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Summary  SARS-CoV-2  is  a  positive-sense  RNA  virus  and  it  is  the  causative  agent  of  the  global
COVID-19  outbreak.  COVID-19  is  similar  to  the  previous  outbreaks  for  instance  SARS  in  2002-2003
and MERS  in  2012.  As  the  peptides  have  many  advantages,  peptide-based  therapeutics  might
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be  one  of  the  possible  ways  in  the  development  of  COVID-19  specific  drugs.  SARS-CoV-2  enters
into a  human  via  its  S  protein  by  attaching  with  human  hACE2  present  on  the  cell  membrane
in the  lungs  and  intestines  of  humans.  hACE2  cleaves  S  protein  into  the  S1  subunit  for  viral
attachment  and  the  S2  subunit  for  fusion  with  the  host  cell  membrane.  The  fusion  mechanism
forms a  six-helical  bundle  (6-HB)  structure  which  finally  fuses  the  viral  envelope  with  the  host
cell membrane.  hACE2  based  peptides  such  as  SBP1  and  Spikeplug  have  shown  their  potential
as antiviral  agents.  S  protein-hACE2  interaction  and  the  SARS-CoV-2  fusion  machinery  play  a
crucial part  in  human  viral  infection.  It  is  evident  that  if  these  interactions  could  be  blocked
successfully  and  efficiently,  it  could  be  the  way  to  find  the  drug  for  COVID-19.  Several  peptide-
based inhibitors  are  potent  inhibitors  of  S  protein-hACE2  interaction.  Similarly,  the  antiviral
activity of  the  antimicrobial  peptide,  lactoferrin  makes  it  an  important  candidate  for  the  COVID-
19 drug  development  process.  A  candidate  drug,  RhACE2-APN01  based  on  recombinant  hACE2
peptide has  already  entered  phase  II  clinical  trials.  This  review  sheds  light  on  different  aspects
of the  feasibility  of  using  peptide-based  therapeutics  as  the  promising  therapeutic  route  for
COVID-19.
© 2021  Société  française  de  pharmacologie  et  de  thérapeutique.  Published  by  Elsevier  Masson
SAS. All  rights  reserved.
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bbreviations

-HB  six-helical  bundle
CE  angiotensin-converting  enzyme
MPs  antimicrobial  peptide  database
RDS  acute  respiratory  distress  syndrome
VPs  antiviral  peptides
PPs  bradykinin  potentiating  peptides
OVID-19  coronavirus  disease  2019
OVs  human  coronaviruses
T  cytoplasmic  tail
TD  carboxy(C)-terminal  domain
DA  Food  and  Drug  Administration
P  fusion  peptide
ACE2  human  angiotensin-converting  enzyme  2
APN  human  aminopeptidase
DPP4  human  dipeptidyl  pepsidase4
KU1  human  coronavirus  HKU1
R1  heptad  repeat  1
R2  heptad  repeat  2
F  lactoferrin
ERS  Middle  East  respiratory  syndrome
TD  amino(N)-terminal  domain
BD  receptor-binding  domain
NA  ribonucleic  acid
TD-1  rhesus  theta-defensin  1

 (protein)  spike  protein
ARS  severe  acute  respiratory  syndrome
ARS-COV2  severe  acute  respiratory  syndrome  coronavirus
2
VM  support  vector  machine
M  tansmembrane  region
HO  World  Health  Organization
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rigin of COVID-19 and symptoms

he  novel  Betacoronavirus  named  severe  acute  respiratory
yndrome  coronavirus-2  (SARS-CoV-2)  is  the  causative  agent
f  coronavirus  disease-19  (COVID-19)  [1,2].  The  term  COVID-
9  was  issued  by  World  Health  Organization  (WHO)  and
he  name  SARS-CoV-2  was  suggested  by  the  Coronaviridae
tudy  Group  of  the  International  Committee  on  Taxonomy  of
iruses  which  published  a  detailed  taxonomic  classification
n  SARS-CoV-2  [3].

The  majority  of  the  COVID-19  patients  reported  mild
ymptoms  like  fever,  nonproductive  cough,  and  sore  throat
hich  are  treated  effectively.  But  the  patients  who  develop

atal  complications  such  as  organ  failure,  acute  cardiac  and
idney  injury,  pulmonary  edema,  pneumonia,  and  acute  res-
iratory  distress  syndrome  (ARDS)  are  difficult  to  treat,  and
epending  upon  the  severity  of  the  case  death  may  occur  [4].
atients  with  a  weak  immune  system  and  prevailing  comor-
idities  like  cerebral  and  cardiovascular  diseases,  diabetes,
besity,  cancer,  and  respiratory  diseases,  and  old  age  are
t  maximum  risk  [5].  The  virus  has  been  confirmed  to  be  of
oonotic  origin  [6].

oronaviruses and their associated diseases

oronaviruses  are  enveloped  (spherical  or  pleomorphic)
articles  comprising  a  single-stranded  positive-sense  unseg-
ented  ribonucleic  acid  (RNA)  genome.  A  matrix  of  protein

orms  a  capsid  that  is  closely  associated  with  the  RNA.  The
nvelope  consists  of  club-shaped  glycoproteins  throughout

ts  surface  which  are  protruding  outwards.  These  glyco-
roteins  spikes  resemble  the  shape  of  a  crown,  hence  the
ame  is  corona  (Fig.  1) [7].  Coronaviruses  can  be  divided
nto  four  genera:  Alphacoronaviruses, Betacoronaviruses,
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Figure 1. The diagrammatic representation of SARS-CoV-2. RNA:
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carrier  delivery  system.  Cell-penetrating  peptides  are
ibonucleic acid;S protein: spike protein; SARS-CoV2: severe acute
espiratory syndrome coronavirus 2.

