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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been prevalent in the humans since 2019 and has
given rise to a pandemic situation. With the discovery and ongoing use of drugs and vaccines against SARS-CoV-2, there
is still no surety of its complete suppression of this disease or if there is a need for additional booster doses. There is an
urgent need for alternative treatment strategies against COVID-19. Peptides and peptidomimetics have several advantages
as therapeutic agents because of their target selectivity, better interactions, and lower toxicity. Minor structural alterations to
peptides can help prevent their fast metabolism and provide long-action. This comprehensive review provides an overview
of different peptide-based vaccines and therapeutics against SARS-CoV-2. It discusses the design and mechanism of action
of the peptide-based vaccines, peptide immunomodulators, anti-inflammatory agents, and peptides as entry inhibitors of
SARS-CoV-2. Moreover, the mechanism of action, sequences and current clinical trial studies are also summarized. The
review also discusses the future aspects of peptide-based vaccines and therapeutics for COVID-19.
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Introduction restless and questionable situation because of its high pace
of human-to-human transmission of infection (Li et al.
The rise of novel severe acute respiratory syndrome coro-  2020). COVID-19 is caused due to the association between

navirus 2 (SARS-CoV-2) has grasped the entire world with ~ SARS-CoV-2 and the host surface receptor protein, human
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angiotensin-convertase enzyme 2 (hACE2) (Shang et al.
2020). Therefore, hACE2 can be considered the primary cell
passage site for SARS-CoV-2 (Li et al. 2020). SARS-CoV-2
is known to enter through two essential passageways, nose,
and mouth, and reaches the lungs, cerebrum, and digestive
system, where there is plethora of hACE2. As the virus
enters the host cell, it affects several organ system func-
tions, which leads to severe illness. The higher pace of ail-
ment and mortality hazard is profoundly connected with the
senior citizens, patients with debilitating health conditions,
and people already affected with diseases like diabetes,
malignant growth, lung illness, hypertension, etc (Li et al.
2020). As COVID-19 has become a pandemic, researchers
worldwide are in a hassle to comprehend the COVID-19
adversary and find a reasonable treatment strategy to beat
this disease (https://www.oecd.org/coronavirus/policy-respo
nses/testing-for-covid- 19-a-way-to-lift-confinement-restr
ictions-89756248/).

To date, no clinically endorsed treatments can forestall
COVID-19 completely. Subsequently, the underlying step is
to look for the prospective targets from existing drugs such
as remdesivir, lopinavir, chloroquine, hydroxychloroquine,
etc., and so forth to treat SARS-CoV-2, yet their viability is
difficult (Gordon et al. 2020). The symptoms of COVID-19
vary from person to person. People have reported various
symptoms ranging from mild cold, cough, fever to being
asymptomatic. The worst symptoms in some patients are
cytokine storm and acute respiratory distress syndrome.
These symptoms increase the mortality to morbidity ratio
(Yi et al. 2020). Various strategies are employed in the drug
discovery process against COVID-19. In this regard, peptide
therapeutics promises a potential against COVID-19. Pep-
tides are parts of the proteins and are ideal for their simple
synthesis as far as time and cost are considered (Tizzano
et al. 2005). The gateway of advancement for peptide-based
therapeutics was broadly opened by modifying the peptides
within the parameters such as sequence length, side-chain
reactivity, and other unnatural parts. The benefits of pep-
tides as medications are their specificity towards the target
site and low metabolic toxicity because of the restricted
opportunities for aggregation in the body (Bruno et al. 2013;
Muttenthaler et al. 2021). We discuss various strategies that
are being explored for tackling COVID-19 viral infection,
such as peptide vaccines, peptide immune modulators, anti-
inflammatory peptides, and entry inhibiting peptides. Cur-
rently, there is no precise treatment for COVID-19. Thus,
it is vital to identify prospective targets to build and repur-
pose useful drugs. Peptide-based vaccines, immune modula-
tors, anti-inflammatory, and entry inhibiting strategies are
recently researched (Ahmed et al. 2019; Kalita et al. 2020;
Kurpe et al. 2020; Mahendran et al. 2020; Nyanguile 2019).

This comprehensive review provides an overview of the
design and mechanism of the strategies mentioned above.

We also collectively enlist the different repurposing or
designing studies in clinical trials and several pharmaceuti-
cal companies working on the same.

