251-256

Bhattacharya M, Sharma AR, Patra P, Ghosh P,
Sharma G, Patra BC et al (2020) Development of
epitope-based peptide vaccine against novel coro-
navirus 2019 (SARS-COV-2): immunoinformatics
approach. J Med Virol 92(6):618-631

Zheng BJ, Guan Y, Hez M, Sun H, Du L, Zheng
Y et al (2005) Synthetic peptides outside the spike
protein heptad repeat regions as potent inhibi-
tors of SARS-associated coronavirus. Antivir Ther
10(3):393-403

Schneider SE, Bray BL, Mader CJ, Friedrich PE,
Anderson MW, Taylor TS et al (2005) Development
of HIV fusion inhibitors. J Pept Sci 11(11):744-753
Apaydin CB, Cesur N, Stevaert A, Naesens L, Cesur
7 (2019) Synthesis and anti-coronavirus activity of a
series of 1-thia-4-azaspiro [4.5] decan-3-one deriva-


https://doi.org/10.1101/2020.03.30.20048058
https://doi.org/10.1101/2020.03.30.20048058
https://doi.org/10.1186/s12929-017-0328-x
https://doi.org/10.1186/s12929-017-0328-x

94

H. Aghamollaei et al.

60

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

tives. Arch Pharm (Weinheim) 352(6):e1800330.
https://doi.org/10.1002/ardp.201800330

. Barton C, Kouokam JC, Lasnik AB, Foreman O,

Cambon A, Brock G et al (2014) Activity of and
effect of subcutaneous treatment with the broad-
spectrum antiviral lectin griffithsin in two labora-
tory rodent models. Antimicrob Agents Chemother
58(1):120-127

Dyall J, Coleman CM, Hart BJ, Venkataraman T,
Holbrook MR, Kindrachuk J et al (2014) Repurposing
of clinically developed drugs for treatment of Middle
East respiratory syndrome coronavirus infection.
Antimicrob Agents Chemother 58(8):4885-4893

Ito K, Yotsuyanagi H, Sugiyama M, Yatsuhashi
H, Karino Y, Takikawa Y et al (2016) Geographic
distribution and characteristics of genotype A
hepatitis B virus infection in acute and chronic
hepatitis B patients in Japan. J Gastroenterol Hepatol
31(1):180-189

O'Keefe BR, Giomarelli B, Barnard DL, Shenoy SR,
Chan PK, McMahon JB et al (2010) Broad-spectrum
in vitro activity and in vivo efficacy of the antiviral
protein griffithsin against emerging viruses of the
family Coronaviridae. J Virol 84(5):2511-2521
Wang C, Hua C, Xia S, Li W, Lu L, Jiang S (2019)
Combining a fusion inhibitory peptide targeting the
MERS-CoV S2 protein HR1 domain and a neutral-
izing antibody specific for the S1 protein receptor-
binding domain (RBD) showed potent synergism
against pseudotyped MERS-CoV with or without
mutations in RBD. Viruses 11(1):31. https://doi.
org/10.3390/v11010031

Xia S, Yan L, Xu W, Agrawal AS, Algaissi A, Tseng
CTK et al (2019) A pan-coronavirus fusion inhibi-
tor targeting the HR1 domain of human corona-
virus spike. Sci Adv 5(4):eaav4580. https://doi.
org/10.1126/sciadv.aav4580

Xia S, Liu M, Wang C, Xu W, Lan Q, Feng S
et al (2020) Inhibition of SARS-CoV-2 infection
(previously 2019-nCoV) by a highly potent pan-
coronavirus fusion inhibitor targeting its spike
protein that harbors a high capacity to mediate mem-
brane fusion. Cell Res 30(4):343-355

Wong SK, Li W, Moore MJ, Choe H, Farzan M
(2004) A 193-amino acid fragment of the SARS
coronavirus S protein efficiently binds angiotensin-
converting enzyme 2. ] Biol Chem 279(5):3197-3201
Kruse RL (2020) Therapeutic strategies in an out-
break scenario to treat the novel coronavirus origi-
nating in Wuhan, China. F1000Res 9:72. https://doi.
org/10.12688/f1000research.22211.2

Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne
MA et al (2003) Angiotensin-converting enzyme 2
is a functional receptor for the SARS coronavirus.
Nature 426(6965):450-454

