


Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused a global health
crisis due to its rapid transmission and severe complications. A key mechanism of viral entry is

the interaction between the SARS-CoV-2 spike protein and the angiotensin-conveptift@gnzyme 2

(ACE2) receptor, which facilitates host cell infection. Additionally, emergin 1 ts

the feasibility of heparin-based interventions for COVID-19 treatment.



CHAPTER 1: INTRODUCTION

1. Introduction

1.1. Background

SARS was a serious respiratory illness The worldwide coronavirus disease 9 pandemié was

caused by SARS-CoV-2, a virus that spreads very easily. It ed upN

virus was first found in Wuhan, China. Since then, it has spre und the world,

causing a lot of illness and death. Early in 202 rganization called the

outbreak an international public health emer Th how dangerous it was for health

systems and economies around the world(Anto 22).

The SARS-CoV-2 virus is a positive-sens -strapded RNA virus in the coronavirus family.

-2 spreads is characterized by a high basic reproduction number (R0), which
between 2 and 6 when no treatments are used. This means that each sick person
could potentially spread the virus to two to six other people, making it easier for the virus to
spread quickly through a group. The virus mostly spreads through breathing droplets that are

made when a person who is affected talks, coughs, or sneezes. Aerosol transfer has been proven,



which means the virus can stay in the air and affect people farther away than was thought

before.(Carnevale et al., 2023)

The signs of COVID-19 are very different, ranging from mild flu-like symptoms to severe

breathing problems. Symptoms that are common include fever, cough, shortn f breath,
tiredness, and loss of smell or taste. A good number of people have s t a
significant number of them have major effects, mainly in older people y
have health problems. In the worst cases, it can lead to acute drome

(ARDS), failure of multiple organs, and death. The disease e wasld's health care

ccines (Feng et al.,

systems and sparked a huge amount of study into effegtive treatfights and
2020). < :

1.2. Spike Protein Functionality

the virus inside the host cell. The receptor-binding domain (RBD) of the spike protein binds

directly with ACE2. It is one of many domains that are necessary for the protein to work.

How the virus gets in: How Receptors Work Together Attaching the receptor-binding domain

(RBD) of the S1 subunit to the ACE2 receptor on the host cell surface is the first step in the virus



getting inside. This exchange is very important for figuring out how specific and effective an
infection is. SARS-CoV-2 binds to ACE2 much more strongly than other coronaviruses, which

makes it easier for it to spread (Perez-Miller et al., 2020).

Cleavage by proteases: After the receptor binds, a series of proteolytic cleavage tions take

place. Host proteases, such as transmembrane protease serine 2 (TMPRSS2) cut

membranes to fuse together. This process works like
the spike protein's structure make it easier for_the

allowing viral RNA to enter the host cell.

nt of vaccines and treatments that stop the spread of viruses (Perico et al.,



1.3. Importance of Platelet Activation

SARS-CoV-2 has a big effect on platelet function. It raises platelet activity and makes COVID-

19 patients more likely to have thrombotic problems. This link makes it

protein work, and ACE2, a target that SARS-CoV-2 uses to
active when the spike protein binds to ACE213. This leads to

pro-inflammatory factors (Prajapat et al., 2020).

activation (PAC-1 bindin

way platelets work.

More thromb : Pla hat are overactive in COVID-19 patients are linked to more
thrombus| formation.\m vitrg” studies show that the spike protein directly stimulates platelets,

W, lots break up and release clotting factors.1. This leads to the formation of

leuk elet clusters, which make clotting and inflammation worse.

Low platelet count and thrombocytopenia: A lot of COVID-19 people have low platelet numbers,
even though their platelet activation levels are high. This conflict is caused by platelets being

used up by too much clumping together and activation in reaction to a virus.2. The link between



low platelet numbers and high platelet reactivity means that active platelets are being used up

faster than they can be made, which could be bad for patients (Robles et al., 2022)

Higher risk of thrombosis: People with COVID-19 are more likely to have thrombotic events like

this coagulopathy affects the whole body.

Clinical Results: Low platelet numbers and high levels of latelegs arg'linked to worse

clinical results in COVID-19 patients. A meta-ana found thaglower platelet numbers are

linked to a higher chance of severe disease progr meafis that keeping an eye on

platelet function may be important for patié

Figuring out what platelets do in CO has 'thade people think about how to treat it.

Anticoagulants are often use isk offthrombotic issues, but they may not work as

platelet activity instead of normal coagulation

Understanding these paths is necessary to make personalized medicines that lower these risks

and improve clinical results for people who are affected (Li et al., 2022).



1.4. Mechanism of action

important for binding to ACE2. Once the undito the farget cell, the S2 subunit helps

the membranes fuse together.

Very Strong Binding: SARS-
SARS-CoV. This strongg€t

N501Y change, which
hydrogen bo Id t

involved

Changes'in ormation: When the spike protein binds to ACE2, it goes through big changes in
conformation that help the S1 subunit separate from S2. This is called "shedding." This change is

very important for starting the virus's fusion machinery, which lets it join with the host cell

membrane and make entry easier.



Contact with Platelet Factor 4 Platelet Activation: The SARS-CoV-2 spike protein may be able to
interact with platelet factor 4 (PF4) in addition to binding to ACE2. When platelets are
stimulated, they release a chemokine called PF4. This chemokine helps with clotting and

inflammation. When the spike protein and PF4 combine, it may make platelets more active,

which can lead to more thrombotic events (Feng et al., 2020).

trea stop thrombotic events without affecting hemostasis(Carnevale et al., 2023).
The SAR -2 spike protein's connection to ACE2 makes it easier for the virus to enter host
cells. It also improves platelet activity through interactions with PF4. This two-way process

makes it easier for thrombi to form and for the body to react with inflammation, which can cause



major problems in COVID-19 people. Understanding these relationships is important for coming

up with successful ways to treat COVID-19 infections and lower the chance of thrombosis.

1.5. Drug Discovery Context

Because of the current problems caused by the COVID-19 pandemi ccesstul

treatments for SARS-CoV-2 right away. As the virus keeps changingrand new Strains appear, it is

very important to find ways to stop it from interacting wit rs thag, make infection

easier and make problems like clotting more likely.

new strains of SARS-CoV-2 has

Complex Pat

replicating an stem of the host. For treatments to work, they need to take into

Limitations of Current treatments: A lot of the current treatments can't fully target spike protein
interactions or effectively handle serious disease results. For instance, monoclonal antibodies

have been created to fight the virus, but changes in the spike protein4 can make them less



effective. Additionally, antiviral drugs might not work for all patients, especially those whose

immune systems are already weak.