Peptide-Based Vaccines for COVID-19

Peptide-based vaccines (PV) are synthetic vaccines (Nev-
agi et al. 2018). They are synthesized in vitro using known
immunogenic amino acids (~20 to 30 amino acids), which
resemble antigenic sites and can trigger immune responses.
PV are expected to be a safer alternative to traditional vac-
cines. Large-scale production of these PV would be easier
at low cost and high reproducibility rate due to their chemi-
cal synthesis (Nevagi et al. 2018). PV are water-soluble
and more stable compared to conventional vaccines (CV).
The body enzymes can quickly degrade PV before eliciting
an immune stimulation. Thus, they are known to be weak
immunogens. Like the CV, PV requires adjuvants to increase
the vaccine efficacy (Purcell et al. 2007). PV are generally
made of laboratory synthesized B or T cell epitopes. T cells
identify the peptide sequences complexed with the antigen
presentation molecules, major histocompatibility complex
(MHC) I or II classes on the antigen-presenting cell surface.
CD4 helper T cells work with B cells to produce antibodies
against the infection and help the CD8 cytotoxic cells to
kill the infected cells (Natale et al. 2020). Epitope mapping
involves identifying the binding site of the antibodies on
the antigen using in silico computational models and then
optimizing these epitopes to enhance their functional proper-
ties to elicit a better immune response. Once these epitopes
are identified and optimized, they can be loaded into vari-
ous delivery systems (such as nanoparticles, dendrimers,
liposomes) to prevent their degradation (Natale et al. 2020).
PV has been under investigation for several decades. A
quick search in clinicaltrials.gov with keywords 'peptide-
based vaccines' revealed 27 studies at different stages of
their clinical trials, and of which 14 are completed (as of
October 2021) (Bar-Natan 2021; Bionor Immuno 2017;
CENTOGENE GmbH Rostock 2021; Centre Hospitalier
Universitaire de Besancon 2021; Cliniques universitaires
Saint-Luc- Université Catholique de Louvain 2020; Craig
et al. 2021; Dietrich 2016; Disis 2017; George Peoples and
MD, FACS, 2020; Herbert Irving Comprehensive Cancer
Center 2013; Immatics Biotechnologies GmbH 2014; Jr
2016a, b, c, 2020; Mayo Clinic 2018; OSE Immunothera-
peutics 2021; Southwest Oncology Group 2015; United
Neuroscience Ltd 2020; University of Southern California
2014; University of Washington 2017, 2019, 2020). In this
article, we are reviewing several PV strategies against the
SARS-CoV-2.

One of the several approaches in designing a PV for
COVID-19 was using the cytotoxic T lymphocyte MHC
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class I epitope. In a recent study on the Ebola Virus (EBOV)
infection, a nine amino-acid peptide, NP,, 5,, was immuno-
genic in vivo. The most targeted site in the survivors (CTL)
was the EBOV-NP,; s; epitope. Thus, a smaller fragment of
the peptide was found to be immunogenic (Herst et al. 2020).
Based on these experiments, it was hypothesized that similar
CTL could be beneficial for coronavirus infections (Chan-
nappanavar et al. 2014). Thus, several immunoproteomic
studies were conducted to identify potential immunogenic
peptides on SARS-CoV-2 and SARS-CoV-2 nucleocapsid
proteins. The nucleocapsid phosphoprotein generated a lot of
antibodies in the SARS-infected patients (Herst et al. 2020).
Khan et al. reported a systematic study on identifying MHC
I/MHC 1I binding epitopes, and their screening tool provided
three MHC I and five MHC II epitopes (Alam et al. 2021).
Similarly, several other multi-epitope approaches were
also applied for developing vaccine candidates for SARS-
CoV-2. Prachar et al. reported 174 epitopes with high predic-
tion binding scores (Prachar et al. 2020). The epitopes were
validated to bind to 11 HLA allotypes MHC I/II. These were
tested against the SARS-CoV-E protein as the target antigen.
The multi-epitope T-cell-based peptide vaccine was found to
be a promising vaccine candidate (Abdelmageed et al. 2020).
Apart from the in-silico modeling, several in vivo prot-
eomic investigations were conducted. The antibody response
to the rapid-binding domain (RBD) and the S proteins was
assessed in vivo. The study was conducted on blood col-
lected from COVID-19 infected convalescent individuals
(149 individuals). The plasmas (Day 39 of infection) were
tested by using ELISA for their ability to bind to SARS-
CoV-2 RBD and S protein sites. The nature of these antibod-
ies was found out by isolating the B cells. Several monoclo-
nal antibodies were expressed in cells, and their neutralizing
activity was quantified by ELISA. They observed multiple
neutralizing epitopes on the RBD identified and neutralized

Table 1 A review on COVID-19 peptide-based vaccines: clinical studies

by the pseudo virus. Thus, the analyzed cohort (6 indi-
viduals) did not contain high neutralizing antibodies but
had RBD-specific antibodies with antiviral activity. These
observations suggest that a vaccine design that elicits these
RBD-specific antibodies should be effective (Robbiani et al.
2020). Similarly, in another study by Poh et al., two immu-
nodominant linear B-cell epitopes (S, and S,,) against the
SARS-CoV-2 S glycoprotein were reported (Poh et al. 2020).

