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INTRODUCTION

To date, more than 17 million cases of coronavirus disease 2019 (COVID-19) and 900,000 deaths
have been reported globally (World Health Organization, 2020). Major collaborative efforts
focusing on the development of anti-SARS-CoV-2 vaccines and antiviral therapeutics are
accelerated at an unprecedented rate. Various therapeutic agents quickly taken into clinical trials
are largely based on existing drugs with non-specific antiviral activities or compounds
pharmacologically speculated to be effective in enhancing the overall clinical outcome of
COVID-19 patients. To name a few, these include the nucleoside inhibitor prodrug remdesivir
(GS-5734), the antiparasitic drug ivermectin, the HIV protease inhibitor nelfinavir, the anti-
inflammatory drug cepharanthine, the antimalarial drug hydroxychloroquine, the general steroid
dexamethasone, and others (Caly et al., 2020; Ledford, 2020; Ohashi et al., 2020; Vanden Eynde,
2020; Wang Y. et al., 2020). However, only dexamethasone and remdesivir appear to confer
promising treatment outcomes by reducing deaths or time to clinical improvement in the severe
COVID-19 patients (Grein et al., 2020; Ledford, 2020; Wang Y. et al., 2020). The world is extremely
desperate for a cure or prophylaxis against SARS-CoV-2 with the hope of saving more lives.
Nevertheless, little has been described for antiviral peptides (AVPs) or alternatively known as
antimicrobial peptides (AMPs) that possess antiviral activities. AVPs are a class of short (8–40
amino acids in length) polycationic antivirals with potent broad spectrum antiviral activities (Chang
and Yang, 2013; Skalickova et al., 2015; Ahmed et al., 2019; Nyanguile, 2019; Sala et al., 2019; Vilas
Boas et al., 2019). Interestingly, there are AVPs demonstrated to exert prophylactic and therapeutic
effects against coronaviruses (CoVs). In this opinion paper, we describe the potential use of AVPs
against COVID-19 based on the documented evidence against SARS-CoV2, SARS-CoV, MERS-
CoV, SARS-related CoVs, and other respiratory viruses that shall warrant further development of
this class of compounds in the face of the current pandemic threat.
MECHANISM OF VIRAL INFECTION

SARS-CoV-2 is an enveloped virus with the characteristic spike (S) glycoprotein to mediate viral entry
via the cell surface receptor angiotensin-converting enzyme-2 (ACE2) (Zhou et al., 2020). The S1
subunit of S protein is the receptor-binding domain responsible for ACE2 binding (Xia et al., 2020b).
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Subsequently, a cellular serine protease TMPRSS2 is required for S
protein priming, which induces proteolytic cleavage of S protein at
S1/S2 and S2’ sites (Hoffmann et al., 2020). Following cleavage,
both heptapeptide repeat 1 (HR1) and heptapeptide repeat 2
(HR2) regions of the S2 subunit of S protein interact to form the 6-
helix bundle (6HB) fusion core (Liu et al., 2004; Kang et al., 2020).
The formation of 6HB is critical in facilitating the viral membrane
fusion process for viral entry into the host cell via endocytosis.
During the late endosomal stage, endosomal acidification would
induce virus-endosome membrane fusion, thereby leading to viral
uncoating (viral RNA release) for the initiation of viral replication
and infection (Du et al., 2009; Das et al., 2010; Letko et al., 2020).
Notably, the S1 subunit of SARS-CoV-2 showed a 10- to 20-fold
higher ACE2 binding affinity comparing to SARS-CoV, which
may explain the higher transmissibility and infectivity of COVID-
19 (Wrapp et al., 2020).
TARGETING THE VIRAL ENVELOPE