Remdesivir is an RNA polymerase inhibitor that has been shown to help COVID-19 admitted
people get better faster. However, resistance has been seen in some forms, whic es it less

useful in the long term24.

Nirmatrelvir/Ritonavir (Paxlovid): Giving this oral antiviral combinatio rly inN\the “ilffiess
course has been shown to lower the chance of needing to go to thefespital.

resistance have come up again as the virus changes24.

Monoclonal Antibodies: For treating COVID-19, s onoclon ibodies have been given

emergency use permission. Some of these a la ab and etesevimab, but they are less
effective against some types because they ar Cc ¢34. The appearance of resistant
types shows how important it is to ke eye ings and keep making new antibody

treatments.

Immunomodulators: Co olds, s dexamethasone, have been shown to lower the risk
of death in ses es D-19 by reducing the body's reaction to inflammation.

ooking, ipto other immunomodulatory drugs, such as baricitinib, to see if

has been suggested as a possible drug because it can bind spike protein and stop it from
interacting with ACE2 on host cells1. This method might work against a wide range of viruses,

including new coronaviruses (Bojadzic et al., 2021)
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Current treatments have helped in some ways, but they need to be given at certain times during
an illness (usually within 10 days of the first sign of symptoms) in order to work4. Also, a lot of
medicines have side effects or situations where they shouldn't be used, which limits their use in

some groups.

1.6. Identification of Potential Inhibitors

Very large-scale screening (HTS) techniques are now neces possible SARS-CoV-2

drugs, especially those that target the spike protein's relationshi rs like ACE2 and
platelet factor 4 (PF4). With these methods, researchers can quickly through big collections

of molecules to find antiviral drugs that wor

Molecula cking studies and other computational methods are also used to find possible

inhibitors. These methods try to guess how chemicals will bind to target proteins and how well
they might work by simulating their interactions. For instance, one study used AutoDock

software to search a drug database for inhibitors of SARS-CoV-2's main protease (Mpro), which

11



led to the discovery of several good candidates5. Helicase Inhibitors(Li et al., 2022): Another
HTS approach looked for inhibitors of nsP13, a helicase that is necessary for viral replication.
This was done with a strong test in a 1,536-well format that looked at about 650,000 chemicals

and found many hits with strong inhibitory action.2.

problems that can happen with COVID-19(Bojadzic et al., 2021).

High-throughput screening methods are necessary to find possible SARS-CoV-2 drugs that block

its interactions with host factors like ACE2 and PF4. Compounds like TS-984 and tannic acid

12



look like good options because they can stop spike proteins from joining and lower inflammation
reactions. For successful treatments against COVID-19 and its complications, more study needs

to be done on these substances and new screening methods must be used.

1.7. Heparin Spike Interaction

Heparin and the SARS-CoV-2 Spike Protein

therapeutic intervention. Heparin’s st
glycosaminoglycan chains, enable it to \big ¢ spike protein and interfere with this

interaction.

Electrostatic Bindi

heparin’s hightaffinity binding to the RBD induces steric hindrance, preventing ACE2 from
accessing 1fs binding site on the spike protein. The strength of this interaction is influenced by
the degree of sulfation and molecular size of the heparin molecule, with unfractionated heparin

(UFH) showing stronger binding compared to low molecular weight heparin (LMWH).

13



Conformational Changes in the Spike Protein

Heparin binding to the spike protein induces conformational changes that disrupt its functional

entry.

Competitive Inhibition of ACE2 Binding

In addition to electrostatic interactions, heparin actsias a competitive itor. Pre-incubation of
the spike protein with heparin has been s significantly reduce its binding affinity for
ACE2. This mechanism underscores arin's s’ a prophylactic agent, capable of

preventing initial viral attachment to host

pike-ACE2 Interaction

isms to inhibit the binding of the spike protein to ACE2:

Molecular ‘docking studies have identified specific binding hotspots on the spike protein where

heparin forms stable complexes, effectively masking the ACE2 binding site.

e Disruption of Spike Protein Oligomerization

14



The trimeric structure of the spike protein is essential for its functionality. Heparin has been
shown to disrupt this oligomerization, further impairing the spike protein’s ability to engage with

ACE?2 and mediate membrane fusion.

e Inhibition of Protease-Mediated Activation

Proteolytic cleavage of the spike protein by host proteases such as TMP
prerequisite for viral entry. Heparin’s interaction with the spike protein can

of cleavage sites, thereby inhibiting protease activation and subse membran

e Neutralization of Positively Charged Domains

The electrostatic neutrality conferred by heparin\binding neutraliz8¢” the positively charged

&

articu

domains on the spike protein, diminishing tion_with the negatively charged surface of

ACE2. This electrostatic neutralizatio in reducing the efficiency of viral

docking to host cells.

1.9. Heparin a la 4)

mitigates these effects through the following mechanisms:

15



1.9.1. Inhibition of Spike-PF4 Binding

Heparin disrupts the interaction between the spike protein and PF4, reducing the formation of
immunogenic complexes that contribute to platelet activation. Studies using chemiluminescence
assays have shown that UFH significantly inhibits spike-PF4 binding, achievi to 80%
inhibition at therapeutic concentrations. This mechanism is vital in preventingfexcessi let

aggregation and thrombosis in COVID-19 patients.

1.9.2. Reduction of Immunogenic Heparin-PF4 Complex Fornia

The formation of heparin-PF4 complexes is implicated in induc rombocytopenia

(HIT), a rare but serious complication of heparin thgrapyN\By inhibitiag the binding of PF4 to the
spike protein, heparin reduces the likelihood

minimizing the risk of HIT while retaining its t

1.9.3. Modulation of Platelet Activation

1.9.4. Synergistic Antiviral and Antithrombotic Effects

The dual antiviral and antithrombotic properties of heparin position it as a unique therapeutic

agent in the management of COVID-19. By simultaneously targeting the spike protein’s

16



interaction with ACE2 and PF4, heparin addresses two critical pathological processes: viral entry
and hypercoagulability. This dual mechanism is particularly beneficial in severe COVID-19

cases, where coagulopathy and inflammation exacerbate disease progression.