Monteil V, Kwon H, Prado P, Hagelkriiys A,
Wimmer RA, Stahl M et al (2020) Inhibition of
SARS-CoV-2 infections in engineered human tis-
sues using clinical-grade soluble human ACE2. Cell
181(4):905-913

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

Mustafa S, Balkhy H, Gabere MN (2018) Current
treatment options and the role of peptides as potential
therapeutic components for Middle East Respiratory
Syndrome (MERS): a review. J Infect Public Health
11(1):9-17

Moghaddam MM, Aghamollaei H, Kooshki H,
Barjini KA, Mirnejad R, Choopani A (2015)
The development of antimicrobial peptides as an
approach to prevention of antibiotic resistance. Rev
Med Microbiol 26(3):98-110

Heiat M, Aghamollaei H, Moghaddam MM,
Kooshki H (2014) Using CM11 peptide as a cell
permeable agent for the improvement of con-
ventional plasmid transformation methods in
Escherichia coli and Bacillus subtilis. Minerva
Biotecnol 26:149-157

Kaspar AA, Reichert JM (2013) Future directions
for peptide therapeutics development. Drug Discov
Today 18(17-18):807-817

Koehler JW, Smith JM, Ripoll DR, Spik KW, Taylor
SL, Badger CV et al (2013) A fusion-inhibiting pep-
tide against Rift Valley fever virus inhibits multiple,
diverse viruses. PLoS Negl Trop Dis 7(9):e2430.
https://doi.org/10.1371/journal.pntd.0002430

Vigant F, Santos NC, Lee B (2015) Broad-spectrum
antivirals against viral fusion. Nat Rev Microbiol
13(7):426-437

ChenY, Cao L, Zhong M, Zhang Y, Han C, Li Q et al
(2012) Anti-HIV-1 activity of a new scorpion venom
peptide derivative Kn2-7. PLoS One 7(4):e34947.
https://doi.org/10.1371/journal.pone.0034947
Jenssen H, Hamill P, Hancock RE (2006)
Peptide antimicrobial agents. Clin Microbiol Rev
19(3):491-511

Taguchi F, Shimazaki YK (2000) Functional analysis
of an epitope in the S2 subunit of the murine
coronavirus spike protein: involvement in fusion
activity. J Gen Virol 81(12):2867-2871

Zhao H, Zhou J, Zhang K, Chu H, Liu D, Poon
VKM et al (2016) A novel peptide with potent and
broad-spectrum antiviral activities against multiple
respiratory viruses. Sci Rep 6:22008. https://doi.
org/10.1038/srep22008

Zumla A, Hui DS, Perlman S (2015) Middle East
respiratory syndrome. Lancet 386(9997):995-1007
de Wit E, van Doremalen N, Falzarano D, Munster
VJ (2016) SARS and MERS: recent insights
into emerging coronaviruses. Nat Rev Microbiol
14(8):523-534

Li Q, Zhao Z, Zhou D, Chen Y, Hong W, Cao L
et al (2011) Virucidal activity of a scorpion venom
peptide variant mucroporin-M1 against measles,
SARS-CoV and influenza H5N1 viruses. Peptides
32(7):1518-1525

Mustafa S, Balkhy H, Gabere M (2019) Peptide-
protein interaction studies of antimicrobial pep-
tides targeting middle east respiratory syndrome
coronavirus spike protein: an in silico approach.
Adv  Bioinforma 2019:6815105.  https://doi.
org/10.1155/2019/6815105


https://doi.org/10.1002/ardp.201800330
https://doi.org/10.3390/v11010031
https://doi.org/10.3390/v11010031
https://doi.org/10.1126/sciadv.aav4580
https://doi.org/10.1126/sciadv.aav4580
https://doi.org/10.12688/f1000research.22211.2
https://doi.org/10.12688/f1000research.22211.2
https://doi.org/10.1371/journal.pntd.0002430
https://doi.org/10.1371/journal.pone.0034947
https://doi.org/10.1038/srep22008
https://doi.org/10.1038/srep22008
https://doi.org/10.1155/2019/6815105
https://doi.org/10.1155/2019/6815105

