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Abstract

AIM: Proposing a theory about the pathophysiology of cytokine storm in COVID19, we
were to find the potential drugs to treat this disease and to find any effect of these drugs
on the virus infectivity through an In Silico study.

Subject and Method: COVID-19-induced ARDS is linked to a cytokine storm
phenomenon not explainable solely by the virus infectivity. Knowing that ACE2, the
hydrolyzing enzyme of Angll and SARS-CoV2 receptor, downregulates when the virus
enters the host cells, we hypothesize that hyperacute Angll upregulation is the eliciting
factor of this ARDS. We were to validate this theory through reviewing previous studies
to figure out the role of overzealous activation of AT1R in ARDS. Imatinib, a tyrosine
kinase inhibitor, has previously been elucidated to be promising in modulating lung
inflammatory reactions and virus infectivity in SARS and MERS. We did an In Silico study
to uncover any probable other unconsidered inhibitory effects of losartan and imatinib
against SARS-CoV2 pathogenesis.

Results: Reviewing the literature, we could find that over-activation of AT1R could
explain precisely the mechanism of cytokine storm in COVID19. Our In Silico study
revealed that losartan and imatinib could probably:

1- decline SARS-CoV?2 affinity to ACE2
2- inhibit the main protease and furin,
3- disturb papain-like protease and p38MAPK functions,



Conclusions: Our reviewing on renin-angiotensin system showed that overzealous
activation of AT1R by hyper-acute excess of Angll due to acute downregulation of ACE2
by SARS-CoV2 explains precisely the mechanism of cytokine storm in COVID-19.
Besides, based on our In Silico study we concluded that losartan and imatinib are
promising in COVID19.

Introduction

Since December 2019, a viral disease called COVID19 has hunted thousands of people
savagely all around the world and the death toll increases in a skyrocketing manner every
day. It was elucidated that a coronavirus named SARS-CoV2 caused the disease
eventually named as COVID-19.I'2 Coronaviruses are classified in the order Nidovirales,
the suborder Coronavirinae, Coronaviridae family, the subfamily Orthocoronavirinae with
four genera: Alphacoronavirus (aCoV), Betacoronavirus (BCoV), Deltacoronavirus
(6CoV), and Gammacoronavirus (yCoV). SARS-CoV2, along with SARS-CoV and
MERS-CoV, belongs to B-genus. 3!

These pathogens are large, enveloped and positive-sense single stranded RNA viruses.
(1.4 The genome of SARS-CoV2 consists of 29891 nucleotides encoding 9860 amino
acids with genomic sequence of:[4

5'-replicase (orfl/ab)-structural proteins [Spike (S)-Envelope (E)- Membrane [2]-Nucleocapsid (N)]-3’

Two main open-reading frames (ORFs), ORF1la and ORF1b of the nucleotide sequence
the virus genome are translated into two co-terminal polyproteins pplla (ORFla) and
ppllab (ORF1la & ORF1b together). These polyproteins are cleaved into non-strucrtural
proteins (NSPs) by two proteases: a papain-like protease (PLpro) and the main serine
type protease (Mpro).[H (571

Intriguingly, PLpro and some nsps (nsp3) apart from their crucial role in replication of the
virus [ 5 8 provide the virus with deubiquitinating and delSGylating properties. [°: 0]
These viral proteins inhibit Toll-like receptor3 (TLR3) and Toll-like receptor7 (TLR7), as
well.[> ¢l In vivo, it has been demonstrated that type | and type lll interferon responses
against SARS-CoV2 is lower than that of seen in respiratory syncytial virus (RSV) and
influenza A virus. It seems that SARS-CoV2 like SARS-CoV evade innate immunity
successfully.11 121

Viral genomic and subgenomic RNA synthesis leads to production of structural proteins,
membrane (M), nucleocapsid (N), envelope (E) [l structural proteins which determine the
different compartments and shape of the virus. Furthermore, a glycoprotein structure
called spike (S) protein protruding from the surface of the virus determines the host range,
tissue tropism and the host immune responses.[*3 As a class 1 fusion protein, S protein
of coronaviruses is composed of two trimeric subunits, S1 and S2. Si, containing the
receptor binding domain (RBD), mediates the attachment of the virus to its receptor on
the host cell. Sz, the stalk of S glycoprotein, is responsible for virus-cell fusion. [14-16 As a
mandatory step in pathogenesis of SARS-CoV2, cleavage of S protein into S1 and S2
subunits as well as in S’2, immediately upstream to fusion peptide in Sz, plays an essential
part in entry of the virus to the host cell and in cell-cell fusion and transmission. Furin



(found abundantly in the lungs) and transmembrane serine protease-2 (TMPRSS2)
contribute to this cleaving process crucially. [17-19]