Along with the peptide-based vaccines, several neutral-
izing monoclonal antibodies against SARS-CoV-2 are also
being developed (Taylor et al. 2021). The monoclonal anti-
bodies are a novel class of antiviral therapeutics. They can
bind to and neutralize the virus. They are recombinant pro-
teins derived from humanized mice or convalescent patients
(B cells). Monoclonal antibody therapy is a type of passive
immunotherapy. There are several studies related to COVID-
19 peptide-based vaccines currently in the clinical trials
(Table 1). Also, many companies are developing peptide-
based vaccines against SARS-CoV-2 (Table 2). Here, we
have collectively summarized all the peptide vaccine studies.

Peptide Immune Modulators

Immune modulators are agents that work on the check-
points in the pathways of the immune system. They modify,
increase, or reduce the immune response, which can help
reduce chronic symptoms. Increased levels of anti-inflam-
matory cytokines (primarily IL-4 and IL-10) and Treg cell
populations restrict immune cell generation and activation,
leading to a long-term reduction in immune cell numbers
and functions. As a result, patients become vulnerable to
various secondary opportunistic infections, aggravating
disease development. Immune enhancement therapy given
at the right time can help prevent such instances (Zhang

Phase of
clinical
trial

Study name Peptide design

Adjuvants References

P-pVAC-SARS-CoV-2 1 SARS-CoV-2 specific HLA class
II peptides

SARS-CoV-2-derived multi-pep-
tide vaccine

B-pVAC-SARS-CoV-2 I/l

EpiVacCorona Peptide  III-IV SARS-CoV-2 proteins conjugated
Antigen-based Vac- to a carrier protein
cine

UB-612 Vaccine I S1-RBD protein-based vaccine

incorporating a Th/CTL epitope

peptide pool
COVEPIT-3:0SE-13E 1
teins of the SARS-CoV-2 virus

CoVepiT vaccine—against 11 pro-

Montanide ISA 51 VG and University Hospital Tuebingen.

TLR1/2 ligand XS15 (2021a)
TLR1/2 ligand XS15 University Hospital Tuebingen.
(2021b)

Aluminum-containing adjuvant Federal Budgetary Research
Institution State Research Center
of Virology and Biotechnology

“Vector.” (2021)
- United Biomedical Inc. 2021)

- OSE Immunotherapeutics (2021)
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Table 2 A review on COVID-19 peptide-based vaccines: companies

Company Product name Peptide design References
Vaxxinity UB-612 Multi-tope protein; UB-612 COVID-19 (2021a)
Axon neuroscience ACvacl Pluri-epitope peptide vaccine Together against Alzheimer’s disease (2021)
Axon neuroscience ACmabl Humanized monoclonal antibody Together against Alzheimer’s disease (2021)
CytoDyn Leronimab Leronlimab (PRO 140) COVID-19 (2021b)
Vir biotechnology VIR 2703 and VIR7831, Monoclonal antibody Vir Biotechnology (2021)
VIR 7832
Flovid-20 Flow pharma T-cell targeted immunotherapy FLOVID-20 (2021)

et al. 2020). Here, we discuss the peptide-based immune
enhancement and modulation therapies used in COVID-19.
The immune suppression, anti-inflammatory class of pep-
tide-based therapies is discussed under a separate heading
further.

Immunological enhancement therapy administered on
time can correct immune deficiencies and increase immu-
nity. Thymosin and human gamma globulin are some of the
treatments available. Thymosin is a polypeptide produced
by the thymus endogenously in the human body. It has been
used to treat viral infections as an immune system modifier
for many years. It is reported to restore the immune system
exhaustion and potentiates differentiation of immune cells.
Its activity in COVID-19 is still not clear (Liu et al. 2020).
When an immunological response is required, lympho-
cytes and plasma cells of the immune system create human
gamma globulin. Immunoglobulins, often known as antibod-
ies, are globulins that aid in immunological responses and
immunity, and almost all forms of human gamma globulin
are immunoglobulins (Human Gamma Globulin 2021).

RTD-1 is an antiviral immunomodulator that acti-
vates protective immunity (Mahendran et al. 2020). It
leads to a blunted pro-inflammatory cytokine response

causing decreased overexpression of cytokine levels of IL-6,
keratinocyte chemo-attractant, and GM-CSF in lung cell
homogenates and helps in eliminating SARS-CoV. The term
associated with overexpression of inflammatory response
of the immune system is “cytokine storm” (Ruscitti et al.
2020). CIGB-258 is an immunomodulatory peptide for the
treatment of COVID-19 (Dominguez-Horta and Del 2020).
Several studies on COVID-19 peptide-based immune modu-
lators in clinical trials (Table 3).