ammacoronavirus, and  Deltacoronavirus  [8].  In  general,
oronaviruses  are  prominent  throughout  the  animal  kingdom
ncluding  bats,  camels,  civet  cats,  pangolins,  birds,  rodents,
nd  domestic  animals  as  well.  There  are  seven  human  coron-
viruses  known  which  fall  under  alpha  (NL63,  and  229E)  and
eta  sub-groups  (HKU1,  OC43,  Middle  East  respiratory  syn-
rome  coronavirus  [MERS-CoV],  SARS-CoV,  and  SARS-CoV-2)
9,10].  The  two  coronavirus-related  outbreaks  like  severe
cute  respiratory  syndrome  (SARS)  and  MERS  were  caused
y  SARS-CoV  and  MERS-CoV  respectively.  Both  of  these  out-
reaks  were  caused  by  zoonotic  transmission  possibly  from
ats  to  humans  via  intermediate  hosts  civet  cats  (MERS)
nd  dromedary  camels  (SARS)  [11,12].  Currently,  there  are
o  specific  treatments  or  antivirals  available  to  battle  any
f  the  diseases.  Antiviral  drugs  like  ribavirin,  interferon,
opinavir,  ritonavir,  interferons,  and  corticosteroids  were
sed  in  the  SARS  and  MERS  patients,  but  their  effectiveness
s  controversial.  Traditional  preventive  measures,  including
ravel  restrictions  and  patient  isolation,  gradually  halted  the
ARS  epidemic  in  2002-03  and  MERS  in  2012  [11].  The  COVID-
9  pandemic  is  far  more  rapid  as  compared  to  SARS  and
ERS.  Since  the  emergence  of  COVID-19  in  Dec-2019,  the
umber  of  cases  by  mid-Sep-2020  has  been  recorded  to  be
9,729,993  out  of  which  939,188  corresponds  to  total  deaths
13].

epurposed drugs for the pandemic

he  pandemic  needs  to  be  checked  as  soon  as  it  is  possi-
le.  The  COVID-19  pandemic  has  more  or  less  stopped  the
orld.  To  this  date,  there  is  no  effective  and  specific  ther-
py  for  COVID-19.  The  traditional  drug  discovery  method  is

ime  taking.  Scientists  and  researchers  all  over  the  world
re  working  round  the  clock  to  find  the  cure  for  COVID-19.
ntiviral  drugs  such  as  ribavirin,  nafamostat,  penciclovir,
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hloroquine,  nitazoxanide,  remdesivir,  and  favipiravir  were
epurposed  against  SARS-CoV-2  in  vitro  by  Wang  et  al.  (2020)
14].  At  the  earlier  stage  of  the  study,  it  was  discovered
hat  remdesivir  and  chloroquine  as  highly  effective  against
ARS-CoV-2  infection.  The  researchers  emphasized  these
re-developed  drugs  as  effective  candidates  for  COVID-19,
s  these  are  Food  and  Drug  Aministatration  (FDA)-approved
gainst  Ebola  virus  infection  (remdesivir),  malaria,  and
uto-immune  diseases  (chloroquine)  [14].  But  in  a  recent
andomized  clinical  trial  with  moderate  COVID-19  patients,
herapy  with  remdesivir  did  not  show  results  with  any  clin-
cal  importance  [15]. Presently,  there  are  24  ongoing  trials
ith  chloroquine  and  hydroxychloroquine  [16].  No  benefit  of

he  use  of  hydroxychloroquine  has  been  identified  in  COVID-
9  and  is  rather  unsafe  [17].

eptides as emerging therapeutics

eptides  are  easy  to  develop  both  in  terms  of  time,  and
echnology;  and  the  peptides  are  cost-effective.  Peptides
re  small  fragments  of  proteins  consisting  typically  of  2-
0  amino  acid  residues  bound  together  by  amide  bonds.
eptide-based  drug  candidates  or  structurally  modified  pep-
ides  have  several  advantages  such  as  easy  availability,
ow  production  cost,  better  bioavailability,  low  immuno-
enic  responses,  high  specificity,  high  biological  activity,  low
ntrinsic  toxicity,  convenient  purification,  and  storage  [18].
eptides-based  therapeutics  can  be  developed  to  resolve
ome  of  their  disadvantages  such  as  instability  in  serum,
ow  bioavailability,  and  hydrophobicity  through  different
ypes  of  modifications  in  peptide  backbone,  amino  acid  side
hains,  and  peptide  structure  (primary,  secondary,  tertiary,
nd  quaternary)  [19].