The receptor of SARS-CoV2 on the host cells, like SARS-CoV, is angiotensin converting
enzyme 2 (ACE2), a member of renin-angiotensin system (RAS).[20-221 RAS is a very
complex network of systemic as well as local ligands and receptors. 123 It contributes to
the regulation of immune system and cytokine production, cardiovascular system,
metabolism, cell growth, salt and electrolyte homeostasis and vascular resistance.[24-28]

ACE2 as a mono-carboxypeptidase which removes single amino acids from peptides of
RAS is not inhibited by ACE inhibitors like captopril or lisinopril.127-2°1 This mono-peptidase
converts angiotensin | [1-10] and angiotensin Il [1-8] to angiotensin [1-9] and angiotensin
[1-7], respectively.[?® 30 ACE2 is a functional competitor of ACE as the former reduces
available angiotensin | [1-10], the substrate of ACE, by converting it to a less active
metabolite, angiotensin [1-9]. Opposing to ACE2, ACE degrades angiotensin [1-7] to
inactive products like angiotensin [1-5].13% 321 Angiotensin [1-7] is considered as an active
peptide in RAS with antioxidative, anti-inflammatory, antiproliferative/antifibrotic, potent
vasodilatory, and anti-thrombotic properties which exerts most of its effect via Mas
receptor.’2%51 On the other hand, ACE increases Ang |l with its oxidative,
proinflammatory, proliferative/fibrotic, vasoconstrictive and thrombotic effects which are
mostly exerted through activation of angiotensin Il type 1 receptor (AT1R).[36-381 Another
receptor for Ang Il called angiotensin Il type 2 receptor (AT2R) with cell protective and
some opposing post-receptor effects to ATIR is distributed in a limited number of
organs.l?9 It is implicated that ACE2/Ang[1-7]/Mas axis plays a counter-regulatory role
against ACE/Ang II[1-8)/AT1R signaling pathway.[28 40-42]

Attachment of protein S with ACE2 results in the downregulation of the latter.[*3 44]
Internalization of this receptor with the virus into the host cell or upregulation of
constitutive physiologic shedding of ACE2 in the airways are potential causes of this
phenomenon.*3 Downregulation of ACE2 deregulates the balance in local RAS pathways
in favor of ACE/Ang Il [1-8]/AT1R in the lungs. In this context, hyperacute upregulation of
local intracrine Ang 1l [1-8]/AT1R in the setting of invasion of huge number of SARS-CoV2
is not encountered with appropriate negative physiological feedback with ACE2.
Furthermore, Angll has been demonstrated to decline ACE2 expression and function via
lysosomal degradation mediated by AT1R.“! Henceforth, overzealous stimulation of
AT1R sets on fire locally to provoke lung inflammation through pro-inflammatory, cytokine
inducing, proliferative, thrombotic and tissue destructive effects as well as activating
platelet derived growth factor receptor (PDGFR).[46-48]

It is implied that SARS-CoV2:
1- evades innate immunity via avoiding IRF3, TLR3 and TLR7 pathways by its nsp3
and papain-like proteases and elicit a moderate immune response,
2- downregulates its receptor (ACE2) after attachment, thereby, dysregulates the
balance between two opposing axes of local RAS in the lungs in favor of Angll with

all of its destructive and fibrotic properties in the tissues.



According to the fact that the virus does not elicit an initial innate immunity response to
explain the eruption of cytokine storm and simultaneously deregulates RAS in favor of
ACE/Angll[1-8]/AT1R axis, we hypothesized that overzealous increase in Ang
[l/angiotensin[1-7] ratio may erupt the cytokine storm. Therefore, blocking of AT1R with
an angiotensin receptor blocker like losartan would suppress the post-receptor
deleterious effects of Angll in favor of angiotensin[1-7] or activation of AT2R with tissue
protective effects. Moreover, subsiding immunopathological changes by an
immunomodulator such as imatinib which had been used previously in SARS and MERS
might alleviate the severity of the disease and may reduce the morbidity and mortality
rates in COVID 19. We also did In Silico studies on different stages of SARS-CoV2
replication cycle to see if there are any other pharmacodynamic properties of these drugs
that might be promising in reducing the infectivity of this virus.

Method:

Proposing a new insight to SARS-CoV2 biology and the pathophysiology of cytokine
storm and ARDS in COVID-19 to reach into a way to reduce the mortality and morbidity
of this disease, we searched for review and original articles focused and on COVID-19,
SARS, MERS, RAS, the effect of AT1R and Ang Il in ARDS and inflammatory reactions
as a target in search engines science direct, scopus database and google scholar from
1990 till now. After reaching into the conclusion that Ang II/AT1R pathway may explain
cytokine storm and ARDS in COVID-19 and accordingly losartan and imatinib could
attenuate ARDS in this disease, we did In Silico study to investigate whether losartan and
imatinib have any probable unconsidered inhibiting effect against the replication of the
virus.