Anti-inflammatory Peptides/Immune
Suppression

Anti-inflammatory peptides [such as interleukin (IL) IL-4,
IL-10, IL-13, IL-35, transforming growth factor-f3 (TGF-p),
TGF-pl] are a class of small intracellular peptides (5-140
kD) that are endogenously released by the body in response
to control the immune response. Anti-inflammatory peptides
block the production of inflammatory mediators (TNF, IL-1,
IL-10, and TGF- B) and inhibit the synthesis and release
of pro-inflammatory cytokines (IL-6) and exert a protec-
tive effect on the body in most infectious diseases (Manna

Table 3 A review on COVID-

U Peptide design Phase References
19 peptide immune modulators:
Clinical studies Thymic peptides | Zaldivar (2021)
Interferon Beta-1A v Beta and 1a in hospitalized COVID-19 patients (2021)
Infliximab, Abatacept 1 Immune modulators for treating COVID-19 (2021)
Thymalfasin I Rhode Island Hospital (2021)
Combination product: AZD7442 1 AstraZeneca (2021)
(antibody combination: non-
vaccine)
Pegylated interferon a2b I Cadila Healthcare Limited (2021)
Interleukin-7 11 Revimmune (2021)
Tocilizumab II University Hospital Inselspital (2020)
Hyper immunoglobulins contain- — Mohamed (2020)
ing anti-corona VS2 immuno-
globulin
LSALT peptide II Arch Biopartners Inc (2021)
Glycine - Vargas (2020)
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et al. 2018). Many peptides of herbal, mammalian, and bac-
terial origin have been reported to possess anti-inflamma-
tory activity. Synthetic anti-inflammatory peptides are also
reported (Dadar et al. 2019).

Inflammation is a mechanism used by the human body
to defend the infection. Overexpression of inflammatory
mechanisms causes increased production of inflammatory
molecules, such as oxidants, pro-inflammatory cytokines,
chemokines, matrix metalloproteinases, and transcription
factors in the damaged tissues. This is the starting point of
many chronic diseases, several endogenous peptides released
in the body during the inflammatory process exhibit anti-
inflammatory activity. Endogenous and synthetic peptides
exhibiting anti-inflammatory activity are already reported
and can be explored further to treat COVID-19 infection-
associated overexpression of inflammatory mechanisms.
SARS-CoV-2 infection can lead to varied responses, such
as being asymptomatic to facing chronic severe symptoms.
Considering individuals' genetic composition and immune
system response, the symptoms can further progress to inter-
stitial pneumonia or acute respiratory distress syndrome.
These clinical symptoms are seen in patients with old age
or comorbidities. This subgroup of patients is notable for
having very high levels of serum ferritin and D-dimer levels,
hepatic dysfunction, thrombotic tendency, and disseminated
intravascular coagulation (DIC), implicating occurrence of
macrophage activation syndrome (MAS), also known as
secondary hemophagocytic lymph histiocytosis (sHLH),
cytokine storm, multiple organ failure and eventually death
(Soy et al. 2020; Zhou et al. 2020). Antiviral drugs alone
will not be sufficient for the treatment of COVID-19. Anti-
inflammatory agents are explored for COVID-19 along with
antiviral therapy. They have profoundly helped provide
symptomatic relief. The anti-inflammatory peptides market
has seen a significant surge during the 2020 global pandemic
(Global Anti-Inflammatory Peptides Market Size 2021).

Anti-inflammatory peptides decrease synthesis, release,
and inhibit the pro-inflammatory cytokines and inflamma-
tory mediators, respectively, thereby providing great relief
to the condition caused by a cytokine storm. The synthetic
anti-inflammatory peptides (peptidomimetics) are designed
based on the endogenous peptides; they have similarities
with their endogenous counterparts (Dadar et al. 2019; Du
et al. 2009a; Sala et al. 2018).

In COVID-19 infection, the significant observed clinical
findings are increased total neutrophils (N) and lymphocytes
(L), and N/L ratio increases, indicating hyperactivity and
high infection. Besides this, the peripheral N and L count
decreases, causing atrophy in the secondary organs like the
spleen and lymph nodes, as reported from the autopsy of the
COVID-19 infected patients. The number of monocytes and
macrophages is also increased. On the other hand, this justi-
fies the increase in pro-inflammatory cytokines such as IL-6,

@ Springer

IL-1, tumor necrosis factor (TNF) «, and IL-8. Increased
inflammatory markers lead to a condition of higher blood
viscosity, mechanical ventilation, and vascular interventions,
which progresses to multiple organ failure and death (Bru-
zzese and Lazzarino 2020; Mahmudpour et al. 2020; Manna
et al. 2018; Roshanravan et al. 2020; Ruscitti et al. 2020;
Zhou et al. 2020).

The virus binds to cellular receptors in pancreatic cells,
causing functional abnormalities in infected pancreatic beta
cells, leading to onset diabetes mellitus symptoms. Hence,
GLP-1 is explored for having anti-inflammatory effects in
COVID-19. It decreases the CRP levels that are increased
in the infected condition and is reported to reduce complica-
tions of diabetes mellitus associated with COVID-19 (Kat-
siki and Ferrannini 2020; Lee et al. 2021; Sazgarnejad et al.
2021).