Peptides  are  suitably  designed  and  formulated  by  adding
dditives  to  administer  through  the  non-invasive  routes  like
ral,  pulmonary,  buccal,  vaginal,  transdermal,  and  ocu-
ar  drug  delivery  systems.  Polymer  carriers,  penetration
nhancers,  enzyme  inhibitors  are  used  as  additives  in  for-
ulating  the  peptides.  The  suitably  formulated  peptide

nhances  the  absorption  and  stability  of  peptide-based
rugs.  The  peptides  for  the  oral  route  of  administration  are
esigned  to  protect  from  proteolytic  enzymes  and  an  acidic
nvironment.  The  use  of  permeability  enhancers,  design  of
eptide  analogs,  prodrug  strategy,  and  mucoadhesive  deliv-
ry  is  actively  under  the  consideration  to  enable  the  peptide
rug  delivery  by  oral  route.  The  lower  molecular  weight
<  75-100  D)  of  the  peptide,  entrapment  of  peptide  in  a  lipo-
ome,  and  nanoscale  formulation  of  the  peptide  have  also
hown  significant  improvement  in  bioavailability  when  the
eptides  were  administered  through  the  oral  route  [20].

Proteins  are  positively/negatively  charged  large
olecules  with  hydrophilic  properties  in  nature.  There-

ore,  the  peptides  permeate  the  cell  membrane  poorly.
he  penetration  of  peptides  across  biological  membranes

ike  plasma  membranes,  and  nuclear  membrane  limits
heir  application  as  therapeutic  agents.  However,  the
roblems  associated  with  the  membrane  permeability  of
eptides  can  be  overcome  by  the  use  of  a  viral/non-viral
ffective  in  penetrating  the  cells  to  deliver  therapeutic
gents.  Cell-penetrating  peptides  are  small  molecules  (∼30
mino  acids),  amphipathic  and  hydrophobic;  and  the  basic
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echanism  may  be  endocytosis/direct  penetration  [21].
ore  than  60  US  FDA-approved  peptides  are  in  the  markets,
ore  than  150  peptides  are  in  clinical  trials,  260  peptides

re  already  tested  in  human  clinical  trials,  and  about  500
eptides  are  in  preclinical  phases  [22,23].

eptides targetting the viral entry

ARS-CoV-2  recognizes  the  human  angiotensin-converting
nzyme  2  (hACE2)  domain  present  in  the  cell  membrane.  The
ttachment  causes  a  downstream  signaling  process.  Peptide-
ased  therapeutics  interacting  and  attaching  with  hACE2
ould  cease  the  virus-receptor  interaction.  Similarly,  pep-

ides  might  also  attack  SARS-CoV-2  Mpro protein  inside  the
ell  membrane  thus  stopping  the  virus  replication  (Fig.  2).
t  this  moment,  only  a  handful  of  published  studies  (Table  1)
re  available  that  have  the  perspectives  of  targeting  the
nteraction  of  S  protein  of  the  viral  particle  with  the  cell
urface  receptor  (hACE-2)  of  the  host  cell  via  peptide-based
herapeutics.  As  the  entry  point  of  the  virus  is  the  most  crit-
cal  part  of  the  onset  of  the  infection,  targeting  this  point
f  interaction  might  lead  to  the  discovery  and  design  of  the
pecific  drug  for  COVID-19.  The  objectives  of  this  review
re  to  throw  light  on  the  ongoing  and  pre-existing  peptide-
ased  antiviral  therapeutics,  their  discovery  methods,  and
heir  viability  in  this  outbreak.  One  of  the  major  objectives
s  to  save  human  lives  which  could  be  done  by  the  imme-
iate  development  of  a  drug  for  COVID-19.  The  significance
nd  potential  of  peptide-based  therapeutics  are  elaborated
n  this  review.  Besides,  it  also  reveals  the  importance  of

 protein—hACE2  interaction  as  a  therapeutic  target.  The
mportance  of  AMPs,  hACE2  fragments,  and  in  silico  method
f  peptide-based  drug  design  are  also  elucidated  in  this
eview.

athogenicity of SARS-CoV-2 in the human

he role of ACE2 in the viral entry
he  binding  of  the  viral  particle  to  the  host  cell  via  a
ell  receptor  is  the  initiation  of  the  viral  infection.  There-
ore,  the  host  cell  surface  receptor  is  a  critical  attribute
n  the  cell  and  tissue  tropism  of  a  viral  particulate.  Out
f  the  seven  human  coronaviruses  (CoVs),  two  (HKU1,  and
C43)  bind  through  sugar  and  the  other  five  recognizes  pro-
einaceous  peptidases.  MERS-CoV  attaches  itself  to  human
ipeptidyl  peptidase  4  (hDPP4)  [24]  while  HCoV-229E  com-
lexes  with  human  aminopeptidase  N  (hAPN)  as  its  receptor
25].  SARS-CoV  and  HCoV-NL63  both  use  hACE2  as  a  recep-
or  [6].  The  receptor  of  the  SARS-CoV-2  S  protein  is  the
uman  angiotensin-converting  enzyme-2  (hACE2)  similar  to
hat  of  the  spike  (S)  protein  of  SARS  [26,27].  hACE2  is  a
onocarboxypeptidase,  and  is  a  homolog  of  the  angiotensin-

onverting  enzyme  (ACE).  It  is  expressed  abundantly  in  the
ungs,  intestines,  kidneys,  and  heart.  hACE2  takes  part  in  the
aturation  of  the  peptide  hormone,  angiotensin,  which  con-

rols  vasoconstriction  and  maintains  blood  pressure  [27,28].
tructural segments of SARS-CoV-2 S-protein