7 Emerging Technologies for the Treatment of COVID-19

95

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

Zhou N, Pan T, Zhang J, Li Q, Zhang X, Bai C et al
(2016) Glycopeptide antibiotics potently inhibit
cathepsin L in the late endosome/lysosome and
block the entry of Ebola virus, Middle East respi-
ratory syndrome coronavirus (MERS-CoV), and
severe acute respiratory syndrome coronavirus
(SARS-CoV). J Biol Chem 291(17):9218-9232
Wohlford-Lenane CL, Meyerholz DK, Perlman S,
Zhou H, Tran D, Selsted ME et al (2009) Rhesus
theta-defensin prevents death in a mouse model of
severe acute respiratory syndrome coronavirus pul-
monary disease. J Virol 83(21):11385-11390
Padalko E, Nuyens D, De Palma A, Verbeken E, Aerts
JL, De Clercq E et al (2004) The interferon inducer
ampligen [poly (I)-poly (C12U)] markedly protects
mice against coxsackie B3 virus-induced myocardi-
tis. Antimicrob Agents Chemother 48(1):267-274
Barnard DL, Kumaki Y (2011) Recent developments
in anti-severe acute respiratory syndrome coronavi-
rus chemotherapy. Future Virol 6(5):615-631

Tong TR (2006) SARS coronavirus anti-infectives.
Recent Pat Antiinfect Drug Discov 1(3):297-308
De Clercq E (2006) Interferon and its inducers—a
never-ending story: “old” and “new” data in a new
perspective. J Infect Dis 194(Suppl 1):S19-S26

. Ershov F, Tazulakhova E (1999) Interferon inducers:

new generation of immunomodulators. Vestn Ross
Akad Med Nauk (4):52-56

Bao M, Zhang Y, Wan M, Dai L, Hu X, Wu X et al
(2006) Anti-SARS-CoV immunity induced by a
novel CpG oligodeoxynucleotide. Clin Immunol
118(2-3):180-187

Barnard DL, Day CW, Bailey K, Heiner M,
Montgomery R, Lauridsen L et al (2006) Evaluation
of immunomodulators, interferons and known
in vitro SARS-coV inhibitors for inhibition of
SARS-coV replication in BALB/c mice. Antivir
Chem Chemother 17(5):275-284

Kumaki Y, Day CW, Bailey KW, Wandersee MK,
Wong MH, Madsen JR et al (2010) Induction of
interferon-y-inducible protein 10 by SARS-CoV
infection, interferon alfacon 1 and interferon
inducer in human bronchial epithelial Calu-3
cells and BALB/c mice. Antivir Chem Chemother
20(4):169-177

Mojsoska B, Jenssen H (2015) Peptides and
peptidomimetics for antimicrobial drug design.
Pharmaceuticals 8(3):366-415

Chuck C, Ke Z, Chen C, Wan D, Chow H, Wong K
(2014) Profiling of substrate-specificity and rational
design of broad-spectrum peptidomimetic inhibitors
for main proteases of coronaviruses. Hong Kong
Med J 20(Suppl 4):22-25

Ghosh AK, Xi K, Grum-Tokars V, Xu X, Ratia K,
Fu W et al (2007) Structure-based design, synthesis,
and biological evaluation of peptidomimetic SARS-
CoV 3CLpro inhibitors. Bioorg Med Chem Lett
17(21):5876-5880

Kumar V, Shin JS, Shie JJ, Ku KB, Kim C, Go
YY et al (2017) Identification and evaluation of

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

potent Middle East respiratory syndrome corona-
virus (MERS-CoV) 3CLPro inhibitors. Antivir Res
141:101-106

Kankanamalage ACG, Kim Y, Damalanka VC,
Rathnayake AD, Fehr AR, Mehzabeen N et al (2018)
Structure-guided design of potent and permeable
inhibitors of MERS coronavirus 3CL protease that
utilize a piperidine moiety as a novel design element.
Eur J Med Chem 150:334-346

Chuck CP, Chen C, Ke Z, Wan DCC, Chow HF,
Wong KB (2013) Design, synthesis and crystal-
lographic analysis of nitrile-based broad-spectrum
peptidomimetic inhibitors for coronavirus 3C-like
proteases. Eur ] Med Chem 59:1-6

Li SW, Wang CY, Jou YJ, Huang SH, Hsiao LH,
Wan L et al (2016) SARS coronavirus papain-
like protease inhibits the TLR7 signaling pathway
through removing Lys63-linked polyubiquitination
of TRAF3 and TRAF6. Int J Mol Sci 17(5):678.
https://doi.org/10.3390/ijms 17050678

Totura AL, Whitmore A, Agnihothram S, Schifer
A, Katze MG, Heise MT et al (2015) Toll-like
receptor 3 signaling via TRIF contributes to a pro-
tective innate immune response to severe acute
respiratory syndrome coronavirus infection. MBio
6(3):e00638-00615