Interestingly according to a study report on COVID-
19 biomarkers, CRP, IL-6, and dimers are the biomarkers
explored for low glycemic index. Also, a low glycemic index
is reported in elderly COVID-19 patients. Anti-diabetic
drugs (peptides/peptidomimetics) include liraglutide, lina-
glutide, dulaglutide, semaglutide, lixientide, and exenatide,
are also said to decrease these biomarkers. These peptid-
omimetics can be potential treatment options for COVID-19
(Katsiki and Ferrannini 2020).

TAT CARMILL is a drug made up of two naturally occur-
ring peptides that, when combined, work to enter a cell
membrane, and decrease an acute inflammatory response.
The peptide may mitigate some of the harshest effects of
acute inflammatory responses (https://www.genengnews.
com/news/peptide-drug-discovery-could-lead-to-a-power
ful-anti-inflammatory/). There are several studies on
COVID-19 peptide-based anti-inflammatory agents in clini-
cal trials (Table 4).

Entry Inhibiting Peptides/Inhibitory
Peptides

There are currently no specific treatments for SARS-CoV-2
(Pouwels et al. 2021). In this concern, entry inhibition is
the novel way to combat the coronavirus (Agrawal et al.
2020). Peptide inhibitors have considerable potential for
treating newly developing viral infections due to their safety,
effectiveness, and selectivity (Bruno et al. 2013). They are
appealing alternatives to small molecules because peptides
may be more efficient and specific than small molecule drugs
and thus could be tolerated better. Antiviral peptides can
be rationally developed and improved based on the known
structures of viral proteins and their biological targets (Egg-
ink et al. 2019). The peptides that arise may be particular
for their targets and viral infections or have broad antiviral
efficacy (Blank et al. 2016; Vagner et al. 2008). The current
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Table4 A review on COVID-

T . Design-peptide Phase References

19 anti-inflammatory peptides:

clinical studies Human Ezrin Peptide 1 (HEP 1) 1 Shahid Beheshti University of Medical Sciences (2020)
Metenkefalin + tridecatide TI/11 Bosnalijek (2020)
Antithrombin III - Octapharma (2021)
Tinzaparin or unfractionated heparin 1I Assistance Publique—Ho0pitaux de Paris (2020)
Enoxaparin 11 OSE Immunotherapeutics (2021)
Pulmozyme 11 Raby (2021)
Canakinumab 111 Novartis Pharmaceuticals (2021)
Tenecteplase 1I Poor (2021)
Anakinra 111 Chatham (2021)

state of peptides that block SARS-CoV-2 entrance is sum-
marized here and has described the methods for developing
peptides that target the ACE2 receptor or the viral Spike
protein and the activating proteases furin transmembrane
serine protease 2 (TMPRSS2), or cathepsin L.

Entry of SARS-CoV-2

Seven coronaviruses (CoVs) have propagated and caused
disease in humans after crossing species barriers from their

*
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Fig. 1 Mechanisms of entry inhibition by peptides. The diagram is
a generalized image to show how the interaction of a peptide-based
inhibitor will inhibit the interaction of SARS-CoV-2 virus with the

bat reservoir via several intermediary hosts (Gorbalenya
et al. 2020). The coronaviruses HCoV-229E, HCoV-NL63,
HCoV-0C43 and HCoV-HKUI have all been linked to
endemic infections of the upper respiratory tract and result
in common colds. In this fashion, in recent years, SARS-
CoV-1, MERS-CoV (Middle East respiratory disease CoV),
and, most recently, SARS-CoV-2 have all been recognised
(Shang et al. 2020).

SARS-CoV-2 enters its target cells in several stages
(Fig. 1). The S protein of SARS-S CoV-2 interacts with the
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host proteins (Furin, ACE2, CathepsinL, and TMPRSS) and thus pre-
vent the virus entry into the host cell
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SARS-CoV-2 receptor angiotensin-converting enzyme 2
(ACE2). Cellular proteases must activate the S protein to
insert the viral fusion peptide into the host membrane, a pro-
cess known as anchoring. The HR1 and HR2 portions of the
trimeric viral transmembrane protein then interact to form a
six-helix bundle that pulls the viral and cellular membranes
together and causes fusion, allowing the viral genome to be
released into the cytoplasm (Du et al. 2009b; Hoffmann et al.
2020a; Braun and Sauter 2019; Gur et al. 2020).

