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ABSTRACT
Heparan sulfate proteoglycans (HSPGs) are cell surface receptors that are involved in the cellular uptake of pathologic amyloid
proteins and viruses, including the novel coronavirus; severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Heparin and heparan sulfate antagonize the binding of these
pathogens to HSPGs and stop their cellular internalization, but
the anticoagulant effect of these agents has been limiting their
use in the treatment of viral infections. Heparin-binding peptides
(HBPs) are suitable nonanticoagulant agents that are capable of
antagonizing binding of heparin-binding pathogens to HSPGs.
Here, we review and discuss the use of HBPs as viral uptake
inhibitors and will address their benefits and limitations to treat

Introduction
Heparin binding is a common feature in some viruses and all
pathologic amyloid proteins. These pathogens use this characteristic to bind heparan sulfate proteoglycans (HSPGs) on
host cells and internalize into the cells. Thus, heparin and
heparan sulfate therapy stop the binding of these pathogens to
HSPGs and reduce the level of infectivity (Compton et al.,
1993; Giroglou et al., 2001; de Haan et al., 2008; Leistner et al.,
2008; Sandwall et al., 2010; Bourgault et al., 2011; Martin and
Ramirez-Alvarado, 2011; Noborn et al., 2011, 2012; Donalisio
et al., 2012; Holmes et al., 2013; Cagno et al., 2014; Milewska
et al., 2014; Dogra et al., 2015; Xu et al., 2015; Pitt et al., 2016;
Ghezzi et al., 2017; Kim et al., 2017; Tan et al., 2017; Rauch
et al., 2018; Hudák et al., 2019; Jackson et al., 2019; Tang
et al., 2020). Recent studies have shown that receptor-binding
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viral infections. Furthermore, we will discuss a variant of these
peptides that is in the clinic and can be considered as a novel
therapy in coronavirus disease 2019 (COVID-19) infection.
SIGNIFICANCE STATEMENT
The need to discover treatment modalities for COVID-19 is
a necessity, and therapeutic interventions such as heparinbinding peptides (HBPs), which are used for other cases, can
be beneficial based on their mechanisms of actions. In this
paper, we have discussed the application of HBPs as viral
uptake inhibitors in COVID-19 and explained possible mechanisms of actions and the therapeutic effects.

domain which is located within the S1 subunit of spike
glycoprotein of the novel SARS-CoV-2 virus, also binds to
heparin (C. Mycroft-Wes et al., preprint, DOI: https://doi.org/
10.1101/2020.02.29.971093), and administration of low-molecular-weight heparin reduces mortality in severe COVID-19
sepsis with sepsis-induced coagulopathy (SIC) score $4 or
D-dimer .sixfold of the upper limit of normal (Tang et al.,
2020). Sepsis in severe cases of COVID-19 induces coagulopathy (SIC) or elevated D-dimer (Connors and Levy, 2020;
Langer et al, 2020; Tang et al., 2020; The Lancet Haematology,
2020). Although associated with an increased risk of bleeding,
heparin therapy resulted in no survival benefits in the overall
sepsis population, and the beneficial effects on mortality were
observed only in the severe COVID-19 cases with extreme SIC
score and very high level of D-dimer. Despite this minor
benefit in a subgroup of severe COVID-19 to control hypercoagulation, heparin therapy is not recommended for mild
COVID-19 cases (nonsepsis cases), which are almost 70% of
reported patients with COVID-19, as well as control population to prevent viral entry via HSPG-mediated endocytosis
and subsequent viral replication (Hirsh et al., 2001; Crowther

ABBREVIATIONS: AL, light chain; COVID-19, coronavirus disease 2019; CRM-197, cross-reacting material-197; HB-EGF, heparin-binding
EGF-like growth factor; HBP, heparin-binding peptide; HS, heparan sulfate; HSPG, heparan sulfate proteoglycan; P5, peptide number 5; (P5R)D,
main variant of P5 with a D-form of P5 with all lysines substituted with arginine (R); PK/PD, pharmacokinetics/pharmacodynamics; PET, positron
emission tomography; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SIC, sepsis-induced coagulopathy; TTR, transthyretin.
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Unable to manage infection in
animal models (Pitt et al., 2016)
because of lack of endosomal escape
It is a carrier protein in some FDAapproved vaccines against viral and
bacterial infections
It is expected to manage infection in
animal models because CRM-197
functionalize the HBP to escape
endosomes
Not tested