In Silico study
Preparation of the Protein Structures

The required protein structures were obtained from Protein Data Bank!*®! (PDB) according
to Table 1:

Table 1. The protein crystal structures used in this study

Macromolecule Sequence Length  Organism ID
SARS-CoV-2 spike receptor-RBD bound to 603/229 Homosapiens/SARS-  6mOQj [0
ACE2 Cov2

Angiotensin Converting Enzyme 2 (ACE2) 615 Homo sapiens 1r4| 51
COVID-19 main protease 306 SARS-Cov2 6lu7 52
MAP Kinase p38 379 Homo sapiens 1a9u B3]
Furin 482 Homo sapiens 6hzb 4
Papain-like protease 316 SARS-CoV 3mj5 B3
Angiotensin Il type 1 receptor & 425/8 Homo sapiens 60s0 6!

Angiotensin I




Proteins were studied for the date of publishing, crystallography techniques, the
resolution, accompaniment of predefined inhibitor in crystal (“Pre-inh”) and any required
reconstruction due to probable missing of amino acids in their sequence vs the sequence
of reference protein. The structures were observed by visualizing softwares (UCSF
chimeral®”l, Pymoll®8], Swiss-PdbViewer® to determine their unique protein chains and
whether the structure is accompanied by other undesired molecules like (water, ions....)
and to purify selectively to achieve the most desirable structure.

The mutated new amino acids in the sequence of SARS-CoV2 RBD were replaced
on SARS-CoV RBD; MD-simulation was performed for new structure

In the beginning of our study (mid of February 2020) due to the lack of crystasl structure
of SARS-CoV2 RBD with complete amino acid sequence, we replaced 22 defined
mutated amino acids in SARS-CoV2 RBD on the corresponding place on SARS-CoV
RBD to achieve a RBD structure with the most similarity to the real crystal structure of
SARS-CoV2 RBD, assuming that S proteins in these two viruses are 76% homologous.
MD simulation of 100ns was performed after accomplishing this replacement to achieve
a persistently stable structure with the most homology to RBD-ACE2 complex of SARS-
CoV2. RMSD, RMSF, H-bonding and radius of gyration diagrams are available. Due to
the publishing of crystal structure of RBD-ACE2 complex of SARS-CoV2 by X-ray
diffraction (resolution of 2.45 A) we quitted using the achieved RBD-ACE2 complex and
continued our bioinformatic study on the new published one (Figure S 3)(Figure S 3).

Preparation of Losartan and Imatinib

The drug structures were obtained from Structure Data Bank such as Pubchem
databasel® and Drug bank database(Table S 1) (Table S1).[51 The structures of the drugs
were imported through gauss view, and then fully optimized geometries and properties of
the electronic and structural properties of two molecules were derived by means of the
density functional theory (DFT) method![¢2 with B3LYP 63 and STO-3G basis sets. 64 The
calculations were carried out using the Gaussian 03 package!®®. The program Open
Babell®®! was used to generate SMILES strings from the optimized structure to be used
for a similarity study by drug bank Chemical Structure Search with 0.5 to 0.7 Similarity
threshold.

Molecular Docking Simulation

Docking study was performed by AutoDock4[7] to find the suitable orientation of the
molecules in the active site of the protein structures. AutoDockTools 1.5.4 (ADT) was
used to prepare input PDBQT files and to calculate a grid box. A special grid map
appropriate for each structural size (table 4) around the active site of proteins was defined.
The center of the grid boxes was aligned to the coordinates of the “Pre-inh™ for each of
the protein structures. For the case of ACE2 three grid boxes were defined in three
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dimensions as appeared in table 4. The first ACE2 grid box was set around the “Pre-inh”
position. The position of losartan and imatinib with the most affinity for ACE2 in grid box
1 vs the position of predefined inhibitor was determined .The second and the third ACE2
grid boxes encompassed RBD binding site around a-helix and the whole ACE2 molecule,
respectively.

As PLpro inhibitory active site changed in 100ns MD simulation two grid boxes were
defined based on the position of active site; one before MD simulation and the second
after 100ns MD simulation. Binding energy for losartan and imatinib attachment with
PLpro was calculated before and after MD simulation.