Mucroporin-M1 (LFRLIKSLIKRLVSAFK) is a peptide analog
designed with four residual mutations at positions G3R, P6K,
G10K, and G11R from the parent peptide mucroporin
(LFGLIPSLIGGLVSAFK) isolated from the venom of the
scorpion Lychas mucronatus (Dai et al., 2008; Li et al., 2011).
Such increase in cationicity enhanced the dipolar characteristic
of the peptide helix, which contributed to the drastic increment
in antiviral activity against SARS-CoV (50% virus infection, EC50

of 14.46 µg/ml), influenza H5N1 (EC50 of 2.10 µg/ml), and
measles (EC50 of 7.15 µg/ml) pseudoviruses (Li et al., 2011).
Based on the observations that mucroporin-M1 directly
interacted with measles viral particles and a greater antiviral
effect with pre-treatment, mucroporin-M1 was proposed to serve
the role of a molecular blocker, which must find its target before
viral attachment to the host cells (Figure 1). Following peptide-
virus binding, the strong electrostatic affinity of mucroporin-M1
could allow interaction and disruption of the viral envelope,
thereby exerting a direct virucidal effect against SARS-CoV,
MERS-CoV, and influenza H5N1 viruses (Li et al., 2011).
TARGETING THE SPIKE (S)
GLYCOPROTEIN

EK1 (SLDQINVTFLDLEYEMKKLEEAIKKLEESYIDLKEL) is a
pan-CoV fusion inhibitor designed by Xia and colleagues. This
36-residue peptide showed high cross-reactivity against all
SARS-CoV, MERS-CoV, and three SARS-related CoVs from
bats tested (Xia et al., 2019). As shown in Figure 1, EK1 acts
by blocking the HR1 domain to disrupt the formation of the 6HB
core, which causes inhibition of viral fusion entry into the host
cell (Xia et al., 2020b). Intranasal application of EK1 further
protected mice from pre- and post-challenges by the HCoV-
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OC43 alphacoronavirus and MERS-CoV challenges. Such dual
therapeutic and prophylactic effects displayed by a single compound
against various closely related CoVs are highly desirable. The broad
spectrum anti-CoV activity strongly suggests that EK1 could be
useful against SARS-CoV-2 infection. Recently, a highly potent
lipopeptide variant EK1C4 was generated by C-terminally
conjugating EK1 with a cholesterol moiety using a glycine/serine
linker and a polyethylene glycol (PEG) spacer (-EK1-GSGSG-
PEG4-chol) (Xia et al., 2019). The results were exciting, where
SARS-CoV-2 cell-cell fusion was severely impaired at 50%
inhibitory concentration (IC50) of 1.3nM, while anti-SARS-CoV-2
pseudoviruses infection activity was recorded at 15.8 nM. Notably,
the SARS-CoV-2 HR1 protein binding affinity of EK1C4 was
drastically enhanced by 226-fold, which also explained the
observed 149-fold higher in antiviral activity of EK1C4 as
compared to EK1. It was hypothesized that the conjugated
cholesterol might have a profound role in facilitating EK1C4
binding toward the HR1 protein. Indeed, cholesterol conjugation
enhancement of antiviral activity had previously been reported with
the HIV-1 fusion inhibitor C34 (Hollmann et al., 2013). Besides
EK1C4, HR2P-M2 was a peptide designed based on the 6HB core of
MERS-CoV HR1 and HR2 domains (Channappanavar et al., 2015).
This peptide acted by blocking the S protein-mediated membrane
fusion mechanism of MERS-CoV. Of note, intranasal
administration of HR2P-M2 was found to significantly reduce
lung viral titers by >1,000-fold and protected the mice from
MERS-CoV infection (Channappanavar et al., 2015). However,
the narrow specificity of HR2P-M2 against MERS-CoV but not
SARS-CoV may indirectly suggest an insufficient cross-reactivity
with HR2P-M2 against other betacoronaviruses.
INHIBITION OF ENDOSOMAL
ACIDIFICATION

The mouse b-defensins-4 derived P9 (NGAICWGPCPTAFRQ
IGNCGHFKVRCCKIR) was shown to bind to the MERS-CoV S2
subunit and remained co-localized with the viruses without inhibiting
viral entry into the host cell via endocytosis (Zhao et al., 2016). While
in the endosomes, the polycationic property of P9 induced a basic
microenvironment to prevent endosomal acidification of the late
endosomes. Without endosomal acidification, the pH-dependent
activation of viral fusion proteins to initiate viral-host endosomal
membrane fusion failed to occur and thus the critical step in viral
uncoating prior to viral RNA release (Figure 1). This mechanism of
action was indeed highly effective, broadly inhibiting SARS-CoV,
MERS-CoV, and a diverse panel of influenza viruses H1N1, H3N2,
H5N1, H7N7, and H7N9. Such target specificity nature of P9 also
partly explained the low cytotoxic property of P9 (IC50 of 380 µg/ml)
against the mammalian Madin-Darby canine kidney cells tested. The
broad therapeutic windows of P9 would be a significant advantage in
the future development of P9 as an antiviral agent. Notably, P9
displayed both prophylactic and therapeutic effects as observed in an
in vivo SARS-CoV mouse model of infection (Zhao et al., 2016).
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FOR THE HOST: SHIELDING THE CELL
RECEPTORS