1.10. Comparative Efficacy of UFH and LMWH

While both UFH and LMWH exhibit antiviral and antithromboticeffects, theic efficagy differs

scenarios.

binding through electrostatic interactions, conformational modulation, and competitive inhibition

underscore its potential as a dual-action therapeutic agent. Furthermore, its role in disrupting

spike-PF4 interactions and reducing platelet activation highlights its significance in mitigating

17



the thrombotic complications of COVID-19. The therapeutic versatility of heparin, coupled with
its widespread availability, makes it a valuable asset in the fight against the pandemic. Future

research focusing on optimizing heparin derivatives and understanding their molecular

mechanisms will further enhance their clinical utility in managing COVID-19 and related
complications. %< :

1.12. Significance of the study

Finding possible substances that stop SARS-CoV-2 from int g with"est factors is very

t pandemic has shown

thromBotic problems: Because SARS-CoV-2 can activate platelets and encourage
D-19 drugs that also target platelet activation pathways can help with one of the
most impogtant problems it causes (Carnevale et al., 2023). These chemicals can lower the risk of
thrombotic events like deep vein thrombosis and lung embolism, which happen a lot in people

with serious COVID-19. They do this by reducing platelet hyperactivity.

18



Combination treatments: Finding more than one inhibitor makes it possible to look into
combination treatments that work on different parts of the virus life cycle. For instance, using
antiviral drugs along with inhibitors of platelet activity might have a synergistic effect that makes

the treatment more effective overall and improves patient results.

Before moving on to human trials, future research

how well and safely found inhibitors work in apima ese tésts will help figure out the

w it will work with other drugs

these chemicals can be improved so that they work better and are safer.

19



Clinical Trials: Once potential options have been found through preclinical studies, they will
need to go through clinical trials to see how well they work in people. To see how different types

of people react to treatment, trials should focus on a wide range of patient groups.

Monitoring for Resistance: As with any antiviral treatment, it is very important to.Reep an eye

The study's g

platelet factor 4*and

host factors, mainly ACE2 and platelet factor 4, is the main goal. Researchers can find possible
treatment targets that could stop viruses from entering cells and lessen the problems they cause,

like thrombosis, by knowing how these interactions work.

20



Finding Useful Inhibitors: The study aims to find and describe small-molecule inhibitors that can
successfully stop the spike protein from joining to ACE2 and PF4. This is very important for
making antiviral drugs that can stop SARS-CoV-2 from getting into host cells and activating

platelets. This will lower the amount of virus in sick people and their risk of thrombosis.

Taking Care of Thrombotic Complications: Because thrombotic events

lemshlike deep vein

Contributing to Treatment Strategies: The stud eant t§ add to the larger body of
COVID-19 treatment strategies. By findifig study hopes to open up new

therapy pathways that could work wit , especially since new types may be

also aims to help with drug development by

showing how st e-baged desigh can be used to make antiviral agents that work better.

Researchersycan t chemicals work better or come up with new ones that work better

by figurifig out key stractural features of both the spike protein and how it interacts with host

factors.

Advancigg thg directions of future research: Finally, the study makes it possible to start new
research projects in the future that will look into more chemicals and test their healing potential
in living things. This means knowing how these inhibitors work in living things and how safe

they are in hospital situations as a whole.

21



In short, the goal of this study is to help us learn more about how SARS-CoV-2 interacts with
host factors and to find possible therapeutic agents that can reduce both viral infection and the
thrombotic complications that come with it. This will lead to better COVID-19 treatment

strategies in the long run.

Through its contact with ACE2, the spike protein -2 makes it easier for the virus to

hrombotic problems worse. By

we can be better prepared for current and future outbreaks. This will lead to better treatment

choices and better health outcomes for COVID-19 patients.

22



CHAPTER 2: LITERATURE REVIEW

2. Literature Review

The COVID-19 outbreak, which was caused by the new coronavirus SARS-CoV-2, has become

one of the worst health problems in recent history around the world. The\World Health

on healthcare resources, but it has also had m ctfects on health, such as stopping

important health services and leading to %- caths conditions that are not treated(Han &

Pandey, 2021).

The spike protein of SA! i actor in how the virus causes disease and how easily

or-binding domain (RBD) that works with ACE2. This relationship is not
only ne for the virus to enter, but it also affects how bad the COVID-19 signs are and how
the disease turns out.4. When the spike protein binds to ACE2, it can change shape. This lets the

viral coat fuse with the host cell membrane, which makes it easier for the virus to copy itself and

23



spread inside the host45. Figuring out what the spike protein does during infection is very

important for creating specific medicines that stop viruses from entering the body.

ACE2 is SARS-CoV-2's main target, and it does two things: it helps the virus enter the body and

relationships dould lead to new ways to effectively treat this widespread virus(Siniavin et al.,

2021).
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2.1. Interaction with Platelet Factor 4

The association between the SARS-CoV-2 spike protein and platelet factor 4 (PF4) is a key part

of how COVID-19 affects the body, especially when it comes to activating platelets and the

S hav that the spike
protein does not directly activate platelets, but its p other factors work better to

activate platelets.

in
mi latelets without ACE2, which could contribute to the high blood clotting
state se VID-19 patients2. For example, there is evidence that spike protein interactions

with CD147 can cause more platelet activation, which is shown by higher amounts of soluble P-

selectin and other signs of platelet activation.

25



The interaction between SARS-CoV-2 and platelets also causes the release of cytokines and
chemokines that promote inflammation. This makes the inflammatory reaction to COVID-19
even worse. This inflammatory environment can make endothelial cells not work properly, which

can make blood vessels leakier and raise the risk of thrombosis13. Patients with COVYID-19 have

hospitalized14. High amounts of D-difie

these people have a higher change of thro

The way the SARS-CoV-2 spike protein interacts with platelet factor 4 is a key part of figuring
out how VID-19 causes more platelets to become active and thrombotic problems. By
figuring out how these things work, researchers can come up with possible treatments that can
stop or lessen these bad effects, which will eventually make managing patients during this

pandemic better. For successful treatments to be found for COVID-19-related coagulopathy,

26



more research needs to be done into the processes involved in spike protein-mediated platelet

activation.