A Lamarckian genetic algorithm (LGA) was used for the searching of the status of binding
sites. Every LGA job comprised of 250 runs. The final structures were grouped and
classified according to the most favorable binding energy. This procedure was applied to
the two drugs in a similar manner. A more negative score determines which of these drugs
are more likely to dock with a protein structure (target protein) with subsequent more
favorable interactions. The docking model of each protein complex with its “Pre-inh” was
generated by AutoDock4 (Table 2). Reliability of the applied docking protocol was
assessed by separation of “Pre-inh” from its protein structure and then redocking of each
“Pre-inh” into the active site of the latter.

Table 2 grid box dimensions for each structure

ACE2 1%t Docking 80 x 100 x 80 0.375 40 X 6.0 X 29
ACE2 2" Docking 75 % 70 x 80 0.375 13 x 15 x 20
ACE2 37 Docking 120 x 85 x 100 0.600 39 X 3.0 X 22
Mpro 80 x 100 x 100 0.375 —15%x13 x 70
p38MAPK 70 X 70 X 70 0.375 4x16 X 29
PLpro Before MD 80 x 80 x 80 0.375 —13 x 45 x —36
PLpro After MD 80 x 80 x 80 0.375 40 X 45 x 47
Furin 80 x 100 x 80 0.375 40 x 45 x 47

After exposing of the two drugs with the protein structures, we obtained docking energy
for each [drug structure] complex. The clusters of docking energies were determined for
250 posing status and the relevant numerical tables for each complex was studied.

MD Simulation

Molecular dynamic (MD) simulations, to study the dynamicity of the protein structures
over a defined time period to characterize the behavior and stability of the structures was
executed by Gromacs package for 100 nano-second (ns) in this study.



MD simulations of the protein-drug complexes following docking were performed with the
GROMACS 2018 package using the GROMOS96 43al force field.l%8 The conformation
status for ACE2 and PLpro complexes with their ligands with the highest affinity were
selected as the initial conformation for MD simulations. First the topology parameters of
protein were created and the complex was immersed in a cubic box of simple point charge
(SPC) water molecules.l®® The “solvated system” (protein, ions, small molecule and
water) was neutralized by adding required counter-ions Na or Cl. To equilibrate the
system, the solutes (Proteins, counterions, and two drugs) were subjected to the position-
restrained dynamics simulation (NVT and NPT) at 299.177 K for 1ns. Finally, the full
system was subjected to an MD run for 100 ns at 300 K temperature and 1 bar pressure.

MD simulation was performed for ACE2 crystal, ACE2-SARS-CoV mutated RBD (refer to
results), imatinib-ACE2, losartan-ACEZ2 and imatinib-PLpro, losartan-PLpro complexes.

New ACE2 after MD simulation of ACE2-losartan and ACE2-imatinib complexes

In order to study the persistency of losartan-ACE2 and imatinib-ACE2 complexes, we
performed 100ns MD simulation for each complex. Two new ACE2 (nACEZ2) under the
influence of each of these ligands were exported: losartan (Lo,nACE2) and imatinib
(Im,nACEZ2). RMSD, RMSF, radius of gyration and h-bonding diagrams of each complex
were obtained (Figure S 2)(Figure 2).

Super-imposition of ACE2 Structures Before and After 100ns MD with Losartan and
Imatinib

After MD simulation of ACEZ2-losartan and ACE2-imatinib complexes, ACE2 was
separated from the drugs. The structure of ACE2 under the influence of losartan and
imatinib were superimposed on the structure of ACE2 crystal prior to any docking to
evaluate the degree of changes in conformational shape of ACE2 in each complex.

Losartan against other ARBs in docking with ACE2

ARBs were searched for on Kyoto Encyclopedia of Genes and Genomes.!" Docking was
done for each member of ARBs with ACE2 crystal structure and the relevant energy
binding for each item was obtained.

Redocking study after MD simulation

After MD simulation of complexes for 100ns, the ligands were separated. Through
redocking, the binding energies and the binding status of the two drugs with the protein
structures was evaluated.’

Analysis

RMSD, RMSF, hydrogen bonding and radius of gyration diagrams exported after
performing MD simulation were analyzed by qtgrace.[? Ligplot [/3] and poseview!”* were
used for determining the hydrogen bonding, hydrophobic and pi-pi interactions after
docking and MD simulation. Visual analyzing was done with ucsf chimera and pymol.



Exposure of imatinib and losartan with Mpro, furin, p38MAPK and PLpro

We exposed imatinib and losartan to crystal structure of Mpro, furin, pP38MAPK and PLpro
to figure out if the drugs would pose the site of their relevant “Pre-inh”. It is worth
mentioning that redocking of predefined inhibitor of furin in its crystal structure obtained
from PDB was disturbed and showed error in the process. We optimized the structure
and performed docking for the second round to earn a reliable reference for binding
energy.