Mechanism of Entry Inhibition by Peptides

Peptides Preventing ACE2 Binding of the SARS-CoV-2 Spike
Protein

The first step in the entry of SARS-CoV-2 is binding the
viral S protein to its cellular receptor ACE2. Most of the
peptides designed are based on the interactions of RDB
binding to the ACE receptor (Hofmann et al. 2005). From
the interpretations of Alanine scanning, it is observed that
the residues ranging from 22 to 57 of ACE are responsible
for its interaction with spike protein. Based on that, Hans
and co-workers developed a set of six peptides from this
region to bind them with the SARS-CoV-1 S1 RBD and
block SARS-CoV-1 pseudo particle binding. Of them, P4,
PS5, and P6 have shown the IC50 values in the micromolar
range, in which P6 was found to show higher potency up to
0.1 uM (Han et al. 2006).

Cao and co-workers developed peptides to inhibit SARS-
CoV-2 using i) ACE2 as a scaffold and ii) de-novo sequenc-
ing based on RBD-binding interaction motifs. They have
found the two critical candidates, AHB1 and AHB2, which
inhibited SARS-CoV-2 with IC50 values of 35 and 16 nm,
respectively. From the de-novo sequencing, they have iden-
tified LCB1 and LCB3, which bind the RBD with lower
dissociation constants and inhibited SARS-CoV-2 in the
picomolar range (Cao et al. 2020).

Peptides Targeting ACE2

ACE2 is a membrane-associated aminopeptidase found in
the heart, blood vessels, lung, kidney, intestine, testis, and
brain. SARS-COV-1 and SARS-COV-2 were found to enter
using ACE2 as a receptor (Hamming et al. 2004; Verdec-
chia et al. 2020). With the help of predicted hydrophilicity,
surface probability, and chain flexibility, Ho and co-workers
developed a set of peptides derived from the S protein of
SARS-CoV-1 such as SP-4 (192-203), SP-8(483-494), and
SP-10(668-679) which are found to abrogate the interaction
between a recombinant S protein and ACE2. The SP-10 has
inhibited SARS-CoV-1 pseudo particle entry in Vero cells
in the nanomolar range (Ho et al. 2006).

@ Springer

Antiviral Peptides Targeting Furin

Furin is a proprotein convertase widely found in eukaryotic
tissues and physiologically cleaves precursors of multiple
proteins, including growth factors, hormones, cell surface
receptors, etc (Braun and Sauter 2019). The SARS-CoV-2
is different from SARS-CoV-1 in activating SARS-CoV-2 S
protein by furin through cleavage at a polybasic cleavage site
into its S1-S2 subunits. A ketone-based peptide, Decanoyl-
RVKR chloromethyl ketone (dec-RVKR-cmk), is a well-
established peptidomimetic furin inhibitor, which inhibits
furin by a chemical reaction resulting in hemiketal and found
to show the irreversible inhibition of its enzymatic activ-
ity (Becker et al. 2010; Bergeron et al. 2005; Sugrue et al.
2001). Notably, dec-RVKR-cmk has been found to block
SARS-CoV-2 S by inhibiting syncytium formation and virus
infection with an IC50 of 5 pM (Hoffmann et al. 2020b).
Bestle and co-workers evaluated the peptidomimetic furin
inhibitory action of MI-1851 by western blotting and found
that MI-1851 prevented SARS-CoV-2 S protein cleavage
(Bestle et al. 2020).

Peptides Targeting TMPRSS2

TMPRSS2 is a serine protease that is widespread in epithe-
lial cells of the respiratory, gastrointestinal, and urogenital
tracts and is involved in the proteolytic activation of many
respiratory viruses such as SARS-CoV-1 and SARS-CoV-2
(Iwata-Yoshikawa et al. 2019). Bestle and co-workers ana-
lyzed the inhibitory activity of the polypeptide aprotinin by
invitro. They found it to suppress the virus production by
25 to 100-fold at a concentration of 10 pM at 1648 h post
infection (Bestle et al. 2020). They also demonstrated that
the peptidomimetic inhibitor MI-432 and its analog MI-1900
are more potent than aprotinin (Meyer et al. 2013).

Peptides Targeting Cathepsin L

In the pH ranges of 3-3.5, it is observed that the SARS-
CoV-1 and -2 S proteins are being activated by the cathepsin
L proteases, which are widely expressed in endosomes and
lysosomes. Hence the inhibitory activity could be achieved
by agents that can increase the pH or decrease acidification
(Simmons et al. 2005; Bosch et al. 2008; Ou et al. 2020). In
this way, a peptide-P9, derived from mouse p-defensin-4,
is active in inhibiting the cathepsin-L by inhibiting endo-
some acidification. P9 was further modified with proton
accepting amino acids, resulting in peptide P9R, which is
more involved than P9 against MERS-CoV, SARS-CoV-1,
and SARS-CoV-2 with IC50 values in the low pg/ml range.
Researchers have also found that an eight-branched deriva-
tive of POR named 8P9R is recognized to exhibit the dual
antiviral activity of inhibiting both endosome acidification
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(Cathepsin-L) and infection of TMPRSS2 positive Calu-3
cells by aggregating viral particles (Zhao et al. 2020, 2021).
In another study by Zhang and co-workers, a glycopeptide
antibiotic, teicoplanin, is also an active candidate for inhibit-
ing cathepsin-L (Mukhopadhyay 2014).