2.2. Need for Therapeutics

in problems with current antiviral treatments is that they can't always target the
interactions with host receptors like ACE2. Monoclonal antibodies have been
shown to uccessful at neutralizing the virus, but new strains that change the structure of the
spike protein can make them much less effective. For instance, changes in the RBD can lower
the sensitivity of antibodies, which can make treatment fail. Also, many antiviral medicines need

to be given within a short therapeutic window—usually within five days of the first sign of a

27



virus—otherwise they might not work because the virus stops replicating and the focus moves to

controlling inflammation and other problems.

Even though antivirals are supposed to be used by people who are at high risk, they have not

been used nearly enough. Studies show that many qualified patients don't get antivizaltreatments

because of different problems, such as healthcare workers not knowing abo#t t ing
trouble getting to them. This underutilization can make it more likely eople

illnesses and end up in the hospital(Robles et al., 2022).

The appearance of new strains of SARS-CoV-2 makes pre entplangimuch harder to

use. Variants like Delta and Omicron have shown t y are easier to spread and might not be

stopped by current vaccines and monoclonal antib e chafiges can impact important

parts of the spike protein that bind to A tments that are meant to target

these interactions less effective.

As new types keep showing e need treagment’plans that can adapt quickly and successfully

to deal with these chang ing an eye on circulating versions all the time to
help with the cre es ‘and medicines. Also, mix medicines that use more than
e treatment more effective against strains that are resistant. For

inhibitors with other antiviral drugs might make them more effective

In the future, scientists should try to find new chemicals that can bind to changed spike proteins
or other processes that are involved in how viruses enter and copy themselves. Looking into

host-based therapy targets that can change immune reactions could also lead to new and effective

ways to treat diseases(Ma et al., 2023).
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Existing antiviral treatments have come a long way in helping control COVID-19, but they aren't
perfect at focusing on spike protein interactions or adjusting to new variants. This shows how
much we still need new therapeutic methods. To improve patient results and stop the spread of
COVID-19 in a world where viruses are always changing, these problems must be solved

through ongoing research and development.

2.3. High-Throuhput Screening Methods

Here are some examples of these kinds

and what they found(Meity Ardiaha et al.,2023).

2.4. Findi u ha ck the Venezuelan Equine Encephalitis Virus
(VEE
Rew A study used both traditional HTS and in silico structure-based drug design

(SBDDNo find antiviral molecules that target the capsid protein (CP) of VEEV. The CP is very
important for how the virus interacts with the host's nuclear import machinery, which makes it a

key area for developing new viruses that can fight them.
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The researchers looked through a library of chemicals to see which ones could stop Impa/B1 (a
nuclear transport receptor) from attaching to the VEEV CP. The goal of this method was to find

small chemicals that could stop this contact and lower the virus's ability to cause disease.

Findings: The HTS found a short list of possible hits, and 27% of them were prov be active

which could help with future drug design efforts that aim

2021).

2.5. Find phenotypic drugs and antivi

Overview of the Study: Phengtypic scr sed to find antiviral drugs, which was

another good use of HTS,Ihis looks'at chemicals affect living things instead of their

exact molecular targgts.

Methods: Th -based assays to test a big collection of chemicals to see

which ones could sto th of viruses and kill infected cells.

Findings: T ethod led to the finding of several chemicals that were very good at fighting
viruses, including viruses that cause respiratory infections. The genetic screening method found

new ways of working that were surprising and increased the number of possible drug targets.
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2.6. Driven by AI, HTS for Targeted Drug Discovery

Look into it Summary: Adding artificial intelligence (AI) to HTS processes has changed the way

standard screening methods are used, making drug finding faster and more accurate.

Methods: Al methods were used to look through huge datasets made from HTS, which tade the

inhibitors that work very well and specifically. With this new
can speed up and lower the cost of drug finding while alSo increasi chances of success in

clinical settings(Subramaniam et al., 2021).

2.7. Screening for SAR V-2 inhibitorswith a lot of people

tion(Choudhary et al., 2020; Meity Ardiana et al., 2023).

Findings: 'Several substances were found to effectively block the binding of spike proteins to
ACE2, showing that they could be used as COVID-19 medicines. These results show that HTS is

a useful tool for quickly finding options that can be turned into effective treatments.
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These cases show how useful high-throughput screening is for finding new drugs for a number of
different virus pathogens, including SARS-CoV-2. Researchers have successfully found
compounds that could be used to make new medicines by using a variety of methods, from
traditional cell-based tests to new Al-driven techniques. As long as study keeps imptoving these
methods and adding more compounds to libraries, HTS will be an important, t

viral diseases and new health threats.

2.8. Compounds Targeting Spike Protein Bindi

9-Methoxycanthin-6-one, or TS-984:

In short: There is an indole alkaloid ca 4 that conles from plants like Eurycoma

longifolia and Simaba multiflora. High (HTS) using a Homogeneous Time

Resolved Fluorescence (HTRF )technolog test how the SARS-CoV-2 spike protein

Method of Action: TS-984 probably stops the spike protein from making the shape changes it
needs to bind to ACE2. This stops the virus from getting into host cells, which lowers the chance

of infection and the sickness getting worse(Faraji et al., 2022).
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Tannic Acid (TA): Quick Look: Tannic acid is a polyphenolic compound that is good for your
health because it fights inflammation and free radicals. In the same HTS work, it was also found

to possibly block the interaction between spike protein and ACE2.

Findings: Tannic acid could stop the spike protein from sticking to ACE2, but not ell as TS-

directly

ich stops them

The RBD of the spike protein is enriched with positively charged residues that favor electrostatic

interactions with the negatively charged sulfate groups of heparin. These interactions are pivotal

in preventing the spike protein from binding to ACE2. Studies employing isothermal titration
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calorimetry (ITC) and molecular docking simulations have consistently demonstrated the high-
affinity binding of heparin to the spike protein, underscoring its potential to neutralize viral

particles.

Structural Modulation of the Spike Protein

attachment and fusion.

Competitive Inhibition

2 binding site on the spike protein.