MD simulation of imatinib and losartan with PLpro.

We performed MD simulation for 100 ns after exposure of imatinib and losartan with
PLpro. RMSD, RMSF and radius of gyration were obtained.

Configurations of computational systems:

In this study we used multiple computational systems by different configurations (Table S
2(Table S2).

Results:

Losartan and imatinib bind to ACE2 with low energy (high affinity) compared to
“Pre-inh”.

Docking of losartan and imatinib molecules with ACE2 before MD simulations, showed
that the binding energy in three grid boxes as appeared in (Table 3) for the two drugs is
lower than that of “Pre-inh”. It is implied that losartan and imatinib attach to ACE2 with
higher affinity (Figure S 1) in comparison with “Pre-inh”. It merits mentioning that affinity of
losartan and imatinib around a-helix of ACE2 is lower than the other two grid boxes.

Table 3. Docking Energies of Imatinib and Losartan with ACE2 in 3 distinct grid boxes

Small Grid Grid Grid
Molecules Box1 Box2 Box3
Imatinib -15.21 -11.79 -12.64
Losartan -9.67 -8.44 -9.6
Pre-inh -7.28

Losartan and imatinib
persistently.

could change the conformational structure of ACE2

The data showed that the conformational structure of ACE2 after binding with both
losartan and imatinib changed significantly at the binding site of ACE2 and RBD (Figure
1). It is expected that these two drugs lengthen the binding distance between a-helix of
ACE2 and SARS-CoV2 RBD due to relocation of this part of ACE2. (Table S 3)(Table S3).



ACE2&SARS-CoV2 RBD Domain
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Figure 1. A:SARS-CoV2-ACE2 complex. B:1-Im,nACE2, 2-super-imposition of ACE2 and Im,nACE2, 3-
super-imposition of a-helix of ACE2 and Im,nACE2. C:1-Lo,nACE2, 2-super-imposition of ACE2 and
Lo.nACE2, 3-super-imposition of a-helix of ACE2 and Lo,nACE2. D: hydrophobic and hydrogen bonds
of SARS-CoV2RBD-ACE2

The binding energy of losartan and imatinib with Lo,nACE2 and Im,nACE2 after
performing 100ns MD simulation changed.

The binding energies among losartan and imatinib with Lo,nACE2 and Im,nACE2 after
redocking of losartan with Lo,nACE2, imatinib with Im,nACE2, losartan with Im,nACE2
and imatinib with Lo,nACE2 showed that the affinity of both drugs have increased with
Lo,nACE2 and Im,nACE?2 .(Table 4) (Table 4).



Table 4. Docking Energies for Lo,nACE2 and Im,nACE2 bound to imatinib and losartan after 100ns MD

simulation
Binding energy (Kcal/mole)
nACE2 Losartan Imatinib
Lo,nACE2 -11.99 -14.25
Im,nACE2 -8.47 -17.78

Available ARBs vs losartan could only bind to ACE2 with reasonable but lower
affinity

Losartan in association with two unavailable ARBs, pratosartan and tasosartan, was in
the upper three ranking of binding energy. Other ARBs bind with ACE2 with lower, yet
reasonable energy 6% (Table S 4) (Table S 4).

Imatinib and losartan could occupy the space where the “Pre-inh” in crystal
structure of the main protease (Mpro) of SARS-CoV2 poses;

It was elucidated that imatinib as well as losartan had higher affinity to Mpro. Considering
CADD theories, it shows that these ligands based on their affinity probably behave as
inhibitors of Mpro, (Figure 2)
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Docking of Mpro vs Imatinib and Losartan
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Figure 2. Main Protease (Mpro) of SARS-CoV2 complex with imatinib and Losartan.A:Ribbon view of
complex and Poseview of interaction with imatinib B: Ribbon view of complex and Poseview of interaction
with Losartan

Imatinib and losartan could occupy the space where the “Pre-inh” in crystal
structure of the furin of SARS-CoV2 poses.

Our data demonstrated that imatinib had higher affinity for furin. But losartan showed up
with lower but reasonable affinity. Considering CADD theories, it shows that imatinib
based on its affinity will probably inhibit furin function. (Figure 3)(Table 5)
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Docking of Furin by Imatinib & Lesartan
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Figure 3. Position of Imatinib and Losartan in complex with furin with PDBID: 6hzb after Docking
simulation. A:Ribbon view of complex and Poseview of interaction with imatinib B: Ribbon view of complex
and Poseview of interaction with Losartan

Imatinib and losartan could occupy with higher affinity the space where the “Pre-
inh” in crystal structure of p38MAPK poses