Design of New Peptide Inhibitors

It is a proven strategy that the in silico studies for screening
various peptide-based inhibitors followed by the develop-
ment of potential candidates is a promising approach (Ojha
et al. 2021). The entry of SARS-COV-2 in human cells
occurs with the interaction of viral S protein with the ACE2
receptors of human cells (Fig. 2). The first coordinates of
these complex interactions are now available in the protein
data bank under the IDs: 6VW1 (Shang et al. 2020), 6M17
(Yan et al. 2020), 61ZG (Wang et al. 2020), and 6MOJ (Lan
et al. 2020). So, far various in silico studies have been under-
going to extract the candidates that can bind with ACE2
receptor to inhibit the interaction with the RBD domain of

SARS-CoV-2 S proteins. On the other hand, various stud-
ies are also targeting inhibiting the interactions of ACE2
receptors with the HR1 domain of S protein. An essential
factor is to study the structural and dynamical properties
of the target and the protein interacting with it. Molecular
dynamics study of the ACE2 receptor bound to the RBDs
of both SARS-CoV-1 and SARS-CoV-2 revealing specific
interactions stabilizing the binding mode of the viruses was
reported (Ali and Vijayan 2020). Two key glycosylation
sites (N165 and N234) were identified to modulate the ratio
between open and closed states of S protein based on the
recently full-length model of the S protein (Casalino et al.
2020).

Various necessary computational tools exploring the
peptides libraries of interest are homology modeling,
computational mutagenesis, docking protocols, re-scoring
methods, and molecular dynamics simulations. Molecular
dynamical simulations were performed with the full-atom
resolution and coarse-grained models in the microseconds
time scale of the SARS-CoV-2 proteome by the D.E. Shaw
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Fig.2 Structure of SARS-CoV2 spike protein
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Research group and Sergio Pantano group Pasteur Institute
of Montevideo (Pantano 2021; Shaw 2020; ). These studies
infer the conformational events and interactions occurring
in the SARS-CoV-2 virion structure, which helps develop
novel peptide-based candidates to inhibit the entry of
SARS COV.

EK1 (SLDQINVTFLDLEYEMKKLEEAIKKLEESY-
IDLKEL) is a pan-CoV fusion inhibitor designed by Xia
and colleagues. It is an entry inhibiting peptide that is effec-
tive against SARS-CoV. EK1 acts by blocking the HR1
domain and disrupts the formation of the 6HB core, which
inhibits viral fusion entry in the host cell. The peptide has
shown prophylactic and therapeutic activity against various
members of the coronavirus family (Mahendran et al. 2020).
Conjugating cholesterol moiety with EK1 at the C-terminal
extreme using glycine/serine as a linker or a polyethylene
glycol spacer enhances the antiviral activity of the peptide.
It was seen that the entry of SARS-CoV-2 by cell—cell fusion
was severely impaired at 50% inhibitory concentration.

HDS5 (ATCYCRTGRCATRESLSGVCEISGRLYRLCC)
is a natural lectin-like human defensins-5 peptide; it binds
to and shields ACE2 from viral recognition and binding.
Firstly, based on the structure, it was reported to bind and
inhibit the spike protein of SARS-CoV, but later it was said
to block human ACE2 competitively (Mahendran et al.
2020). This indirectly acts as an entry inhibiting peptide by
blocking the interaction of SARS-CoV spike protein with
human ACE2, which is essential for viral fusion entry in the
host cell (Sabbah et al. 2021; Schafer et al. 2021).

Recently, Hamid Madanchi and co-workers have evalu-
ated the inhibitory effect of an FDA approved HIV-fusion
inhibitor called Enfuviritide (Enf) (Ahmadi et al. 2021).
Enf is a peptide-based inhibitor containing 36 amino acid
residues and found to inhibit the fusion of HIV-1 and the
host cell membrane by binding with the HR1 from the pre-
hairpin fusion intermediate. Based on the resemblance of
cell fusion mechanism of SARS-CoV-2 and HIV-1 cell
fusion mechanism, Enf was analysed for SARS-CoV-2. In
their study, interestingly they found that Enf has a very good
interactions with the main amino acid residues of the HR2

@ Springer

domain of SARS-CoV-2 and could have a strong inhibitory
action on the SARS-CoV-2.

It is noteworthy to mention the importance of antimi-
crobial and antiviral peptides. Even, AVPs can show good
inhibitory actions like entry inhibition, inhibition of fusion
to the target cell membrane. Some of the AVPs can interact
with the receptor binding site of the virus and the sequence
RLxRxMxxxK of these peptides is well known for their
inhibitory action. Hamid Madanchi and co-workers have
summarised the properties and relevance of these peptides
for SARS-CoV-2 in their review (Mousavi Maleki et al.
2021). There are several peptide sequences under investiga-
tion for entry inhibition of SARS-CoV-2 virus (Table 5).