Heparin effectively masks the binding sites on the spike protein required for ACE2 interaction.
By forming stable complexes with the RBD, heparin creates a physical barrier that obstructs

ACE2 from engaging the spike protein.
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2.10.2. Neutralization of Charge Complementarity

The electrostatic complementarity between the positively charged residues on the spike protein
and the negatively charged regions on ACE2 is crucial for their interaction. Heparin disrupts this

complementarity by neutralizing the positive charges on the spike protein, therebyfhibiting its

docking onto ACE2.

2.10.3. Disruption of Spike Protein Trimerization

The spike protein functions as a trimeric complex during th eparin has

been observed to destabilize this trimeric structure, furt spike protein’s

functional efficiency.

2.10.4. Inhibition of Proteolytic Activatio

Host proteases, such as TMPRSS2 and famin, cleav@ythe e protein at specific sites to activate

it for membrane fusion. Hep cleavage sites has been shown to hinder

in interaction between the SARS-CoV-2 spike protein and PF4 exacerbates
platelet aégwation, leading to thrombotic complications commonly observed in severe COVID-

19 cases. Heparin’s ability to modulate PF4 interactions highlights its potential to address these

complications.

35



2.12. Inhibition of Spike-PF4 Binding

The spike protein-PF4 interaction promotes platelet aggregation and thrombus formation.
Heparin disrupts this interaction by binding to the spike protein and PF4, preventing their
association. Chemiluminescence assays have demonstrated that unfractionated in (UFH)

S, & tly

achieves up to 80% inhibition of spike-PF4 binding at therapeutic concentrdfign

Heparin-PF4 complexes are implicated in heparin-1 omboce¥ytopenia (HIT), a rare but

% g théspikesPF4 interaction, heparin reduces

reducing thrombotic risk.

2.13. Prevention of Immunogenic Complex For

severe adverse effect of heparin therapy. B

the formation of these immunogenic co Xes, mizmg the risk of HIT while preserving its

therapeutic benefits.

2.14. Reduction ivation

Heparin’§ role™“exte dulating platelet activation. Studies using platelet aggregation

a a own that hieparin significantly reduces spike protein-induced platelet aggregation.
Thi ccompanied by a decrease in the secretion of pro-inflammatory cytokines, such as
interleuk L-6) and tumor necrosis factor-alpha (TNF-a), from activated platelets, mitigating

the hypercoagulable state associated with COVID-19.
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2.15. Comparative Efficacy of Heparin Variants

Both UFH and LMWH exhibit antiviral and antithrombotic properties, but their efficacy varies

due to differences in molecular size and sulfation patterns. UFH, with its higher charge density,

demonstrates stronger binding affinity to the spike protein and greater inhibiti platelet
activation. LMWH, while slightly less potent in these functions, offers bettef¥gha

and a reduced risk of HIT, making it a viable alternative in specific clini narios"

2.16. Mechanistic Insights from Computational an

2.16.1. Molecular Docking and Dynamics Simula

timeframes.

2.16.2. Is

IT dies, have quantified the thermodynamic parameters of heparin binding to the spike
protei igh-affinity interactions driven by electrostatic forces. These findings
corrobo inhibitory effects observed in functional assays.

2.16.3. Circular Dichroism Spectroscopy

Circular dichroism spectroscopy has revealed heparin-induced conformational changes in the
spike protein, providing mechanistic evidence for its structural destabilization effects.
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2.17. Therapeutic Implications

e Dual Antiviral and Antithrombotic Action

Heparin’s ability to simultaneously target the spike protein’s interaction with ACE2 and PF4
positions it as a unique therapeutic agent. This dual action is particularly beneficial T severe

COVID-19 cases characterized by hypercoagulability and inflammation.

e Potential for Combination Therapies

Heparin’s compatibility with other therapeutic agen

The development of heparin derivative

reduced immunogenicity ho omise for\improving therapeutic outcomes. Highly sulfated

heparins and synthetic s areeurrently under investigation as potential candidates.

Heparin’s integacti 1 C RS-CoV-2 spike protein and its inhibition of spike-ACE2
binding as a therapeutic agent in COVID-19. Additionally, its ability to
modulate BF4 interaction®and reduce platelet activation addresses the thrombotic complications
n severe cases. By combining antiviral and antithrombotic effects, heparin

offers asx¢omprehensive approach to managing COVID-19. Continued research into its molecular

mechanisms and the development of optimized derivatives will further enhance its clinical utility.
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2.18. Compounds Targeting Platelet Activation

Nafamostat Mesilate:

Nafamostat mesilate is a serine protease inhibitor that has been used in Japan to treat pancreatitis

and a condition called disseminated intravascular coagulation. This substance is very important

in the case of COVID-19 because it stops both virus entry and platelet activity.

protease that helps activate the spike protein), but it also sto
step process can help reduce the risk of thrombotic problems t

cases.

How It Works: Nafamostat stops the cutting spike protein that viruses need to get into cells

those from ginger and garlic. These extracts may help lower the risk of thrombosis in COVID-19

patients(Kusudo et al., 2023).
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Finding substances like TS-984 and tannic acid shows big steps forward in focusing on how the

spike protein interacts with ACE2, which is very important for stopping SARS-CoV-2 from

entering host cells. Compounds like nafamostat mesilate are also useful for treating COVID-19

because they stop the virus from entering the body and stop platelets from activating. This lowers
the risk of thrombotic problems. More study into these inhibitors is needed fo'‘\come up with
effective ways to treat this disease that is still going on. Q

2.19. Advances in Drug Development w

Inhibitors Based on Peptides

Peptide-based inhibitors look like a good @ stopsathe SARS-CoV-2 spike protein from

entering ody while protecting ACE2's natural catalytic activity so that it wouldn't affect

important bodily processes like blood pressure control.

Researchers in a different study used peptides like AYp28 to protect ACE2 and AYnl to stop the

spike protein from working. Researchers using molecular docking found that these peptides had
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strong interactions with ACE2 and the spike protein. In vitro tests showed that they could stop
the entry of pseudoviruses into human cells, which suggests that they might be useful as

medicines.

Tests using cells and tests not using cells both showed that these peptide inhibito rked. For

instance, AYp28 significantly slowed down the entry of pseudoviruses intg

Also, a brand-new peptide called 13AApi was created to bifi€
CoV-2 spike protein at the ACE2 binding site. In
greatly stop the spike protein from interacting with is stopped the virus from entering

host cells.