FDA, Food and Drug Administration; NCBI, National Center for Biotechnology Information.
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because of lack of endosomal escape
Yes (Tavassoly
et al., 2020)
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Unpublished
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Yes (Dogra et al.,
Yes (Martin et al., 2013,
Yes (Martin et al., 2013,
2015; Jackson
2014; Wall et al., 2011,
2014; Wall et al., 2011,
et al., 2019)
2012, 2013a,b)
2012, 2013a,b)
Yes (Wall et al., 2015, 2017, Yes (Wall et al., 2015, 2017, Yes (Dogra et al.,
2015; Jackson
2019; Kennel et al., 2016a;
2019; Kennel et al., 2016a;
et al., 2019)
Martin et al., 2016; Stuckey Martin et al., 2016; Stuckey
et al., 2020)
et al., 2020)
Yes (Pitt et al., 2016)
Yes (Pitt et al., 2016)
Yes (Pitt et al.,
2016)

Managing Viral Infection in Animal
Models
Viral Entry
Inhibition in Cell
Cultures
Amyloid Binding
Heparin Binding
Peptide Sequence
Peptide Name

TABLE 1
List of HBPs with potential of using in the COVID-19 therapeutics development
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and Warkentin, 2008; Umemura et al., 2016; Nishida et al.,
2018; Tang et al., 2020). On the other hand, heparin-binding
peptides (HBPs) can antagonize the binding of heparinbinding pathogens to HSPGs. A group of these synthetic
peptides (Peptide number 5 (P5) family of peptides) was
developed as positron emission tomography (PET) imaging
agents to detect extracellular amyloid depositions in the
peripheral nervous system of mice models of amyloidosis
(Wall et al., 2011, 2012, 2013a, 2015, 2017, 2019; Martin
et al., 2013, 2014, 2016; Kennel et al., 2016a; Stuckey et al.,
2020). Some of these P5 families of peptides (Table 1) have
been already tested in cell lines and preclinical animal models
to evaluate their ability to control the infection of herpes
viruses (Dogra et al., 2015; Pitt et al., 2016; Jackson et al.,
2019). The results of these studies showed that these peptides
possess a strong inhibitory effect in cell cultures but were not
efficient in animal models of viral infection. All the above
reports are based on the preventive (prophylactic) effect of
these compounds in which administration of the peptide in cell
cultures or animal models happened before induction of
infection (Dogra et al., 2015; Pitt et al., 2016; Jackson et al.,
2019). This strong inhibitory effect in cell cultures is due to the
binding of HBPs to cell surface HSPGs, which antagonizes the
interaction of viruses with HSPGs and subsequently reduces
viral particle uptake (Fig. 1). However, in animal models of
infection generated by intraperitoneal inoculation of viruses,
the infection quickly spreads through the whole body and also
might cause sepsis (Murando et al., 2019). Thus, upon infection induction, viruses enter the cytoplasm of cells where
the peptide therapeutics (Table 1) cannot reach to neutralize
them. In general, the infection starts when viruses hijack
cellular endocytosis pathways such as HSPG-mediated endocytosis to enter cells and use the endosomal pathway to travel
through the cytoplasm and reach the nucleus to initiate their
replication and infection. To avoid the host degradation
system, viruses can escape endosomes and enter cytoplasm
before the fusion of endosomes with the lysosome (Fig. 2A)
(Greber and Way, 2006; Xiao and Samulski, 2012; Staring
et al., 2018). Accordingly, peptide-based therapeutics, including HBPs, also enter cells through similar endocytic pathways, but they cannot escape the endosomal/lysosomal system
and finally will be sorted to the lysosome for degradation
(Fig. 2B). Therefore, they are not effective enough to suppress
cytoplasmic viral particles, leading to the continuation of viral
exit from infected cells to infect neighboring cells and cell-tocell spread of infection. We believe this limitation might be
the reason for unsuccessful outcomes in testing these peptides
in in vivo models of viral infection. Here, we address this
limitation by proposing conjugation of these peptides with
a nontoxic carrier protein that escapes endosomes and is able
to transfer HBPs to the cytoplasm, where they target and
neutralize cytoplasmic viruses to stop cell-to-cell spread of
infection (Fig. 2C) (De Boer and Gaillard, 2007; Kakimoto
et al., 2009). Furthermore, Tavassoly et al. (2020) recently
showed that these amyloid binding HBPs reduce a-synucleinamyloid fibril uptake in cell cultures, which potentially
confirms their ability to stop the first stage of pathogen entry
into cells by antagonizing docking of pathogenic particles to
HSPGs. Moreover, our unpublished results (O.T.) showed that
other synthetic (HBP-I: GKKQRFRHRNRKG) and natural
HBPs [heparin-binding EGF-like growth factor (HB-EGF) and
cross-reacting material-197 (CRM-197)] can block cellular