ACE2 is well-known as the primary receptor for CoV at the first
step of viral infection. It was found that HD5 (ATCYCRTGRC
ATRESLSGVCEISGRLYRLCCR), a natural lectin-like human
defensins-5 (HD5) peptide secreted by the Paneth cells in the
crypts of Lieberkuhn, could interact with glycosylated proteins and
lipid components (Wang C. et al., 2020). Based on the structural
Frontiers in Pharmacology | www.frontiersin.org 3
and biochemical properties, HD5 was initially hypothesized to
recognize and inhibit SARS-CoV-2 S protein, host cell ACE2 or
both of these target components (Wang C. et al., 2020). However, it
was later confirmed that HD5 competitively blocked ACE2
receptors on the host cells instead of targeting the viral S1
subunit (Figure 1). The high-affinity binding between HD5 and
the ligand-binding domain of ACE2 through the formation of
multiple hydrogen bonds effectively shielded (protected) the host
cells from viral recognition and infection.
FIGURE 1 | Mechanism of actions of AVPs with potential anti-SARS-CoV-2 activities. Several AVPs target the key structural components of the virus to exert
antiviral effects: mucroporin-M1 acts by disrupting viral envelope, HR2P-M2 targets the viral S protein-mediated fusion, EK1 and EK1C4 block the HR1 domain of
viral S2 subunit, and P9 peptide inhibits late endosomal acidification and thus preventing viral RNA release. There are AVPs which confer antiviral protection to the
host: RTD-1 is a potent antiviral immunomodulator to trigger protective immunity, and HD5 binds to and shields ACE2 from viral recognition and binding.
September 2020 | Volume 11 | Article 575444
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ANTIVIRAL IMMUNOMODULATORY
EFFECT

The cyclic peptide RTD-1 (GFCRCLCRRGVCRCICTR) from
rhesus macaque leukocytes was reported to decrease disease
pathogenesis of SARS-CoV infection in mice, as observed with a
substantial reduction in perivascular infiltrate and necrotizing
bronchiolitis (Wohlford-Lenane et al., 2009). Interestingly, neither
did RTD-1 inhibit the virus or interact with the host cell receptors to
exert an antiviral effect. In contrast, it was noticed that the virus
titers and lung tissue nucleocapsid (N) gene antigen expression were
similar to the untreated control mice. Together with an increase in
cytokine levels of interleukin-6, keratinocyte chemoattractant, and
granulocyte colony-stimulating factor in lung cell homogenates,
RTD-1 was suggested to act as an immunomodulatory effector
molecule via a blunted proinflammatory cytokine response in
eliminating SARS-CoV (Wohlford-Lenane et al., 2009).
DISCUSSION