he  core  element  of  the  host  specificity  of  CoVs  is  the  S  gly-
oprotein  embedded  in  the  viral  envelope  [29]. S  protein  is  a
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ype  of  class-I  fusion  protein.  S  protein  is  a  trimeric  protein
hat  possesses  an  N-terminal  S1  subunit  and  a  membrane-
mbedded  C-terminal  S2  region  (Fig.  3).  The  S2  subunit
xists  in  metastable  pre-fusion  conformation.  Moreover,  the
1  subunit  of  coronavirus  is  composed  of  two  domains:  an
mino  (N)-terminal  domain  (NTD)  and  a  carboxy  (C)-terminal
omain  (CTD).  The  CTD  recognizes  the  receptors  on  host
ells  in  SARS-CoV  and  MERS-CoV  [30]. The  S1  CTD  domain  is
lso  known  as  the  receptor-binding  domain  (RBD).  A  compar-
tive  analysis  shows  that  the  extent  of  atomic  interaction
etween  SARS-CoV-2  RBD  and  hACE2  is  more  than  that  of
ARS-CoV  RBD  and  hACE2  meaning  a  higher  affinity  between
ARS-CoV-2  RBD  and  hACE2  [31].  The  higher  affinity  might
mpart  the  meaning  that  SARS-CoV-2  has  more  infectivity
nd  transmissibility  than  SARS-CoV.

he viral entry into the host cell

he  host  protease,  hACE2  cleaves  the  S  protein  into  S1  and  S2
ubunits;  the  S1  subunit  functions  to  recognize  the  host  cell
eceptor  hence  easing  the  virus  attachment  to  the  host  cell;
hile  the  S2  fuses  with  the  host  cell  membrane.  TMPRSS2,

 serine  protease  has  been  identified  to  help  in  the  priming
f  SARS-CoV-2  S  protein.  The  priming  of  S  protein  is  neces-
ary  for  the  entry  of  the  virus  into  the  cell.  This  involves
he  S  protein  cleavage  at  the  S1/S2  and  the  S2′ sites.  The
1/S2  cleavage  site  contains  several  basic  arginine  residues
hich  render  high  cleavable  characteristics  [26].  Because
f  receptor  binding,  the  S  protein  undergoes  a  consider-
ble  conformational  change  that  destabilizes  the  pre-fusion
rimer,  leading  to  the  detaching  of  the  S1-subunit  and  acti-
ation  of  the  S2-subunit’s  fusogenic  activity.  S2  subunit  is
omposed  of  an  N-terminal  fusion  peptide  (FP),  heptad
epeat  1  (HR1),  heptad  repeat  2  (HR2),  a  transmembrane
egion  (TM),  and  the  cytoplasmic  tail  (CT).  FP  is  exposed
nd  incorporated  into  the  target  cell  membrane  during  the
usion  process,  leading  to  S2  in  a  pre-hairpin  intermediate
hat  bridges  the  membranes  of  the  virus  and  the  cells.  Then,

 trimeric  coiled-coil  is  self-assembled  by  three  segments
f  HR1,  and  three  segments  of  HR2  fold  into  the  grooves  on
he  surface  of  the  inner  core  of  HR1,  this  results  in  a  for-
ation  of  a  six-helical  bundle  (6-HB)  structure  which  drives

ell  and  viral  membrane  together  thus  initiating  the  process
f  membrane  fusion  [32].

ACE2-based peptides as inhibitors

hang  et  al.  (2020)  [33]  have  reported  an  engineered
eptide-based  inhibitor  as  a  first-in-class  treatment  for
OVID-19  therapy.  hACE2  which  specifically  binds  the

 protein  was  truncated  into  small  fragments.  Several
ACE2  fragments  demonstrate  potent  antiviral  activity  and
ttribute  high-binding  affinity  to  SARS-CoV-2.  The  authors
eported  a  23-mer  peptide,  SBP1  which  they  synthesized  via
utomated  fast-flow  peptide  synthesis  in  just  1.5  hours.  SBP1
eptide  showed  a micromolar  affinity  with  insect-derived
ARS-CoV-2-RBD  protein  [33].  This  discovery  raises  inter-
st  in  using  an  engineered  peptide  as  an  antiviral  agent  for

OVID-19  treatment.

In  a  preprint  made  available  on  bioRxiv,  the  authors
ngineered  an  85-mer  N-terminal  truncate  of  the  hACE2
ini-protein,  Spikeplug  with  the  motive  of  creating  a  stable
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Figure 2. Mechanistic pathway of peptide-based drug that interacts with Spike protein and SARS-CoV-2 Mpro protein. SARS-CoV2: severe
acute respiratory syndrome coronavirus 2.

Table  1  Peptide-based  therapeutics  for  of  SARS-CoV-2.