Amyloid Uptake
Inhibition
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Fig. 1. HBPs mode of action. (A) Heparinbinding viruses dock to their cellular receptors (HSPGs) and hijack HSPG-mediated
endocytosis to enter cells. (B) Pretreatment
of cells with HBPs or viral incubation with
HBPs results in neutralizing HSPGs or viruses
with HBPs, respectively. This neutralization
antagonizes the virus-HSPG binding and leads
to a reduction in the level of viral uptake.

escaping the endosomal pathway and transferring its cargo
into the cytoplasm (De Boer and Gaillard, 2007; Kakimoto
et al., 2009). Thus, conjugation of available HBPs with CRM197 might be a suitable engineering strategy to functionalize
and enable them to escape endosomes and neutralize cytoplasmic viral particles (De Boer and Gaillard, 2007; Kakimoto
et al., 2009). This engineered therapeutic agent can be used in
preclinical models of infection as well as clinical studies
because of its favorable pharmacokinetic/pharmacodynamic
(PK/PD) properties that even facilitate its entry into the
central nervous system (Gaillard et al., 2005; Wang et al.,
2011) to neutralize brain infection and reduce subsequent
neuropathology. In this perspective, we emphasize on targeting SARS-CoV-2 heparin binding and review the current
available HBPs, which are already tested in the preclinical
animal models of amyloidosis and viral infections. We finally

Fig. 2. Cellular trafficking of viruses and HBPs.
(A) Upon HSPG-mediated endocytosis, viruses
enter the endosomal pathway but escape from
endosomes to enter the cytoplasm and reach to
the nucleus to start replication or exit from cells
to transfect neighboring cells. (B) HBPs also
internalize by HSPG-mediated endocytosis and
enter the endosomal-lysosomal system, but they
are not capable of escaping endosomes. Thus,
HBPs will be sorted to the lysosome for degradation and cannot reach cytoplasmic viruses. (C)
Conjugates of HBP-CRM-197 use CRM-197 receptor to enter the endosomal pathway, but
CRM-197 can escape endosomes before reaching
to lysosomes for degradation.
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internalization of a-synuclein-amyloid fibrils as well. HB-EGF
is a growth factor that activates the epithermal growth factor
receptor and has neuroprotective effects (Gaviglio et al., 2017;
Zhou et al., 2017). CRM-197 is the nontoxic mutant of
diphtheria toxin and is used as a carrier protein in several
approved vaccines, such as HibTITER (Haemophilus influenzae type b–associated diseases), Prevnar (pneumococcal diseases), and Menveo (meningococcal diseases) (Shinefield,
2010; Möginger et al., 2016). A missense mutation that
substitutes glycine in position 52 to glutamic acid converts
diphtheria toxin to a nontoxic carrier protein (Giannini et al.,
1984; Malito et al., 2012). Interestingly, it has been shown that
CRM-197 has four heparin-binding domains (Knittel et al.,
2015), which potentially can act as an antagonizing agent to
stop the binding of heparin-binding pathogens into the cell
surface HSPGs. Furthermore, this carrier protein is capable of
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propose an engineering strategy to design a novel conjugate
therapeutic agent that might address the limitation of current
HBPs in animal models of infection. This approach can
potentially target cellular entry and propagation of viruses
and amyloid proteins and can be considered as a possible
therapy for COVID-19.