Prioritization and emergency preparedness in responding to the
emerging infectious diseases associated with outbreaks and
pandemics are of utmost urgency. In search of an effective
antiviral against COVID-19, we believe AVPs could represent one
of the potential classes of new antiviral agents against SARS-CoV-2.
It is fascinating to discover howAVPs, composed principally of short
and simple amino acid sequences, could interact with and specifically
target the different viral components to achieve potent antiviral
effects. Here, we would like to bring the attention to a number of
AVPs with highly promising anti-CoV activities: mucroporin-M1
disrupts viral envelope, HR2P-M2 targets the viral S protein-
mediated fusion mechanism, EK1 and EK1C4 block the HR1
domain of viral S2 subunit, and P9 peptide inhibits late endosomal
acidification and thus preventing viral RNA release. Besides, there
are AVPs that confer protection to the host: RTD-1 is an antiviral
immunomodulator that triggers protective immunity; HD5 binds to
and shields host ACE2 receptor to prevent viral recognition and
attachment. Recent findings have gathered evidence on the potential
role of a host serine protease TMPRSS2 in facilitating the S protein
priming process of SARS-CoV-2 that is crucial for the subsequent
viral membrane fusion events (Hoffmann et al., 2020). Furthermore,
the newly discovered S protein furin-like cleavage site and the novel
CD147-mediated viral entry pathway could have important
implications in SARS-CoV-2 viral pathogenicity (Coutard et al.,
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2020; Wang K. et al., 2020; Xia et al., 2020a). These key viral
components could represent valuable targets in the development of
novel antiviral agents. Cocktail therapy using a selected combination
of AVPs or as supplemental therapeutics in combination with other
classes of antiviral agents could be a promising treatment strategy
that would worth further clinical investigations (Vilas Boas et al.,
2019). Such optimism is not unfounded, as enfuvirtide, a 36-amino
acid fusion inhibitor AVP, was approved by the US Food and Drug
Administration in 2003 for treatment against human
immunodeficiency virus in combination with other antiretroviral
drugs (Lalezari et al., 2003; Fung and Guo, 2004; Poveda et al., 2005).
It acts by blocking the HR1 domain of the viral envelope
glycoprotein 41. Sifuvertide, an AVP with enhanced potency and a
lower threshold for resistance than enfuvirtide, is currently under
phase III trials in China (He et al., 2008; Wang et al., 2009; Su et al.,
2015; Yu et al., 2018). Although clinical trials of AVPs against CoVs
have not been reported thus far, the dire need for an effective anti-
SARS-CoV-2 agent could potentially reshape the drug discovery
landscape as with the initiation of Operation Warp Speed by the US
government in April 2020 for COVID-19 vaccine, therapeutic, and
diagnostic development (Cohen, 2020). In conclusion, AVPs are
structurally and functionally versatile owing to its simple primary
structure and could serve as the molecular templates for the
generation of fast-track therapeutic candidates in the face of
COVID-19 or emerging outbreaks posing severe public health
threats in the unpredictable future. Given its unique and
promising antiviral activity, the potential use of AVPs in clinical
treatment and as prophylaxis against COVID-19 should be
further explored.
AUTHOR CONTRIBUTIONS

AM, YL, C-MF, H-SL, and CL conceived the idea. AM and CL
wrote the article. YL, C-MF, and H-SL provided critical
comments on the article. AM, YL, C-MF, H-SL, and CL
revised the article. All authors contributed to the article and
approved the submitted version.
FUNDING

The current work was supported by the Fundamental Research
Grant Scheme (FRGS), Ministry of Education Malaysia (MOE),
grant number FRGS/1/2018/STG05/UNIM/03/1.
REFERENCES

Ahmed, A., Siman-Tov, G., Hall, G., Bhalla, N., and Narayanan, A. (2019). Human
antimicrobial peptides as therapeutics for viral infections. Viruses 11, 704.
doi: 10.3390/v11080704

Caly, L., Druce, J. D., Catton, M. G., Jans, D. A., and Wagstaff, K. M. (2020). The
FDA-approved drug ivermectin inhibits the replication of SARS-CoV-2 in
vitro. Antiviral Res. 178, 1–4. doi: 10.1016/j.antiviral.2020.104787

Chang, K. Y., and Yang, J. R. (2013). Analysis and Prediction of Highly Effective
Antiviral Peptides Based on Random Forests. PLoS One. 11, 704. doi: 10.1371/
journal.pone.0070166
Channappanavar, R., Lu, L., Xia, S., Du, L., Meyerholz, D. K., Perlman, S.,
et al. (2015). Protective effect of intranasal regimens containing peptidic
middle east respiratory syndrome coronavirus fusion inhibitor against
MERS-CoV infection. J. Infect. Dis. 212, 1894–1903. doi: 10.1093/infdis/
jiv325

Cohen, J. (2020). Unveiling ‘Warp Speed,’ the White House’s America-first push
for a coronavirus vaccine. Sci. (80-. ). doi: 10.1126/science.abc7056