Peptide-based
therapeutics

Types  Targets  Stage  of  the
development

References

SBP1  hACE2  fragment  SARS-CoV-2-RBD  Preclinical  [33]
Spikeplug  hACE2  fragment  SARS-CoV-2-RBD  Preclinical  [34]
Inhibitors  1-4  hACE2  fragment  SARS-CoV-2-RBD  Theoretical  [35]
Not  available  In  silico  SARS-CoV-2  RBD  Theoretical  [54]
EK1  HR2  domain  of

HCoV-OC43
S  protein-HR1  Preclinical  [37]

EK1C4  HR2  domain  of
HCoV-OC43

S  protein-HR1  Preclinical  [38]

2019-nCoV-HR1P  &
HR2P

HR1  &  HR2  of
SARS-CoV-2

S protein-HR1 Preclinical  [37]

IBP01  HR2  of  SARS-CoV-2  S  protein-HR1  Preclinical  [32]
P9R  AMP  Viral  binding  and

endosomal
acidification

Preclinical  [49]

AC20,  AC23,  DBP6,
and  cnCoVP-1-
cnCoVP-7

In  silico  S  protein-  hACE2
interaction

Theoretical  [51]

HR2-anti-P  In  silico  S  protein-  hACE2
interaction

Theoretical  [53]

RhACE2-APN01  hACE2  S  protein-  hACE2
ract

Phase-  II  clinical [59]
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nd  soluble  S  protein  interactor.  Spikeplug  has  an  �-helical
onformation  and  interacts  at  a  nanomolar  affinity  with
ARS-CoV-2-RBD  protein.  Spikeplug  was  designed  based  on
he  interaction  between  the  S  protein  and  hACE2  amino
cid  residues.  According  to  the  authors,  the  receptor  mimic,
pikeplug  would  recognize  the  viral  S  protein  and  thus  block
he  viral  entry  into  the  cells.  Further,  Spikeplug  can  effi-

iently  cover  the  interaction  with  S  protein  and  hence  raise
ts  potential  to  stop  the  interactions  with  the  hACE2  receptor
34].

u
i
f

32
ion trial  (NCT04335136)

On  analyzing  the  interacting  amino  acids  from  the  crystal
tructure  of  hACE2  and  SARS-CoV-2  RBD,  Han  et  al.  (2020)
dentified  15  critical  amino  acid  residues  in  combination  with
-helices-  �1,  and  �2  and  �-sheets-  �-1and  �-2  as  criti-
al  binding  components  from  hACE2.  They  designed  peptide
nhibitors  extracted  from  hACE2  and  showed  that  these  are
romising  in  blocking  the  SARS-CoV-2  virus  through  molec-

lar  dynamics  simulations.  Out  of  their  designed  inhibitors,
nhibitors  2-4  were  more  stable  than  inhibitor  1.  Because  the
ormer  uses  �1 and  �2  which  can  support  each  other  and  they
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igure 3. (A) The interaction of S-protein of SARS-CoV-2 with th
f S-protein] (B) The structural segments of S-protein (C) The three

lso  retain  their  bent  shapes  thereby  matching  conforma-
ionally  and  covering  the  whole  surface  of  RBD.  The  authors
urther  explained  that  the  binding  affinity  of  the  peptides
ould  be  improved  and  be  used  in  the  future  to  design  more
nhibitors  [35].

eptide inhibitors targeting S protein-hACE2
nteraction

 protein-hACE2  interaction  is  the  basis  of  the  viral  infec-
ion.  The  elucidation  of  the  interaction  between  the  RBD
omain  of  S  protein  and  hACE2  via  electron  microscope  has
een  completed  recently.  It  has  revealed  that  polar  residues
rom  the  peptidase  recognize  the  RBD  domain  which  can
e  a  potential  target  for  the  development  of  a  novel  drug
27].  Alternatively,  the  SARS-CoV-2  fusion  machinery  can
lso  be  treated  as  an  important  target  for  coronavirus  fusion
nhibitor  development.

EK1,  a  pan-coronavirus  fusion  inhibitor  was  developed
o  target  the  HR1  domains  of  HCoV  S  proteins.  It  was
roved  to  be  effective  in  MERS  as  well  [36].  EK1  molecule,
hen  tested  on  hACE2-expressing  293  T  cells  infected  with
ARS-CoV-2  pseudovirus,  showed  a  half-maximal  inhibitory
oncentration  (IC50)  of  2.38  �M  [37].  On  conjugation  of

 cholesterol  molecule  with  EK1,  EK1C4  lipopeptide  was
ormed  that  displayed  extremely  potent  inhibitory  action
gainst  SARS-CoV-2  S  protein  mediated-membrane  fusion.
n  vitro  and  in  vivo  experiments  showed  that  EK1C4  was
40-times  more  potent  than  EK1  peptide.  EK1C4  has  also
hown  promising  results  with  other  coronaviruses,  for  exam-

le,  HCoVOC43  and  MERS-CoV  [38].  Based  on  the  previously
esigned  inhibitors  of  SARS-CoV  and  MERS-  CoV  where  S-
eptad  repeat  1  (HR1)  of  the  fusion  machinery  was  used  as
he  target,  HR1  and  heptad  repeat  2  (HR2)  derived  peptide

A
i
a
s

32
2 [transmembrane protease serine 2 (TMPRSS2) promotes priming
ensional binding mode of S-protein with ACE2 (PDB ID: 7C8D) [29].