It was implicated that imatinib and losartan had higher affinity to p38 MAPK. Considering
CADD theories, it shows that imatinib and losartan based on their affinity will probably
inhibit p38MAPK function. (Figure 4)(Table 5)
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Docking of p38MAPK, Imatinib&Losartan
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Figure 4. Position of Imatinib and Losartan in complex with p38MAPK with PDBID: 1a9u after Docking
simulation. A:Ribbon view of complex and Poseview of interaction with imatinib B: Ribbon view of
complex and Poseview of interaction with Losartan

Imatinib could occupy with higher affinity the space where “Pre-inh” in crystal
structure of papin-like protease (PLpro) poses;

Imatinib showed higher affinity and losartan has lower affinity for PLpro relative to its “Pre-
inh”. Considering CADD theories imatinib might act as an inhibitor of PLpro function.
(Table 5)(Figure 5,Figure 6)

Losartan could change the conformational shape of PLpro

After 100ns MD simulation exposure of losartan and PLpro, it was demonstrated that
although affinity of losartan for PLpro is lower than that of imatinib and its “Pre-inh”, this
ARB in 60ns changes the radius of gyration and RMSD plots for at least 2.3 A°. It seems
that losartan can disrupt PLpro.
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Docking of PLpro, Imatinib & Losartan
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Figure 5. Position of Imatinib and Losartan in complex with PLpro with PDBID: 3mj5 , before and after
100ns MD simulation and redocking. A: Ribbon and poseview of complex of PLpro with imatinib before
100ns MD simulation, B: Ribbon and poseview of complex PLpro with imatinib after 100ns MD simulation
C: Ribbon and poseview of complex of PLpro with losartan before 100ns MD simulation, D: Ribbon and
poseview of complex PLpro with losartan after 100ns MD simulation

100ns MD Simulation After Docking, PLpro
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Figure 6. Diagrams of Losartan-PLpro and Imatinib-PLpro complexes after 100ns MD simulation;A:
RMSD; B: Rg; C:RMSF; D: H-Bonding
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Table 5. Docking Energies of losartan and imatinib for binding with the protein structures

DOCKING ENERGIES OF SMALL MOLECULES FOR BINDING WITH ALL TARGETS

e

-0.0925— =0.093+—=—0.0921
Mpro Furin p38MAPK PLpro
= = | osartan -9.25 -8.07 -9.31 -9.21
Imatinib -11.46 -13.36 -11.71 -12.13
Pre-Inh -8.05 -11.03 -8.42 -11.15
— = Losartan Imatinib Pre-Inh

Angiotensin Il (Ang II) — Imatinib Interaction

We exposed imatinib and Ang Il. The result shows that imatinib binds with Ang 1l with
binding energy of —8.64 Kcal/mol (Figure S 4)(Figure S 4).

Discussion

A new insight to pathophysiology of ARDS in COVID19

The fatality and the change of the life style imposed by COVID19 have resulted in uprising
death and economic burden in all countries. Despite the efforts done, the development of
acute respiratory distress syndrome as the culprit of high morbidity and mortality in
infection with SARS-CoV2 has remained elusive, yet attributed to a kind of cytokine storm.
Apart from ARDS and cytokine storm, COVID19 seems to be a moderate illness, since
SARS-CoV?2 itself elicits a limited antiviral response in the hosts.[*!]

Incubation of the virus in the upper respiratory tract results in the release of replicas into
the lower airways and alveoli in huge number (about 10-1000 virion/ul in its peak on day
5-6 of infection).l”! ACE2, the virus receptor on host cells, besides to its expression on
cardiovascular system, kidney, small intestine and adrenal, is also distributed in the apical
portion of the ciliated nasal and tracheobronchial cells as well as pneumocytes type | and
type 11143 76. 771 Consequently, these immune competent cells of respiratory tract may
harbor the virions easily. SARS-CoV2 entry to the cells is associated with downregulation
of ACE2. This results in imbalance of ACE2/angiotensin[1-7]/Mas and ACE/Ang II/AT1R
pathways in favor of the latter with pro-inflammatory, proliferative, prothrombotic, tissue
destructive and pro-apoptotic properties.[*4 [78l |n this context, hyperacute excess of Ang
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Il seems to be the agent which can activate innate arm inflammatory cascades chaotically
which results in sequential cytokine secretion. This process, as is not triggered directly by
the antigens in a pathogen and originates from a collateral imbalance of hormonal milieu
with immunological consequences, eventuates to the cytokine storm if not halted by
negative feedback from activation of an adaptive immunity cascade.’® &1 Preliminary
clues to this theory are:

1- Dependent to the viral load, circulating Ang Il level has been reported to be higher
in infected patients with SARS-CoV?2 than in non-infected healthy people, (&1