Coutard, B., Valle, C., de Lamballerie, X., Canard, B., Seidah, N. G., and Decroly, E.
(2020). The spike glycoprotein of the new coronavirus 2019-nCoV contains a
furin-like cleavage site absent in CoV of the same clade. Antiviral Res. 176, 1–5.
doi: 10.1016/j.antiviral.2020.104742
September 2020 | Volume 11 | Article 575444

https://doi.org/10.3390/v11080704
https://doi.org/10.1016/j.antiviral.2020.104787
https://doi.org/10.1371/journal.pone.0070166
https://doi.org/10.1371/journal.pone.0070166
https://doi.org/10.1093/infdis/jiv325
https://doi.org/10.1093/infdis/jiv325
https://doi.org/10.1126/science.abc7056
https://doi.org/10.1016/j.antiviral.2020.104742
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Mahendran et al. Antiviral Peptides Against COVID-19
Dai, C., Ma, Y., Zhao, Z., Zhao, R., Wang, Q., Wu, Y., et al. (2008). Mucroporin,
the first cationic host defense peptide from the venom of Lychas mucronatus.
Antimicrob. Agents Chemother. 52, 3967–3972. doi: 10.1128/AAC.00542-08

Das, K., Aramini, J. M., Ma, L. C., Krug, R. M., and Arnold, E. (2010). Structures of
influenza A proteins and insights into antiviral drug targets. Nat. Struct. Mol.
Biol. 17, 530–538. doi: 10.1038/nsmb.1779

Du, L., He, Y., Zhou, Y., Liu, S., Zheng, B. J., and Jiang, S. (2009). The spike protein
of SARS-CoV - A target for vaccine and therapeutic development. Nat. Rev.
Microbiol. 7, 226–236. doi: 10.1038/nrmicro2090

Fung, H. B., and Guo, Y. (2004). Enfuvirtide: A fusion inhibitor for the treatment of
HIV infection. Clin. Ther. 26, 352–378. doi: 10.1016/S0149-2918(04)90032-X

Grein, J., Ohmagari, N., Shin, D., Diaz, G., Asperges, E., Castagna, A., et al. (2020).
Compassionate use of remdesivir for patients with severe Covid-19. N. Engl. J.
Med. 382, 2327–2336. doi: 10.1056/NEJMoa2007016

He, Y., Xiao, Y., Song, H., Liang, Q., Ju, D., Chen, X., et al. (2008). Design and
evaluation of sifuvirtide, a novel HIV-1 fusion inhibitor. J. Biol. Chem. 283,
11126–11134. doi: 10.1074/jbc.M800200200

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Krüger, N., Herrler, T., Erichsen,
S., et al. (2020). SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and
Is Blocked by a Clinically Proven Protease Inhibitor. Cell 181, 271–280.
doi: 10.1016/j.cell.2020.02.052

Hollmann, A., Matos, P. M., Augusto, M. T., Castanho, M. A. R. B., and Santos, N.
C. (2013). Conjugation of Cholesterol to HIV-1 Fusion Inhibitor C34 Increases
Peptide-Membrane Interactions Potentiating Its Action. PLoS One. 8, e60302.
doi: 10.1371/journal.pone.0060302

Kang, S., Peng, W., Zhu, Y., Lu, S., Zhou, M., Lin, W., et al. (2020). Recent progress
in understanding 2019 novel coronavirus (SARS-CoV-2) associated with
human respiratory disease: detection, mechanisms and treatment. Int. J.
Antimicrob. Agents. 55, 1059. doi: 10.1016/j.ijantimicag.2020.105950

Lalezari, J. P., Henry, K., O’Hearn, M., Montaner, J. S. G., Piliero, P. J., Trottier, B.,
et al. (2003). Enfuvirtide, an HIV-1 fusion inhibitor, for drug-resistant HIV
infection in North and South America. N. Engl. J. Med. 348, 2175–2185.
doi: 10.1056/NEJMoa035026

Ledford, H. (2020). Coronavirus breakthrough: dexamethasone is first drug shown
to save lives. Nature 582, 469. doi: 10.1038/d41586-020-01824-5

Letko, M., Marzi, A., and Munster, V. (2020). Functional assessment of cell entry
and receptor usage for SARS-CoV-2 and other lineage B betacoronaviruses.
Nat. Microbiol. 5, 562–569. doi: 10.1038/s41564-020-0688-y

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, 1518–1525. doi: 10.1016/
j.peptides.2011.05.015

Liu, S., Xiao, G., Chen, Y., He, Y., Niu, J., Escalante, C. R., et al. (2004). Interaction
between heptad repeat 1 and 2 regions in spike protein of SARS-associated
coronavirus: Implications for virus fusogenic mechanism and identification of
fusion inhibitors. Lancet 363, 938–947. doi: 10.1016/S0140-6736(04)15788-7