nhibitors  were  designed  for  SARS-CoV-2  named  as  2019-
CoV-HR1P  and  2019-nCoV-HR2P.  2019-nCoV-HR2P  showed
ignificant  fusion-inhibitory  activity  with  an  IC50 of  0.18  �M
n  vitro  [37]. This  observation  points  out  the  importance  of
argeting  the  HR1  region  of  the  S  protein  for  the  develop-
ent  of  a  potent  peptide  inhibitor.
In  a  detailed  study  by  Zhu  et  al.  (2020)  [32],  it  was

onfirmed  that  the  S  protein  of  SARS-CoV-2  has  increased
usogenic  properties  as  compared  to  the  S  protein  of  SARS-
oV.  They  developed  an  HR2  based  lipopeptide  to  function  as
n  inhibitor  of  the  fusogenic  machinery.  Lipopeptides  inter-
ct  with  viral  envelopes  increasing  the  concentration  of  the
eptide  inhibitor  at  the  site  where  the  fusion  is  supposed  to
ake  place.  Thus,  it  increases  the  inhibition  capacity  of  the
eptide  inhibitor.  On  the  C-terminal  end  of  a  peptide  IBP01,
erived  from  HR2-a  cholesterol  moiety  was  added  resulting
n  a peptide  IBP02.  DSP-based  cell  fusion  assay  was  used  to
xamine  the  inhibitory  activity  of  IBP02  and  it  revealed  that
BP02  inhibited  the  cell  fusion  with  an  IC50 value  of  0.025  �M.
urther,  a  single-cell  infection  assay  was  carried  to  evaluate
he  inhibitory  potency  of  the  lipopeptide  with  pseudovirus.
he  IC50 values  were  determined  as  0.08  �M  and  0.251  �M  for
ARS-CoV-2  and  SARS-CoV  respectively  [32].  These  results
re  promising  and  highly  suggest  that  the  peptide  could  be

 potent  inhibitor  of  the  cell-fusion  activity  of  the  viral  S
rotein.

ntimicrobial peptides as peptide-based
herapeutics
ntimicrobial  peptides  (AMPs)  can  be  considered  promis-
ng  candidates  for  COVID-19  therapy.  Antimicrobial  peptides
re  amphipathic  molecules  ranging  from  5-50  amino  acid
equences  and  show  secondary  �-helix,  �-sheets,  and  other
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onfigurations  [39].  The  amphipathic  structure  is  due  to  the
resence  of  40—50%  hydrophobic  residues.  In  general,  AMPs
re  cationic  molecules  (+2  to  +9).  These  properties  are  the
asis  of  the  mechanism  of  action  against  various  pathogens.
or  example,  cations  cause  electrostatic  attraction  with
nionic  phospholipids  present  on  the  microbial  membrane
nd  the  hydrophobicity  helps  the  AMPs  to  incorporate  them-
elves  with  the  viral  membrane,  causing  membrane  lysis.
lso,  the  amphipathic  nature  of  AMPs  enables  them  to  be
oluble  in  both  aqueous  surroundings  and  lipid  membranes
40].

The  antimicrobial  peptide  database  (APD)  features
241  AMPs  including  190  peptides  exhibiting  antiviral  activ-
ties  [41].  In  another  database  called  AVPdb  contains  2683
eptides,  among  which  624  are  modified  peptides  evaluated
or  antiviral  activity  experimentally  and  2059  are  normal
eptides  tested  on  different  cell  lines  with  varying  effec-
iveness.  There  are  76  peptides  sourced  from  SARS-CoV
42].  These  databases  could  be  screened  further  to  discover
ntiviral  peptides  that  might  be  potent  against  COVID-19.

Lactoferrin  (LF)  is  an  iron-binding  glycoprotein  that  is
resent  in  several  mucosal  secretions.  LF,  which  is  proved
o  be  potent  against  several  pathogens  including  viruses.  It
an  also  inhibit  replication  in  DNA  or  RNA  viruses  including
otavirus,  respiratory  syncytial  virus,  herpes  viruses,  and  HIV
43].  Lang  et  al.  (2011)  used  LF  against  SARS-CoV  and  showed
hat  LF  prevented  dose-dependent  infection  with  the  SARS
seudo-virus.  They  further  suggested  that  LF  exercised  its
nhibitory  role  at  the  viral  attachment  stage  and  could  block
he  binding  of  spike  protein  to  host  cells  [44].  LF  prevents
iral  entry  into  the  host  cell  by  either  blocking  cell  recep-
ors  or  by  direct  binding  to  virus  particles.  It  is  not  reported
o  function  against  the  virus  after  infection.  LF’s  substantial
ntiviral  activity  makes  it  a  possible  alternative  to  be  used
s  a  drug  or  a  drug-conjugate  with  traditional  antivirals  [45].

Defensins  are  highly  abundant  and  play  a  central  role
n  innate  immunity  in  humans  [46].  Defensins  have  been
ound  to  show  antiviral  activities  in  SARS-CoV  [47]. The
heta-defensin,  Rhesus  theta-defensin  1  (RTD-1),  a cyclic
MP  with  three  disulfide  bonds  was  first  located  in  rhe-
us  macaque  leukocytes  and  is  not  expressed  in  humans.
ohlford-Lenane  et  al.  (2009)  used  RTD-1  in  mouse  SARS-
oV  models  to  evaluate  its  therapeutic  properties  and  found
hat  RTD-1  intranasal  application  has  shown  a  100%  survival
ate  in  the  infected  mouse  whereas  the  untreated  mouse
eath  rate  was  75%.  The  authors  concluded  that  RDT-1  did
ot  participate  in  the  direct  inactivation  of  the  viral  parti-
le  but  rather  revealed  an  immunomodulatory  mechanism  of
ction  as  indicated  by  the  expression  of  the  N  gene  antigen
n  lung  tissue  [48].