Heparan Sulfate Proteoglycans as COVID-19
Receptor

Targeting HSPG Binding with HBPs
In this paper, we focus on a class of HBPs developed initially
to bind peripheral amyloid structures (Wall et al., 2011, 2012,
2013a, 2015, 2017, 2019; Martin et al., 2013, 2014, 2016;
Kennel et al., 2016a; Stuckey et al., 2020) but was found to act
as endocytosis inhibitors to stop cellular uptake of herpes
viruses (Dogra et al., 2015; Pitt et al., 2016; Jackson et al.,
2019) and a-synuclein fibrils (Tavassoly et al., 2020). The lead
peptide of this group, P5, was characterized as the most potent
peptide among a series of seven heparin-binding peptides (P1P7). The P5 peptide has high affinity for heparin as well as
favorable tissue biodistribution and amyloid binding. Its
function was evaluated by small-animal single photon emission tomography imaging in an AA amyloidosis mouse model
as well as microautoradiography in tissue sections. This
31-residue peptide, which contains a heptad repeat of amino
acids (-KAQKAQA-), reacts with amyloid structures of serum
amyloid A protein, AL, TTR, and amyloid-b in tissue sections
from AA amyloidosis, AL amyloidosis, TTR amyloidosis, and
Alzheimer disease, respectively (Wall et al., 2011, 2012,
2013a,b; Martin et al., 2013, 2014; Kennel et al., 2016b).
Two main variants of this peptide were generated to improve
its PK/PD properties, including biodistribution, fast clearance
in normal tissues, and higher amyloid binding affinity. In
2015, an extended variant of P5 was generated by adding 14
more residues (including four additional lysine residues) to
the P5 peptide to improve its heparin-binding affinity and
subsequently to enhance the amyloid-binding properties (Wall
et al., 2015). The resulted peptide, P5 + 14, possesses more
favorable binding to synthetic amyloid structures, tissuederived amyloids, and improved PK/PD properties in binding
to tissue amyloid deposits in mice models of AA amyloidosis
compared with original P5 peptide (Wall et al., 2015, 2017;
Kennel et al., 2016; Martin et al., 2016; Beierle et al., 2017).
Phase I trial studies of P5 + 14 peptide have shown promising
results in the detection of amyloid deposits in multiple organs
using a radiolabeled analog of this peptide in PET imaging of
systemic amyloidosis patients (Wall et al., 2019; Stuckey et al.,
2020). Another main variant of P5 is a D-form of P5 with all
lysines substituted with arginine (R), (P5R)D. The resulted
peptide has more heparin-binding activity as well as a higher
half-life in animal studies (Pitt et al., 2016).
Additionally, these novel peptides can also bind to heparinbinding viruses, such as herpes simplex viruses and human
cytomegalovirus, that antagonize viral uptake and subsequently reduce viral infection in cells exposed to these viruses.
In cell culture studies, the P5 + 14 peptide has shown the most
favorable efficacy in diminishing the cellular infection (90%)
compared with P5 (53%) and P5R (75%) (Dogra et al., 2015).
Furthermore, recently, Tavassoly et al. (2020) showed that
pretreatment of cells with P5 + 14 peptide reduces the level
of a-synuclein-fibrils uptake. a-Synuclein is a misfolded
protein that forms heparin-binding fibrils in the Parkinson disease brain. These fibrils can propagate neuron-toneuron in a prion-like manner and spread the pathology
throughout the brain, similar to viruses. Thus, stopping
cellular uptake and propagation of these pathologic fibrils
is a target in Parkinson’s disease therapy development (Luk
et al., 2012a,b; Tavassoly et al., 2018, 2020). In another study,
P5R and its D-form analog, (P5R)D, were tested in cell cultures
infected with human cytomegalovirus. The results showed that