Nyanguile, O. (2019). Peptide antiviral strategies as an alternative to treat lower
respiratory viral infections. Front. Immunol. 10, 1366. doi: 10.3389/fimmu.
2019.01366

Ohashi, H., Watashi, K., Saso, W., Shionoya, K., Iwanami, S., Hirokawa, T., et al.
(2020). Multidrug treatment with nelfinavir and cepharanthine against
COVID-19. bioRxiv. doi: 10.1101/2020.04.14.039925

Poveda, E., Briz, V., and Soriano, V. (2005). Enfuvirtide, the first fusion inhibitor
to treat HIV infection. AIDS Rev. 7, 139–147. doi: 10.1517/14656566.6.3.453

Sala, A., Ardizzoni, A., Ciociola, T., Magliani, W., Conti, S., Blasi, E., et al. (2019).
Antiviral Activity of Synthetic Peptides Derived from Physiological Proteins.
Intervirology 61, 166–173. doi: 10.1159/000494354

Skalickova, S., Heger, Z., Krejcova, L., Pekarik, V., Bastl, K., Janda, J., et al. (2015).
Perspective of use of antiviral peptides against influenza virus. Viruses 7, 5428–
5442. doi: 10.3390/v7102883
Frontiers in Pharmacology | www.frontiersin.org 5
Su, Y., Chong, H., Qiu, Z., Xiong, S., and He, Y. (2015). Mechanism of HIV-1
Resistance to Short-Peptide Fusion Inhibitors Targeting the Gp41 Pocket.
J. Virol. 89, 5801–5811. doi: 10.1128/jvi.00373-15

Vanden Eynde, J. J. (2020). Covid-19: A brief overview of the discovery clinical
trial. Pharmaceuticals 13, 65. doi: 10.3390/ph13040065

Vilas Boas, L. C. P., Campos, M. L., Berlanda, R. L. A., de Carvalho Neves, N., and
Franco, O. L. (2019). Antiviral peptides as promising therapeutic drugs. Cell.
Mol. Life Sci. 76, 3525–3542. doi: 10.1007/s00018-019-03138-w

Wang, R. R., Yang, L. M., Wang, Y. H., Pang, W., Tam, S. C., Tien, P., et al. (2009).
Sifuvirtide, a potent HIV fusion inhibitor peptide. Biochem. Biophys. Res.
Commun. 382, 540–544. doi: 10.1016/j.bbrc.2009.03.057

Wang, C., Wang, S., Li, D., Zhao, X., Han, S., Wang, T., et al. (2020). Lectin-like
Intestinal Defensin Inhibits 2019-nCoV Spike binding to ACE2. bioRxiv.
doi: 10.1101/2020.03.29.013490

Wang, K., Chen, W., Zhou, Y.-S., Lian, J.-Q., Zhang, Z., Du, P., et al. (2020). SARS-
CoV-2 invades host cells via a novel route: CD147-spike protein. bioRxiv.
doi: 10.1101/2020.03.14.988345

Wang, Y., Zhang, D., Du, G., Du, R., Zhao, J., Jin, Y., et al. (2020). Remdesivir in
adults with severe COVID-19: a randomised, double-blind, placebo-controlled,
multicentre trial. Lancet 395, 1569–1578. doi: 10.1016/S0140-6736(20)31022-9

Wohlford-Lenane, C. L., Meyerholz, D. K., Perlman, S., Zhou, H., Tran, D.,
Selsted, M. E., et al. (2009). Rhesus Theta-Defensin Prevents Death in a Mouse
Model of Severe Acute Respiratory Syndrome Coronavirus Pulmonary Disease.
J. Virol. 83, 11385–11390. doi: 10.1128/jvi.01363-09

World Health Organization (2020). Coronavirus Dis. Situat. Reports. Available at:
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-
reports (Accessed July 2, 2020).