Zhao  et  al.  (2020)  developed  an  antiviral  peptide  with
road-spectrum  activity,  P9R  from  a  pre-existing  P9  pep-
ide,  and  mouse  �-defensin-4.  P9R  showed  antiviral  potency
owards  SARS-CoV-2,  MERS-CoV,  SARS-CoV,  A(H1N1)pdm09,
(H7N9)  virus,  and  rhinovirus.  P9R’s  antiviral  activity

nvolved  both  viral  binding,  and  endosomal  acidification
nhibition.  The  authors  demonstrated  that  a  rise  in  the
ositive  charge  of  P9R  raised  the  inhibition  of  endosomal

cidification  [49].  These  types  of  broad-spectrum  antiviral
eptides  are  today’s  urgent  need  and  are  a  must  for  fighting
he  emerging  and  re-emerging  viral  outbreaks.
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n silico method of designing peptide-based
herapeutics

ften  peptides  synthesized  are  not  potent  enough  to
dvance  the  drug  development  process.  Hence,  it  is  advan-
ageous  to  design  peptides  by  in  silico  methods  which  could
e  time  and  cost-effective.  AVPpred  is  a  support  vector
achine  (SVM)-based  in  silico  method  that  could  be  used

or  the  prediction  of  antiviral  peptides  (AVPs).  The  algo-
ithm  for  AVPpred  is  based  on  positive  and  negative  data
ets  of  experimentally  verified  AVPs  against  several  viral  dis-
ases.  The  authors  have  created  four  different  models  of
redictions  of  AVPs  based  on  parameters  like  composition,
hysicochemical,  sequence,  and  alignment  [50].  By  the  use
f  this  webserver,  researchers  are  anticipated  to  develop
eptide-based  therapeutics  for  SARS-CoV-2  on-chip  and  then
o  the  laboratory  for  experimental  verifications.

Barh  et  al.  (2020)  [51]  utilized  bioinformatics  tools  to
esign  potential  peptide  therapeutics  which  could  act  on
he  S  protein-hACE2  interaction.  They  utilized  three  strate-
ies:  first,  analyzing  the  major  amino  acids  residues  that  are
nteracting  between  S  protein  and  hACE2;  second,  screening
ome  databases  of  AMPs  against  SARS-CoV-2  S  protein  RBD
omain;  and  lastly,  designing  a chimeric  peptide  from  the
wo  fragments  of  two  different  peptides  obtained  from  the
bove  first  two  steps.  The  authors  designed  several  hybrid
eptides  and  the  resulting  peptides  were  docked  via  HPEP-
OCK  server  with  the  S  protein  RBD  target  residues  [51].
PEPDOCK  is  a blind  peptide-peptide  docking  web  server
hat  works  on  a  hierarchical  algorithm  [52]. Out  of  the  clus-
er  of  about  500  peptides,  only  10  peptides  (AC20,  AC23,
BP6,  and  cnCoVP-1-  cnCoVP-7)  showed  the  characteristics
o  block  the  S  protein-hACE2  interaction  [53].

Ling  and  co-workers  (2020)  [53]  have  designed  an  AVP
hat  could  target  the  S  protein  of  SARS-CoV-2.  They  designed
n  HR2-based  AVP  based  on  biomolecular  simulations  of  the
usion  core  and  HR2  of  SARS-CoV-2.  They  found  that  the
inding  energy  of  HR1  and  HR2  of  the  virus  is  lower  than
hat  of  HR1  and  HR2-based  AVP  (HR2-anti-P)  signifying  that
he  HR2-anti-P  binds  competitively  to  HR1.  Thus,  the  entry
f  the  virus  into  the  cell  can  be  prohibited  by  blocking
he  formation  of  the  fusion  mechanism  [53].  Based  on  the
rystal  structure  of  the  SARS-CoV-2  RBD/hACE2  complex,
ybrid  peptides  were  created  from  two  different  peptide
ragments  of  hACE2  that  could  block  the  binding  of  S  pro-
ein  with  hACE2.  The  fragments  were  attached  via  a  glycine
esidue.  By  the  use  of  protein  designing  tools  like  EvoEF2
nd  EvoDesign,  the  amino  acid  sequences  of  the  hybrid  pep-
ides  were  completely  re-designed  so  that  they  could  match
he  peptide  scaffold  and  also  increase  the  binding  affin-
ty  to  SARS-CoV-2  [54].  There  is  an  urgent  requirement  of
n  vitro  and  in  vivo  studies  to  evaluate  the  above-mentioned
eptides  generated  through  in  silico  methods.