SARS-CoV-2 and reduce the inflammatory reactions that come with COVID-19.

According to research, calpeptin may stop viruses from using certain cell paths to replicate,

which would lower the number of viruses and the diseases they cause. Its ability to stop both
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virus replication and inflammation makes it a possible option for further research into COVID-

19 treatment(Scully et al., 2021).

Besides calpeptin, researchers are still looking for other small molecules that can affect different

parts of SARS-CoV-2 biology. Some of these are chemicals that stop proteases working,
which are needed for viral multiplication, or that mess up other important intes@cti for
viral entry(Wang et al., 2022).

2.21. Computational Design of Drugs

interfaces of interactions and figuring out which amino acids are most important for binding.

Combining computational methods speeds up the process of finding new drugs by reducing the

number of possible options before going on to expensive and time-consuming experiments to
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confirm their effectiveness. This method has been very helpful in quickly finding new medicines

that can help fight diseases like SARS-CoV-2(Kusudo et al., 2023).

To sum up, progress has been made in developing drugs that target the relationship between the
SARS-CoV-2 spike protein and ACE2. These include new peptide-based inhibi nd small

molecule options like calpeptin. These methods use both experimenta

computer tools to find effective drugs that can stop viruses from doin
study needs to be done in this area in order to find successful way, to treat

ready for future virus outbreaks.

2.22. Implications of Future Researc

racting with host factors, especially
r 4, shows how important it is to move
1VO S

from in vitro studies to in more compounds, and learn more about how

these inhibitors worlg on artridge et al., 2021).
In Vivo Stud

For figu out how d safely possible inhibitors work as medicines, moving from in vitro

studies to in"Wiwo models is very important. Cell culture methods are helpful for learning about
how viruses iffect and how drugs work, but they don't always work well to mimic the complex

physiological conditions that live things have.

Scientists have used different kinds of animals to study SARS-CoV-2 transmission, such as

nonhuman primates (NHPs), ferrets, hamsters, and genetically modified mice that produce
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human ACE2. Researchers can use these models to study how diseases progress, how the
immune system responds, and how well treatments work in a setting that is very similar to

human physiology.

One big problem with choosing the right animal models is making sure that they erly show

how COVID-19 affects the body in people. For example, NHPs show wea

that are similar to those seen in people with infections. Other models, li

ed in orde

Some animal models also need to have their genes to produce human ACE2 or
ause 6f this, we urgently need to

ely mimic human diseases and

In addition to looking at compounds that target spike protein interactions, more study should be

done on compounds that change how the host reacts or that target other viral proteins that are
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involved in replication and disease development. This wider method might work better when

mixed with current antiviral treatments.

A full knowledge of how discovered chemicals work is necessary to make the most of their
therapeutic potential. The main goal of mechanistic studies should be to figure ow these
inhibitors work and what effects they have on virus entry, replication, and thgddef of

the host(Wang et al., 2022).

For example, scientists could look into how some inhibitors chan shape qf ike protein

or stop it from interacting with ACE2 at the molecular 1 can help with

structure-based drug design attempts that aim to imp the effectieness of inhibitors.

Learning more about how chemicals stop vi g with each other can also help
scientists make better medicines that work mo

treatments working against new versio

understand how resistance ca en during, treatment.

uts(Rossouw et al., 2022).

It is veryggmportant for reducing COVID-19 problems that the SARS-CoV-2 spike protein
interacts with ACE2 and platelet factor 4 (PF4). This relationship makes it easier for the virus to
enter host cells, which increases the activity of platelets and causes more thrombotic events.

Stopping this relationship can lower the amount of viruses and make the sickness less severe.
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Compounds like TS-984 can successfully stop this binding, which shows how useful they could

be as COVID-19 therapeutic drugs.

The spike protein also works with PF4 to make platelets more active, which makes COVID-19

people more likely to have blood clots. This makes it easier for thrombi to form can cause
problems like deep vein thrombosis and lung embolism. Knowing how these ghin es
it even more important to target both the spike protein and how it inte with Hegt 0

lower these risks.(Kusudo et al., 2023)

To fight new types of SARS-CoV-2 and improve patient re necds, to g0 on all the time.

o link to ACE2 and other
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CHAPTER 3: METHODOLOGY

3. Methodology

In order to investigate how drugs (heparins in particular) affect the binding interactions between

SARS CoV 2 spike protein and its main targets ACE2 and platelet factor 4 (PE¥4), this study

in 100 pL volumes per well. Protein adsorption w.
4°C. Following incubation, wells were wash:
(PBST) to remove unbound protein. Before cu

by the addition of 200 uL of a blocking b igte serum albumin [BSA] in PBS) to each

heparin was used for control wells. After the binding step unbound proteins were removed by

three washes with PBST in the wells.
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Detection interactions were detected with 100 pL biotinylated detection antibody specific for
ACE2 or PF4. Incubating the plates at room temperature for 1 hour preceded 3 washes with

PBST to remove excess detection antibody. Then 100 pL streptavidin-horseradish peroxidase

(HRP) conjugate were added and incubated for 30 min in room temperature. Unbound HRP

Regombinant SARS-CoV-2 spike protein (S1 subunit or receptor-binding domain).

e Recombinant human ACE2 protein.

e Recombinant platelet factor 4 (PF4).

e Unfractionated heparin (UFH) and low molecular weight heparin (LMWH).

48



e High-binding 96-well ELISA plates.
e Coating buffer (carbonate-bicarbonate buffer, pH 9.6).
e Blocking buffer (1% bovine serum albumin in PBS).

e  Washing buffer (PBS with 0.05% Tween-20 [PBST]).

e Detection antibodies (e.g., biotinylated anti-His tag @%&mlo}l

antibodies).

e Streptavidin-HRP conjugate. w
e Substrate solution (TMB). %

e Stop solution (2N sulfuric acid).

e Microplate reader.
3.1. Experimental Desi
] Were p c

The ELISA-based expe d to evaluate the inhibitory effects of heparins on:
e Spi ) eraction.
oil SpiKe pr -PE& interaction.
32.Pla tin
. pared the spike protein or PF4 solutions at a concentration of 2-5 pg/mL in
coating buffer.

e Added 100 pL of the protein solution to each well of a 96-well ELISA plate.

e Then incubated the plate overnight at 4°C for coating.
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e After that washed the wells three times with PBST to remove unbound protein.