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HSPGs are cell membrane glycoproteins composed of proteins covalently attached with heparan sulfate (HS) chains. HS
is a linear polysaccharide composed of sulfated repeats
of different disaccharide blocks (Sarrazine et al., 2011;
Christianson and Belting, 2014). These extracellular polysaccharides bind to different ligands and serve as a cell surface
docking site or receptor for the attached ligands. It has been
shown that a variety of viruses and pathologic amyloid
proteins bind to HS and internalize into host cells by hijacking
the HSPGs-mediated endocytosis pathway (Compton et al.,
1993; Giroglou et al., 2001; De Haan et al., 2008; Leistner
et al., 2008; Sandwall et al., 2010; Bourgault et al., 2011;
Martin and Ramirez-Alvarado, 2011; Noborn et al., 2011,
2012; Donalisio et al., 2012; Holmes et al., 2013; Cagno et al.,
2014; Milewska et al., 2014; Dogra et al., 2015; Xu et al., 2015;
Pitt et al., 2016; Ghezzi et al., 2017; Kim et al., 2017; Tan et al.,
2017; Rauch et al., 2018; Hudák et al., 2019; Jackson et al.,
2019; Tang et al., 2020). Examples of viruses that use HSPG to
infect cells are cytomegalovirus (Compton et al., 1993; Jackson
et al., 2019), respiratory syncytial virus (Donalisio et al., 2012;
Cagno et al., 2014; Johnson et al., 2015), human papillomavirus (Giroglou et al., 2001; Buck et al, 2013), hepatitis-C virus
(Xu et al., 2015), hepatitis-B virus (Leistner et al., 2008), Zika
virus (Ghezzi et al., 2017; Kim et al., 2017; Tan et al., 2017),
and coronavirus (De Haan et al., 2008; Milewska et al., 2014).
In the case of pathologic amyloid-related proteins, the
heparin-binding property and prion-like cell-to-cell propagation are characterized for both peripheral and central nervous
system–related proteins, including prions (Schonberger et al.,
2003; Horonchik et al., 2005), tau (Holmes et al., 2013; Rauch
et al., 2018), a-synuclein (Holmes et al., 2013; Hudák et al.,
2019), amyloid-b (Sandwall et al., 2010), serum amyloid A
protein (Noborn et al., 2012; Lu et al., 2014), light chain (AL)
(Martin and Ramirez-Alvarado, 2011; Blancas-Mejía et al.,
2015), and transthyretin (TTR) (Bourgault et al., 2011;
Noborn et al., 2011). In all these viral and amyloid pathogens,
exogenous heparin or HS antagonizes cellular endocytosis
and ameliorates subsequent infections and pathologies. Recently, SARS-CoV-2 was also found to be a heparin-binding
virus with several potential heparin-binding sites located
within the spike S1 protein (C. Mycroft-Wes et al., preprint,
DOI: https://doi.org/10.1101/2020.02.29.971093). Furthermore, heparin treatment in patients with severe COVID-19
shows promising results to control the disease mortality
(Tang et al., 2020).
Thus, HBPs are potentially capable of stopping cellular
entry and infection of SARS-CoV-2 in a way like the other
heparin-binding viruses. Because one variant of these HBPs
is already in the clinical trials (Wall et al., 2019; Stuckey
et al., 2020), it has the potential to be applied as alternative
therapeutics for COVID-19.
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toxin, which itself is a heparin-binding protein and can mimic
viral pathogens and escape from the endosomal pathway to
enter cytoplasm (De Boer and Gaillard, 2007; Kakimoto et al.,
2009). Therefore, a molecule containing conjugates of P5 + 14
peptide with CRM-197 can specifically enter cells by hijacking
CRM-197 receptor, pro–HB-EGF, and subsequently escape
endosomes to enter cytoplasm, where they bind and neutralize
the viruses (Fig. 2C), stopping their replication in the nucleus
and subsequent cell-to-cell propagation.