2- ACE?2 is tissue protective for the lungs in acid- or sepsis-induced ARDS in mice, 82

3- Mechanical-stress induced ARDS as in ventilator-induced lung injury (VILI) is
correlated to activation of ACE-dependent Nox1(NADPH-oxidasel)-MK(midkine)-
Notch2 pathway and promoted by ACE/Ang-Il/AT1R axis.[3 84

Although contribution of RAS to evolving ARDS was previously suggested in SARS, [Tt
seems that many latent aspects of the involving pathways and the role they may play
have recently been elucidated. A recent animal study in Karolinska University showed
that Ang Il infusion in healthy swines resulted in pathological changes identical to what
happens in the lungs in COVID-19.18%

There are three orders of RAS in our body: systemic-hormonal, tissue-local (with
paracrine and autocrine effects) and cellular-subcellular (with intracrine effects). /23 86. 87]
Invasion of SARS-CoV2 in huge number downregulates ACE2 in the host cells
outrageously so that the balance in tissue-local and cellular-subcellular RAS disrupts
hyper-acutely. Accordingly, the host cells lose their ability to adapt to or defeat against
the consequences of sudden rise in the content of Ang Il with adequate negative feedback
responses by ACEZ2. It is worth mentioning that in healthy people, intra-cellular Ang Il
content in some tissues may reach up to 1000 times higher than that of plasma.[®® In
ACE2 deficiency, Ang Il is not hydrolized to angiotensin[1-7] (with its cytoprotective effect)
or to other less active metabolites. Consequently, hyperacute excessive content of Ang
Il exerts rather untoward chaotic pathological effects in an intracrine (intracellular) and
autocrine (cell to the same cell) manner and even through spilling over extracellularly, in
a paracrine (cell to different neighboring endothelial, macrophages, monocytes, vascular
smooth muscle cells or fibroblasts) and endocrine (cell to circulation) fashion. On the
other hand, some studies demonstrated that Ang Il itself downregulates ACE2 expression
through internalization, lysosomal degradation and AT1R-mediated ROS activated
ERK/p38 MAPK pathway which promotes TACE/ADAML17 activity as well. 8. [0, 91]

Ang Il increases reactive oxygen species (ROS) through AT1R-dependent induction of
NADPH oxidase (Nox), mostly Nox2 and Nox4.[°2 %3194 Even though ROS as a signaling
molecule contributes to cell homeostasis, its overproduction may lead to cell damage.[®®]
Intriguingly, ROS upregulates the production of Ang Il in a positive feedback response. In
deficiency of ACE2, this amplifies the production of ROS dramatically.[®¢ °”l ROS causes
DNA damage and mitochondrial dysfunction.[®® 91|t has been reported in animal studies
that Ang Il through AT1R reduces mitochondrial number as well as pro-survival genes
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(Nampt and sirtuin3).[2%% ROS, in turn, through opening mitochondrial K-ATP channels
and disturbing mitochondrial membrane potential, upregulates mitochondrial ROS
(mtROS) production in a positive feedback response.l1% mtROS functions as a triggering
signaling molecule for production of pro-inflammatory cytokines.l'%? |t was reported in
influenza that regulated amount of mtROS induces interferon y (IFNy) to restrain
infection.[1%8] But when mtROS rises up excessively, striking upregulation of pro-
inflammatory cytokines must be expected. mtROS was shown to activate NLRP3 which
induces IL-1 and IL-18 production.% Furthermore, ROS activates inflammatory
responses by inducing redox-sensitive transcriptional factors like NF-kB and activator
protein 1 (AP1).[86l [105]

Intriguingly, protein S in binding with ACE2 induces ADAM-17/TACE as a sheddase to
separate the ectodomain subunit of this peptidase. Shedding of ACE2 is associated with
the production of TNF-a which was argued to be the initiating cause of inflammation of
the lung in SARS. 4 1081 Qver-expression of TNF-a in the process of hyper-acute
shedding of ACE2 by ADAML17 through synergism with Ang Il may aggravate
inflammatory milieu by inducing oxidative stress via NF-kB and p38 MAPK dependent
pathways.[?1. 197. 18] Eyrthermore, activation of AT1R by Angll induces expression of TNF-
a (presented already in the scene), IL-1, IL-6, IL-8, MCP-1 and even IL-10 through a NF-
kB and activating protein 1 (AP-1) transcriptional factors.[109. 110]

Ang Il through AT1R was also reported to amplify oxidative stress by distorting iron
homeostasis and increasing labile ferrous iron as well as expression of ferritin in
endothelial cells.[*11- 1121 Even though ferritin may show an antioxidative effect, it has been
described in mice that ferritin may act as a local cytokine and activate NF-kB through
MAPK-mediated pathway. This response results in a rise of inducible NO synthase for
about 100-fold and IL-1 and RANTES for 50-fold with a small increase in intercellular
adhesion molecule (ICAM). Ferritin may suppress adaptive immune response, as well.[113]