3.3. Blocking

e Added 200 uL of blocking buffer to each well.

e Incubated at room temperature for 1 hour.
e  Washed the wells three times with PBST. %

3.4. Drug Pre-incubation

e First of all, prepared heparin solutions at various trationgp(0.1 to 10 uM) in
PBS.

e Then, pre-incubated the spike g % atedswells with heparin for 1 hour at room

temperature.

F4 solutions to the wells, maintaining consistent

eceptdr and recombinant SARS-CoV-2 spike proteins were commercialyl sourced.
ere used to label both of these proteins so that binding interaction could be

detected.

An ELISA-based format was used. Spike protein was introduced onto 96 well plates where the

ACE2 receptor was immobilized, with and without heparin.
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Heparin was studied for dose response to determine its IC50 value, i.e., the concentration of

heparin at which 50% of the spike-ACE2 interaction was inhibited.

3.6. Binding and Detection

Incubated the plates for 1-2 hours at room temperature to allow{ACE2 or PF4

binding to the spike protein.

e  Washed the wells three times with PBST to remove uabound proteins.

e Added 100 pL of detection antibody (e.g., antj

blocking buffer.

e Incubated for 1 hour at room t er

PBST.
te and incubate for 30 minutes.

e Added 100 pL of streptavi

e Washed the wells times\Wwi

of TMB substrate to each well and incubate for 10—15 minutes at

room,te ture in the dark.

the reaction with 50 pL of stop solution.

easured the absorbance at 450 nm using a microplate reader.
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3.8. Statistical Analysis

The experimental results were statistically analyzed using GraphPad Prism:
Binding inhibition across different heparin concentrations was compared using one way ANOVA.

Pearson's correlation coefficient was used to analyze the correlation befyyeen arin

concentration platelet aggregation inhibition.

The statistical significance was p < 0.05.

3.9. Validation Studies

To validate study outcomes and to extend their br@ader applicabilityifidependent experiments

using LMWH derivatives or synthetic hepari

Key Observations

athological functions of SARS-CoV-2 in viral entry and coagulation
ese findings could be expanded on by future research to design optimized heparin

derivatives for therapeutic use.
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CHAPTER 4: RESULTS

4. Results

Experiments evaluating the inhibitory effects of heparins on interactions between_the SARS-

low molecular weight heparin (LMWH) on the

were determined.

Key Findings:
re siperior to LMWH. It had an IC50 for UFH of 1.2 uM
f 3"

saw Rearly 85% inhibition for UFH, and just about 65% for LMWH.

e The effective competitive inhibition observed implies the possibility of heparins as good

viral entry blockers.
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Table 1: IC50 Values for Heparin Inhibition of Spike Protein Interactions

Heparin Type Spike-ACE2 1C50 (uM) Spike-PF4 IC50 (uM)
UFH 1.2 1.5

LMWH 3.8 4.5

Table 2: Maximum Inhibition Percentages at 10 uM Concentratio, %
)

Heparin Type Spike-ACE2 Inhibition (%) Spike-PF4 In} ‘% %

UFH 85 80
LMWH 65

Effect&eparin nd ACE2 binding
\

expl exp2 exp3 exp4 exp5 exp6

;j;‘[; ce at 450nm

M Pre M Post M Co M ACE2 + Spike
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Absorbance ar 450nM

80

70}

Inhibition Percentage (%)

20t

10}

1.2

0.8

0.6

0.4

0.2

60}

50t

40}

30

Inhibition of Spike Protein-ACE2 Interaction by Heparins

UFH - ACE2

| —®— LMWH - ACE2

0

2 4 6
Heparin Concentration (uM)

w XN\

ACE2 with Spike

1.953125 3.90625 7.8125 15.625 31.25 62.5
Spike Concentration(nM)

125

250

10

500
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4.2. ELISA-Based Inhibition of Spike Protein-PF4 Binding

Objective: The inhibitory capacity of UFH and LMWH on the spike protein/PF4 interaction,

involved in the pathophysiology of thrombotic complications, was evaluated.
Key Findings:

e At therapeutic concentrations, UFH inhibited binding of spike p#btein toNPF4 by up Jto

80% with an IC50 of 1.5 puM.

e Though a moderate inhibitor, the maximum degree g i hievad, was 60%, and

the IC50 was 4.5 uM.

e The results highlight the double whammy of ering‘viral entry and thrombotic

risks in COVID-19 patients.

Concentration UFH-PF4 LMWH-PF4
(uM) Inhibition (%)  Inhibition (%)
0.1 15 10
0 20 35 25
50 35 55 40
65 50 70 50
75 60 78 58
10.0 85 65 80 60

56



Inhibition of Spike Protein-PF4 Interaction by Heparins

80l UFH - PF4
—=— LMWH - PF4

701

60 j =
50} >

40t

Inhibition Percentage (%)

30

201

10

0 2 4 6 8 10

Heparin Concentration (uM)

blocker for future

Key Findi

A ocking agents tested, BSA (Bovine Serum Albumin) demonstrated

T1 cking efficiency in preventing nonspecific protein binding during the

assays.

e BSA effectively reduced background noise and improved the signal-to-noise ratio,

making it the preferred blocking agent for subsequent experiments.
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e Compared to other agents such as skimmed milk and gelatin, BSA provided the best

overall performance, leading to clearer and more reproducible data.

Blocking Test of Goat serum and BSA

06
05

e

S

S 04

#

2 as

[

©

'g 02

(7))

O

<C 0.1 i i
0

BSA 7.5% GOAT 7.5% BSA 15 % GOAT 15%

B 2ND AB B 1ST AB + 2ND AB W Spike+1st+2nd

’\)\'

oncentration Using Anti-S1 Antibody

Objectivg: ding concentration of the anti-S1 antibody used in the spike
pr intékaction assays'to ensure accurate and reliable results.
Key Ings?*

e The concentration of anti-S1 antibody was optimized to achieve maximum binding

efficiency without excessive background interference.
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e The optimal concentration for the anti-S1 antibody was determined to be 5 pg/mL, as it
provided the best balance between high signal intensity and minimal nonspecific

binding.

e At concentrations higher than 5 pug/mL, nonspecific binding increase ading to
elevated background noise and reduced assay sensitivity.
e The optimized anti-S1 antibody concentration was used for all subséquent experi to

assess spike protein interactions with ACE2 and PF4.
Table 4: Optimization Parameters for Anti-S1 Antibody

Parameter Value otes

Optimal Concentration 5 pg/mL 4 al-tospoise tatio

Maximum Tested Concentration >5 ug crease pecific binding observed
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ACE 2 with Spike
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4.5. Comparative Analysis of Heparin Variants
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Objective: To compare the efficacy of UFH and LMWH in inhibiting interactions involving the

spike protein.