Baig  et  al.  [55]  identified  the  peptide  inhibitors  to  restrict
he  entry  of  SARS-CoV-2  into  the  host  cell  using  in  silico
ethods  like  molecular  docking  and  dynamics.  SARS-CoV-2

nters  into  the  cell  based  on  the  interaction  between  the  S
rotein  of  the  virus  and  the  ACE2  of  the  cell.  Therefore,  the

eptide  has  been  designed  by  blocking  the  interaction  of  S
rotein-ACE2.  A  short  sequence  of  twenty-three  amino  acids
PDB  ID:  (6M17-2019-nCoV  RBD/ACE2-B0AT1  complex)  from
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lu23  to  Leu45  was  selected  and  the  initial  five  amino  acids
ere  removed  to  design  the  eighteen  amino  acids  peptide.
he  peptides  were  designed  by  the  alanine  scanning  method
y  analyzing  the  importance  of  each  of  the  contributing
mino  acids.  The  results  of  the  designed  peptides  were  ana-
yzed  based  on  the  binding  free  energies  and  conformation.
owever,  it  is  not  validated  with  in-vitro/in-vivo  studies

55].
The  immunoinformatic  approaches  have  been  employed

o  design  multiepitope-based  vaccines  for  the  treatment
f  COVID-19.  The  vaccine  was  designed  by  fusing  B  cells,
ytotoxic  T  lymphocytes,  and  helper  T  lymphocytes  and  by
inking  �-defensin  and  pan-HLA  DR  binding  epitopes  through
he  EAAAK  linker  at  the  N-terminal.  Further,  a  short  TAT
equence  comprising  eleven  amino  acids  was  introduced  at
he  C-terminal.  The  molecular  docking  was  carried  out  to
etermine  the  interaction  between  the  vaccine  and  immune
eceptors.  However,  the  efficacy  of  the  vaccine  has  not  been
valuated  experimentally  [56].

ther peptide-based therapeutics

 recent  literature  review  has  suggested  the  use  of
nake-derived  bradykinin-potentiating  peptides  (BPPs),  par-
icularly  BPP-10c  in  developing  the  drug  for  COVID-19.
PP-10c  increases  bradykinin-related  effects  and  decreases
ngiotensin  II  levels  by  inhibiting  ACE.  BPP-10c  is  also
afe  as  no  cytotoxic  effects  have  been  observed  in  its
dministration.  BPP-10c  exhibits  organo-protective  and
ntihypertensive  effects.  As  COVID-19  is  involved  in  organo-
estructive  effects,  the  administration  of  BPP-10c  may  help
n  reducing  the  severity  of  COVID-19  infection  [57,58].

A  phase-II  clinical  trial  (NCT04335136)  with  more  than
00  participants  is  being  conducted  to  study  the  therapeu-
ic  effect  (RhACE2-APN01).  The  trial  is  being  conducted  at

 multinational  level  consisting  of  Austria,  Denmark,  and
ermany  [59].

Interferon  �  is  an  acid-resistant  glycoprotein.  Recombi-
antly  developed  interferon  �  has  been  under  consideration
or  the  various  therapeutic  actions.  The  regulation  of  the
mmunological  response  of  interferon  �  after  the  viral
nfection  is  well  known.  The  safety  and  efficacy  of  inter-
eron  �-1a  for  the  treatment  of  severe  COVID-19  have
een  evaluated  in  a  randomized  clinical  trial.  The  study
mployed  forty-two  patients  who  received  interferon  �-
a  (44  �g/mL  three  times  in  a  week  for  two  consecutive
eeks)  along  with  hydroxychloroquine,  lopinavir,  and  riton-
vir  or  atazanavir-ritonavir.  The  control  groups  consisted  of
hirty-nine  patients  who  received  only  hydroxychloroquine,
opinavir,  and  ritonavir,  or  atazanavir-ritonavir.  The  inter-
eron  treated  group  has  decreased  the  28  days  mortality  and
ncreased  the  14  days  discharge  rate  among  the  COVID-19
atients  [60,61].

onclusion

OVID-19  is  growing  unprecedently  and  has  become  a

hreat  to  humanity.  The  search  for  the  cure  of  COVID-19
s  indispensable;  this  has  led  the  researchers  to  search  the
vailable  domains  for  the  development  of  COVID-19  specific
rugs.  Peptide-based  therapeutics  (structurally  modified
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eptides)  have  many  advantages  in  comparison  to  antibody-
ased  treatment  and  small-molecule  drugs.  The  advantages
f  peptides  are  easy  availability,  low  production  cost.
he  structurally  modified  peptides  have  shown  improved
ioavailability,  low  immunogenic  responses,  high  biological
ctivity,  low  intrinsic  toxicity.  Moreover,  the  time  taken  to
evelop  a  peptide  drug  is  also  less.  The  peptide-based  ther-
peutics  used  in  several  preclinical  studies  reviewed  in  this
aper  imparts  the  importance  of  peptide  and  peptide-based
herapeutics  in  the  development  of  the  drug  for  COVID-19.
urther,  as  discussed  herein  S  protein—hACE2  interaction  is

 very  promising  target  for  a  potential  drug  investigation.
MPs  might  be  a  good  candidate  drug  for  the  COVID-19  as
he  majority  of  them  exist  as  natural  entities  and  are  even
roduced  in  the  human  body;  hence  they  are  non-toxic  and
afe.  Time  is  a  critical  factor  here  as  each  passing  day  is
osting  thousands  of  lives.  Computer-aided  peptide  drug  dis-
overy  could  play  a  crucial  role  in  this  aspect.  Moreover,  a
eptide-based  drug,  RhACE2-APN01  based  on  recombinant
ACE2  peptide  has  already  entered  phase  II  clinical  trials.
his  review  reveals  many  facets  of  the  feasibility  of  using
eptide-based  therapeutics  as  the  promising  therapeutic
oute  for  COVID-19.  More  detailed  preclinical  studies  and
nputs  from  the  scientific  community  are  required  for  the
evelopment  and  screening  of  peptide-based  therapeutics
gainst  COVID-19.
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