Wrapp, D., Wang, N., Corbett, K. S., Goldsmith, J. A., Hsieh, C. L., Abiona, O.,
et al. (2020). Cryo-EM structure of the 2019-nCoV spike in the prefusion
conformation. Science (80-. ). 367, 1260–1263. doi: 10.1126/science.aax0902

Xia, S., Yan, L., Xu, W., Agrawal, A. S., Algaissi, A., Tseng, C. T. K., et al. (2019). A
pan-coronavirus fusion inhibitor targeting the HR1 domain of human
coronavirus spike. Sci. Adv. 5, eaav4580. doi: 10.1126/sciadv.aav4580

Xia, S., Liu, M., Wang, C., Xu, W., Lan, Q., Feng, S., et al. (2020a). Inhibition of SARS-
CoV-2 (previously 2019-nCoV) infection by a highly potent pan-coronavirus fusion
inhibitor targeting its spike protein that harbors a high capacity to mediate
membrane fusion. Cell Res. 30, 343–355. doi: 10.1038/s41422-020-0305-x

Xia, S., Zhu, Y., Liu, M., Lan, Q., Xu, W., Wu, Y., et al. (2020b). Fusion mechanism
of 2019-nCoV and fusion inhibitors targeting HR1 domain in spike protein.
Cell. Mol. Immunol. 17, 765–767. doi: 10.1038/s41423-020-0374-2

Yu, D., Ding, X., Liu, Z., Wu, X., Zhu, Y., Wei, H., et al. (2018). Molecular mechanism
of HIV-1 resistance to sifuvirtide, a clinical trial–approved membrane fusion
inhibitor. J. Biol. Chem. 293, 12703–12718. doi: 10.1074/jbc.RA118.003538

Zhao, H., Zhou, J., Zhang, K., Chu, H., Liu, D., Poon, V. K. M., et al. (2016). A
novel peptide with potent and broad-spectrum antiviral activities against
multiple respiratory viruses. Sci. Rep. 6, 1–13. doi: 10.1038/srep22008

Zhou, P., Yang, X.-L., Wang, X. G., Hu, B., Zhang, L., Zhang, W., et al. (2020). A
pneumonia outbreak associated with a new coronavirus of probable bat origin.
Nature 579, 270–273. doi: 10.1038/s41586-020-2012-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Mahendran, Lim, Fang, Loh and Le. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
September 2020 | Volume 11 | Article 575444

https://doi.org/10.1128/AAC.00542-08
https://doi.org/10.1038/nsmb.1779
https://doi.org/10.1038/nrmicro2090
https://doi.org/10.1016/S0149-2918(04)90032-X
https://doi.org/10.1056/NEJMoa2007016
https://doi.org/10.1074/jbc.M800200200
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1371/journal.pone.0060302
https://doi.org/10.1016/j.ijantimicag.2020.105950
https://doi.org/10.1056/NEJMoa035026
https://doi.org/10.1038/d41586-020-01824-5
https://doi.org/10.1038/s41564-020-0688-y
https://doi.org/10.1016/j.peptides.2011.05.015
https://doi.org/10.1016/j.peptides.2011.05.015
https://doi.org/10.1016/S0140-6736(04)15788-7
https://doi.org/10.3389/fimmu.2019.01366
https://doi.org/10.3389/fimmu.2019.01366
https://doi.org/10.1101/2020.04.14.039925
https://doi.org/10.1517/14656566.6.3.453
https://doi.org/10.1159/000494354
https://doi.org/10.3390/v7102883
https://doi.org/10.1128/jvi.00373-15
https://doi.org/10.3390/ph13040065
https://doi.org/10.1007/s00018-019-03138-w
https://doi.org/10.1016/j.bbrc.2009.03.057
https://doi.org/10.1101/2020.03.29.013490
https://doi.org/10.1101/2020.03.14.988345
https://doi.org/10.1016/S0140-6736(20)31022-9
https://doi.org/10.1128/jvi.01363-09
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
https://doi.org/10.1126/science.aax0902
https://doi.org/10.1126/sciadv.aav4580
https://doi.org/10.1038/s41422-020-0305-x
https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1074/jbc.RA118.003538
https://doi.org/10.1038/srep22008
https://doi.org/10.1038/s41586-020-2012-7
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	The Potential of Antiviral Peptides as COVID-19 Therapeutics
	Introduction
	Mechanism of Viral Infection
	Targeting the Viral Envelope
	Targeting the Spike (S) Glycoprotein
	Inhibition of Endosomal Acidification
	For the Host: Shielding the Cell Receptors
	Antiviral Immunomodulatory Effect
	Discussion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