Conclusion and Future Prospects

This review outlined the progress of investigations related
to peptide-based antibodies and therapeutics for the SARS-
CoV-2 pandemic, summing up the latest and conceivable
remedial procedures. The review discusses the primary
introduction about the type of peptide-based therapeutics
that can be explored for targeting SARS-CoV-2. Further,
the expected mechanism of action of each type is described.

The paper is centered around the peptide-based vaccines,
peptide immune suppressing peptides and immunomodula-
tory peptides and further describes primary viral proteins,
which play a significant role in developing SARS-CoV-2
vaccinations in this concern. In the short term, repurposed
medications and vaccines will be the top line of safeguard
against COVID-19. But the side effects of vaccinations and
drug resistance ought to permit space for the advancement
of therapeutics that focus on different pathways. Peptide-
based therapeutics presents several benefits over conven-
tional small molecules, including ease of synthetic methods.

It is noteworthy to mention that synthetically modified
peptides have excellent prospects because of their tunable
properties for improving their stability and bioavailability.
Peptides are magnificent lead compounds for their high
selectivity regardless of their low plasma stability and oral
bioavailability, which can be modified. Additionally, novel
drug delivery systems could also be developed to improve
their administration strategies.
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Table 5 A review on peptide sequences under investigation for entry inhibition of SARS-CoV-2 virus

Target protein Target domain Name Sequence References
Spike protein RBD P4 EEQAKTFLDKFN Han et al. (2006)
HEAEDLFYQSS
Spike protein RBD P5 EEQAKTFLDKFNH Han et al. (2006)
EAEDLFYQSSLA
Spike protein RBD P6 YQDVNCTDVS(P) Han et al. (2006)
TAIHADQLTP
Spike protein RBD AHBI1 DEDLEELERLYRKAE Cao et al. (2020)
EVAKEAKDASRRGD
DERAKEQMERAMRLF
DQVFELAQELQE
KQTDGNRQKATHLDKA
VKEAADELYQR
VRELEEQVMHVLDQVSEL
AHELLHKLT
GEELERAAYFNWWATEMML
ELIKSDDEREIREIEEEAR
RILEHLEELARK
Spike protein RBD AHB2 ELEEQVMHVLDQVSEL Cao et al. (2020)
AHELLHKLTGEELERAAYFNWWATEMMLE
LIKSDDEREIREIEEEARRILEHLEELARK
Spike protein RBD LCB1 DKEWILQKIYEIMRLLDELGHAEASMRVSDLIYEF Cao et al. (2020)
MKKGDERLLEEAERLLEEVER
Spike protein RBD LCB3 NDDELHMLMTDLVYEALHFAKDEEIKKRVFQLFE Cao et al. (2020)
LADKAYKNNDRQKLEKVVEELKELLERLLS
ACE2 RBD Binding site SP-4 GFLYVYKGYQPI Ho et al. (2006)
ACE2 RBD Binding site SP-8 FYTTTGIGYQPY Ho et al. (2006)
ACE2 RBD Binding site SP-10 STSQKSIVAYTM Ho et al. (2006)
Furin Catalytic domain dec-RVKR-cmk dec-RVKR-cmk Hoffmann et al. (2020b)
Furin Catalytic domain MI-1851 (S)-N-((S)-1-((4-Carbamimidoylbenzyl)amino)- Bestle et al. (2020)
4-(guanidinooxy)-1-oxobutan-2-yl)-2-((S)-2-(2-(4-(guanidi-
nomethyl)phenyl)acetamido)-4-(guanidinooxy)butanamido)-
3,3-dimethylbutanamide
TMPRSS2 Catalytic site MI-432 (S)-3-(3-(4-(2-Aminoethyl)piperidin-1-yl)-2-((2',4'-dichloro- Meyer et al. (2013)
[1,1'-biphenyl])-3-sulfonamido)-3-oxopropyl)benzimidamide
TMPRSS2 Catalytic site MI-1900 (S)-4-(3-(3-Carbamimidoylphenyl)-2-((2',4'-dimethoxy-[1,1'- Meyer et al. (2013)
biphenyl])-3-sulfonamido)propanoyl)-N-cyclohexylpiperazine-
1-carboxamide
Cathepsin L Acidification P9 NGAICWGPCPTAFRQJGNCGHFKVRCCKIR Zhao et al. (2020)
Cathepsin L Acidification P9R NGAICWGPCPTAFRQJGNCGRFRVRCCRIR Zhao et al. (2020)
Cathepsin L Acidification 8P9R 8 X NGAICWGPCPTAFRQJIGNCGRFRVRCCRIR Zhao et al. (2021)
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