Molecular Interaction Studies: HBPs Docking to
SARS-CoV-2 Spike Protein S1
The HDOCK server (Yan et al., 2020) was used to estimate
potential interactions between HBPs (P5 + 14 and CRM-197)
and SARS-CoV-2 spike protein S1. This server generates 100
theoretical models of possible protein-protein (peptide) interactions and scores them based on docking energy (Yan et al.,
2020). An analog of P5 + 14 in which all lysine residues were

Fig. 3. HBPs docking to SARS-CoV-2 spike protein S1. (A) Docking model showing the interaction of heparin-binding domains of spike protein S1
(yellow) and CRM-197 (rainbow). (B) Docking model showing the interaction of P5 + 14 peptide (rainbow) with the heparin-binding domain of spike
protein S1 (yellow). (C) Docking model showing the interaction of control peptide (rainbow) with the heparin-binding domain of spike protein S1 (yellow).
(D) Detailed docking model of results in (A) showing molecular interactions between spike protein S1 (yellow) and CRM-197 (blue). Electrostatic
interactions between residues are shown as white dotted lines. Protein spike S1 residues involved in the interaction are shown. Binding involves
interaction between Asn-354, Arg-357, Lys-356, Leu-335, Leu-335, Cys-336, Asn-343, Asn-343, Arg-346, Arg-346, Asn-450, Arg-346, Glu-340, Thr-345,
Thr-345, and Thr-345 residues from spike protein S1 and Glu-249, Gln-252, Glu-248, Thr-256, Lys-264, Gly-268, Pro-271, Asn-270, Glu-241, Glu-240,
Glu-241, Glu-248, His-251, Ala-276, Ala-276, and Asn-277 residues from CRM-197. (E) Detailed docking model of results in (B) showing molecular
interactions between spike protein S1 (yellow) and N-terminus of P5 + 14 (red). Electrostatic interactions between residues are shown as white dotted
lines. Protein spike S1 residues involved in the interaction are shown. Binding involves interaction between Asp-428, Asp-571, and Asp-571 residues from
spike protein S1 and Lys-20, Ala-10, and Lys-6 residues from P5 + 14 peptide. (F) Detailed docking model of results in (B) showing molecular interaction
between spike protein S1 (yellow) and C-terminus of P5 + 14 (blue). Electrostatic interactions between residues are shown as white dotted lines. Protein
spike S1 residues involved in the interaction are shown. Binding involves interaction between Thr-470, Thr-470, Ser-469, Ser-469, Ser-469, Glu-471, Asp467, Asn-460, Arg-466, Glu-465, and Glu-465 residues from spike protein S1 and Gln-42, Ala-35, Lys-37, Ala-38, Lys-34, Ala-38, Ala-35, Lys-34, Gln-31,
Gln-31 and Gln-28 from P5 + 14 peptide.
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(P5R)D had more antiviral activity than the original L-form
peptide. Pretreatment of cells with this peptide led to a 90% reduction in the infection (Pitt et al., 2016). Despite the ability of
these peptides to block virus entry in vitro, they were unable to
reduce infectivity in vivo significantly (Pitt et al., 2016;
Jackson et al., 2019). This unfavorable PD in animal models
might be due to PK barriers, such as the lack of endosomal
escape ability of these peptides to reach cytoplasmic viruses
that already escaped the endosomal trafficking pathway and
survived from lysosomal degradation (Greber and Way, 2006;
Xiao and Samulski, 2012; Staring et al., 2018). HBPs upon
internalization enter the endosomal pathway and are finally
degraded by lysosomes (Fig. 2B), whereas viruses can escape
this trafficking pathway and enter cytoplasm (Fig. 2A) to 1)
reach nucleus where they start replication and/or 2) exit cells
to transfect neighboring cells (Greber and Way, 2006; Xiao and
Samulski, 2012; Staring et al., 2018). Therefore, there would
be insufficient target engagement for HBPs in animal models
of infection. Here, we suggest the use of an approved vaccine
carrier protein like CRM-197, a nontoxic mutant of diphtheria
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Discussion and Conclusion
The emerging COVID-19 pandemic caused an unexpected
and large number of infections leading to significant mortality
globally. Because of mandatory quarantine strategy, the rate
of viral transmission has been slowed down, but there is still
an urgent need to find a therapeutic agent to treat or prevent
the transmission of the virus, especially in the light of possible
reinfection after recovery (Alizargar, 2020; J. Huang et al.,
preprint, DOI: https://doi.org/10.1101/2020.05.06.20089573).
The antibody-based vaccines against viral surface spike
proteins are under development to prevent viral entry into
the cells (M. A. Mong et al., preprint, DOI: https://doi.org/10.
1101/2020.04.19.20071647; Omer et al., 2020; Ota, 2020; Xu
et al., 2020). Though the production of an efficient vaccine is
still in progress, other treatments and prophylaxis approaches
seem necessary. In this paper, we propose using HBPs (Wall
et al., 2011, 2012, 2013a, 2015, 2017, 2019; Martin et al., 2013,
2014, 2016; Kennel et al., 2016a; Stuckey et al., 2020), which
also targets viral entry (Dogra et al., 2015; Pitt et al., 2016;
Jackson et al., 2019). These peptides showed promising results
in stopping the cellular entry of herpes virus in vitro (Dogra
et al., 2015; Pitt et al., 2016; Jackson et al., 2019). The only
limitation of this peptide therapy is that in in vivo studies,
they didn’t show strong antiviral activity to prevent infection