Key Findings:

(HIT).

Table: Heparin Inhibition Results

Heparin UFH - ACE
Concentration (M) Inhibition (%)

UFH - PF4 LMWH - PF4
Inhibition (%)  Inhibition (%)

0.1 15 10
0.5 20 35 25

1
1 ‘ 35 55 40
0 50 70 50
5 75 60 78 58
85 65 80 60

4.4. Mechanistic Insights from Heparin Interaction Studies

Objective: We wish to elucidate the mechanisms whereby heparins prevent spike protein

interactions.
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Key Observations:

e FElectrostatic Neutralization: Heparins are able to adhere to the positively charged
residues within the spike protein and to prevent its interaction with the negatively

charged ACE2 and PF4.

e Conformational Modulation: Conformational changes in the spike

the activation of spike protein by host proteases.

4.5. Independent Samples t-Test Results

Objective: Comparing the inhibition percenta WH at 10 uM concentration for

both ACE2 and PF4 binding.

Table 1: Independent Sampl

Interaction - m p- Mean Difference Effect Size

Type Value (%) (Cohen's d)
0.001 20.00 2.67
0.002 20.00 2.39

Interpretation: UFH showed significantly higher inhibition compared to LMWH for both ACE2

and PF4 binding at 10 uM concentration (p < 0.05).
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4.6. One-Way ANOVA Results

Objective: Evaluate the effect of different concentrations of UFH and LMWH on ACE2 and PF4

inhibition.

Table 2: One-Way ANOVA for UFH and LMWH (ACE2 Binding)

Sum of Squares Mean Square
Source of Variation df lue p¥Ya
(SS) (MS)
Between Groups 1625.00 5 32 29.5 .001
Within Groups 110.00 24 4.

Total 1735.00 29

Table 3: One-Way ANOVA for UFH an H (. inding)
Source of Sum of Mean Square
df F-Value p-Value
Variation Squar (MS)
Between
1 5 5 277.50 23.33 <0.001
Groups
With
11 24 4.79
p
502.50 29

Post-hoc Analysis: Tukey's test showed significant differences in inhibition percentages between

most concentration levels (e.g., 10 uM vs. 0.1 uM).
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Interpretation of Results

e t-Test: UFH consistently showed significantly higher inhibition percentages than LMWH

for both ACE2 and PF4 binding at the highest concentration (10 uM).

e ANOVA: Concentration levels significantly affected inhibition for both URH and, LMWH.

Higher concentrations yielded stronger inhibition.

4.7. Implications for Drug developers

The findings are highly supportive of heparins, i as potential dual-action
otentfal to block both viral entry
and thrombotic complications, they represen cnti idates for further development for

clinical application.
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CHAPTER 5: DISCUSSION & CONCLUSION

5. Discussion

In this study, we examined the impact of heparins and related compounds in modulating binding

interactions between the SARS-CoV-2 spike protein, ACE2 receptor, and platelet factor 4 (PF4),

The IC50 values for heparin in this study were comparable to previous studies but better
performance of UFH relative to LMWH calls into question the importance of molecular size and

charge density. The binding energies between 901 in docking studies (-9.3 kcal/mol for UFH and
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-8.5 kcal/mol for LMWH) suggest that larger and more sulfated molecules such as UFH may
make stronger interactions with the spike protein. These results highlight the role of molecular

features in optimizing heparin based therapies.

5.1. SPPI

platelet activation and thrombotic complications
consistent with earlier reports by Skidmore
impact thrombotic pathways. However, in

activation, we show that direct binding b he spike protein is inhibited by heparin.

Viruses 1 by preventing viral entry and oxidative burden may be reduced by

allevgatin iJity. Although the moderate efficacy of LMWH and heparinoids in this

effect.

66



5.2. Cytokine Reduction and Platelet Aggregation Reduction

In the presence of heparin, the study also showed significant reductions in platelet aggregation
and pro — inflammatory cytokine release (IL — 6 and TNF — o). LMWH and heparinoids
decreased platelet aggregation by 48% and 54% and cytokine levels by 1 d 24%,

respectively, whereas UFH decreased platelet aggregation by 70% and cytoki ter

inflammation mitigating effects of heparin.

The extent of cytokine reduction reported ith previous studies suggesting

ion. It may be because of the

ITC, with electrostatic interactions leading to binding, and conformational changes in the spike

protein as a result of heparin binding, detected by circular dichroism spectroscopy. It is

67



consistent with Clausen et al. (2020) who proposed that heparin functions as a competitive

inhibitor by mimicking host cell surfaces.

This study's docking results are complementary to previous computational work by Nguyen et al.

causing conformational changes, heparin may induce additionald€onformati chahges that

ing that needs to be closely monitored. These results suggest that it may be
elop safer derivatives with reduced immunogenicity that are more effective than

heparinoids. Expanding clinical utility of heparin based therapies while minimizing risks.
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5.5. Future Directions and Clinical Implications

Our observations of dual antiviral and antithrombotic effects in this study indicate that heparin
represents a cornerstone therapeutic candidate for use in the treatment of severe cases of

COVID-19. However, translating these findings into clinical practice re further

investigation:

This study has some limitations in spite of its strengths. The assays may not sample the whole
spectrum of the complex physiological environment of the patients with COVID-19, as they are

in vitro. In addition, the emphasis on heparins restricts the applicability of the results to other
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drug classes. Further studies should investigate a wider range of compounds and in vivo

verification to approve the translational potential of these results.

5.7. Conclusion

heparin. Additional work future work should focus

in a clinical settings for the best utilizations%
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