Zhao J, Wohlford-Lenane C, Zhao J, Fleming E, Lane
TE, McCray PB et al (2012) Intranasal treatment
with poly (Is C) protects aged mice from lethal respi-
ratory virus infections. J Virol 86(21):11416-11424
Marston HD, Paules CI, Fauci AS (2017) The criti-
cal role of biomedical research in pandemic pre-
paredness. JAMA 318(18):1757-1758

Bitko V, Barik S (2001) Phenotypic silencing of
cytoplasmic genes using sequence-specific double-
stranded short interfering RNA and its application
in the reverse genetics of wild type negative-strand
RNA viruses. BMC Microbiol 1(34):1-11

Deng T, Engelhardt OG, Thomas B, Akoulitchev
AV, Brownlee GG, Fodor E (2006) Role of ran bind-
ing protein 5 in nuclear import and assembly of the
influenza virus RNA polymerase complex. J Virol
80(24):11911-11919

LiT, Zhang Y, Fu L, Yu C, Li X, Li Y et al (2005)
siRNA targeting the leader sequence of SARS-CoV
inhibits virus replication. Gene Ther 12:751-761
Chung YS, Kim MK, Lee WJ, Kang C (2007)
Silencing E1IA mRNA by RNA interference
inhibits adenovirus replication. Arch Virol
152(7):1305-1314

Ge Q, Filip L, Bai A, Nguyen T, Eisen HN, Chen
J (2004) Inhibition of influenza virus production in
virus-infected mice by RNA interference. Proc Natl
Acad Sci U S A 101(23):8676-8681

Tompkins SM, Lo CY, Tumpey TM, Epstein SL
(2004) Protection against lethal influenza virus chal-
lenge by RNA interference in vivo. Proc Natl Acad
Sci U S A 101(23):8682-8686

Zhou H, Jin M, Yu Z, Xu X, Peng Y, Wu H et al
(2007) Effective small interfering RNAs targeting


https://doi.org/10.3390/ijms17050678

96

H. Aghamollaei et al.

112.

113.

114.

matrix and nucleocapsid protein gene inhibit influ-
enza A virus replication in cells and mice. Antivir
Res 76(2):186-193

Li BJ, Tang Q, Cheng D, Qin C, Xie FY, Wei Q et al
(2005) Using siRNA in prophylactic and therapeu-
tic regimens against SARS coronavirus in rhesus
macaque. Nat Med 11(9):944-951

Millet JK, Whittaker GR (2014) Host cell entry of
Middle East respiratory syndrome coronavirus after
two-step, furin-mediated activation of the spike pro-
tein. Proc Natl Acad Sci U SA 111(42):15214-15152
Wu CJ, Huang HW, Liu CY, Hong CF, Chan YL
(2005) Inhibition of SARS-CoV replication by
siRNA. Antivir Res 65(1):45-48

115.

116.

117.

Sheikhshahrokh A, Ranjbar R, Saeidi E,
DEHKORDI FS, Heiat M, Ghasemi-Dehkordi P
et al (2020) Frontier therapeutics and vaccine strat-
egies for sars-cov-2 (COVID-19): A review. Iran J
Public Health 49:18-29

Heiat M, Hashemi-Aghdam MR, Heiat F, Rastegar
Shariat Panahi M, Aghamollaei H, Moosazadeh
Moghaddam M et al (2020) Integrative role of tradi-
tional and modern technologies to combat COVID-
19. Expert Rev Anti Infect Ther 19:1-1

Mirzaie A, Halaji M, Dehkordi FS, Ranjbar R,
Noorbazargan H (2020) A narrative literature
review on traditional medicine options for treat-
ment of corona virus disease 2019 (COVID-19).
Complement Ther Clin Pract 17:101214



	7: Emerging Technologies for the Treatment of COVID-19
	7.1	 Introduction
	7.2	 Small Interfering RNA
	7.3	 Neutralizing Antibodies
	7.4	 Aptamer-Based Viral Treatment
	7.5	 Nanobodies
	7.6	 Peptide Inhibitors
	7.7	 Fusion Inhibitors
	7.8	 Antimicrobial Peptides (AMPs)
	7.9	 Interferon-Inducing Agents
	7.10	 Peptidomimetics
	7.11	 Toll-like Receptor Agonists
	7.12	 Conclusions
	References