(Pitt et al., 2016; Jackson et al., 2019). These peptides just
target the first stage of infection, which is the HSPGdependent viral internalization, and are not efficient in
targeting cytoplasmic viruses, which already escaped the
endosomal pathway and are prone to enter nucleus for viral
replication or exit cells to trigger the cell-to-cell transmission
of infection (Greber and Way, 2006; Xiao and Samulski, 2012;
Staring et al., 2018). This might be because these peptides are
taken up by cells via HSPG-mediated endocytosis and enter
the endosomal-lysosomal system to be degraded (Fig. 2B).
Thus, they are not able to escape the endosomal pathway and
cannot sufficiently target viral particles in the cytoplasm
(Fig. 2A). Therefore, despite the initial inhibitory effect to
reduce the level of viral uptake, the number of cytoplasmic
viruses increases, and subsequently, the infection spreads
throughout the body. To overcome this limitation, we suggest
conjugation of these peptides with a carrier protein, CRM-197,
which itself is an HBP (Gaillard et al., 2005; De Boer and
Gaillard, 2007; Kakimoto et al., 2009; Shinefield, 2010; Wang
et al., 2011; Malito et al., 2012).
This common vaccine carrier protein hijacks its cellular
receptor, pro–HB-EGF, to internalize cells and enhance the
transport and distribution of conjugated therapies within the
cells by induction of endosomal escape of HPB (Giannini et al.,
1984; De Boer and Gaillard, 2007; Kakimoto et al., 2009; Wang
et al, 2011; Malito et al., 2012; Möginger et al., 2016). Thus,
conjugates of the HBPs with CRM-197 (HBP-CRM-197) will be
able to escape the endosomal pathway and enter cytoplasm to
target cytoplasmic viruses (Fig. 2C). Binding of HBP-CRM197 to cytoplasmic viruses antagonizes viral replication and/or
cell-to-cell transmission. This engineered peptide conjugate
possesses full target engagement and potentially can be useful
in both prophylactic therapies to prevent viral infection
(cellular entrance) and therapeutic therapy to treat the
infected person (stopping infection spread). Furthermore,
molecular interaction modeling also shows favorable interactions between SARS-CoV-2 spike protein S1 and these
HBPs (P5 + 14 and CRM-197), and it suggests that conjugation
of these peptides might increase the binding affinity to spike
protein S1 (Fig. 3). This engineered peptide can also be used as
a PET imaging agent to detect intracellular fibrils of proteins
in the brain, which are hallmarks of neurodegenerative
diseases.
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substituted to glutamic acid was used as docking control
because of its negative net charge, which repulses its interaction with heparin or heparin-binding domains. The
structure of P5 + 14 and control peptide was modeled using
SWISS-MODEL, which is a protein structure homologymodeling server (Waterhouse et al., 2018). Moreover, the
structure of the CRM-197 heparin-binding domain (residues 165–467) (Knittel et al., 2015) was extracted from the
reported crystal structure for CRM-197 (PDB #5I82) (Mishra
et al., 2018). Furthermore, the structure of the proposed
heparin-binding domain for SARS-CoV-2 spike protein S1
(residues 330–583) was extracted from a modeled structure
(QHD43416.pdb), which is generated using C-I-TASSER
pipeline (Huang et al., 2020; Zhang et al., 2020). Docking
results (Fig. 3, A and B) showed that interaction of spike
protein S1 with CRM-197 (docking energy score: 2297.90) is
more favorable than its interaction with P5 + 14 (docking
energy score: 2207.93), which might be due to differences in
structure and size that affect their interaction with spike
protein S1. Furthermore, interaction of control peptide
with spike protein S1 was nonspecific (docking energy
score: 2178.69), and its binding site was located on the
opposite side of CRM-197 and P5 + 14 binding sites on protein
spike S1 structure (Fig. 3C). The stronger interaction for
CRM-197 might be because it possesses four heparin-binding
sites (Knittel et al., 2015), whereas P5 + 14 is composed of just
one heparin-binding domain. In addition, although binding
sites for CRM-197 and P4 + 14 were different, they were
located nearby and on the same side of spike protein S1
structure. Molecular interactions between spike protein S1
and HBPs (CRM-197 and P5 + 14) were determined using
“Hex 8.0.0” software (Fig. 3, D and E) (Ritchie, 2003; Mustard
and Ritchie, 2005). Thus, this suggests that binding of CRM197 and P5 + 14 peptides with spike protein S1 is noncompetitive and conjugation of these HBPs might increase the
efficacy in stopping SARS-Cov-2 infection (Fig. 3, A and B).
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