Aggravating to its pro-inflammatory effects, Ang Il signaling through AT1R increases
vascular permeability in the lung by releasing of prostaglandins and vascular endothelial
growth factor (VEGF).['14 Disruption of endothelial-epithelial (blood-air) barrier in alveoli
and increase in permeability of endothelium rises the fluid in the alveolar sacs that should
be cleared out by epithelial Na channels (ENaCs). In rats, endogenous activation of AT1R
by Ang Il downregulates ENaC expression and disturbs pouring out the extra fluid.11%]

Of the cytokines induced by Ang I, IL-6 plays a more special role in immunopathological
effect of Ang Il. IL-6 induces JAK2/STAT1/3 signaling pathway which promotes many
genes contributing to the production of signaling molecules like cytokines, adaptors,
receptors and protein kinases.['14[116 |n this context, IL-6 is involved in regulation of
differentiation of monocytes into macrophages, upregulation of B-cell IgG production,
downregulation of dendritic cell maturation by activation of the STAT3 signaling pathway
and the promotion of the Th2 response by inhibiting Th1 polarization.[*4
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Ang Il promotes production and release of IL-6 and IL-8 from human cultured adipocytes
by NF-kB-mediated pathway to which AT1R rather than AT2R contributes. It is
demonstrated that in the obese IL-6 plasma level is closely correlated to body mass index
(BMI).1171 Ang Il-induced over expression of IL-6 in adipose tissue might be the reason
why obesity is a risk factor in severity of COVID19.[118]

IL-6 has been found to increase platelet and immune cell aggregation through a T-cell
dependent mechanism by Ang Il. 129 |n addition, an in vitro study showed Ang Il to
upregulate plasminogen activator inhibitors (PAIs) as well as tissue plasminogen activator
(TPA) mRNA in vascular smooth muscle (VSM) cell culture both directly and indirectly
through PDGF. In this manner the increase in PAIs not only neutralizes the effect of TPA
and increases thrombophilia but the remains of TPA by resorbing extra-cellular matrix
provides the possibility for the immune cell migration to the inflammation site.[*20
Moreover, apart from the ability of Ang Il to stimulate platelet aggregation in normotensive
and hypertensive subjects, this vasoactive substance could change of the shape of
platelets derived from healthy volunteers in in vitro studies; this effect of Angll on
increasing of mean platelet volume (MPV) which is considered the first step of platelet
activation does not respond to aspirin.l*?t: 1221 Molecular and cellular endocrinology
findings in previous studies show that the theory of Ang lI-mediated immunopathology in
COVID 19 could explain the thrombophilia observed in this disease. 1?3

Plasma IL-6 level has been correlated to the severity of COVID19.'24 This cytokine, in
association with IL-1 and TNF-a, is the major inducer of CRP production in the liver.[125
126] |n addition, Ang Il induces CRP expression in hepatocytes in a time- and dose-
dependent manner through activation of AT1R and resulting from ROS-MAPK-(NF-kb)
pathway independent of IL-1B and IL-6.[*2"] Reciprocally, CRP increases expression of
AT1R in vascular smooth muscle cells with subsequent upregulation of ROS.[128]

Ang Il through AT1R-PKA-proteosome pathway as well as activation of STAT1 and NF-
kB promotes differentiation of ThO to Th1l. It has been demonstrated that in shifting from
ThO to Thl or Th2, Ang Il upregulates the production of IFNy (10-fold), IL-2 (18-fold), IL-
4 (3.5-fold) and IL-10 (1.5-fold). In addition, Ang Il increases Tbhox transcription factor
MRNA (Tbet, marker for Thl) and GATA3 mRNA (marker for Th2) by 38 and 1.6-fold,
respectively. Amazingly, losartan, an AT1R blocker, has been shown to inhibit Thl
differentiation without having any effect on that of Th2.1*2% |t is noteworthy that Th1l is
differentiated to Th17 in the presence of IL-6 and TGF-B.[*14129 Th17 induces synthesis
of IL-17, IL-21, IL-22 and TNF-a. TNF-q, itself in the presence of IL-6 and IL-18 may
promote differentiation of T cells to Th17.1129 1301 High level of IL-17 in patients with ARDS
suggests its contribution to this syndrome. This cytokine in a model of influenza and LPS
induced acute lung injury has been associated with neutrophil recruitment and increased
alveolar layer permeability.[*31]

Local RAS has been found in DCs, T and NK cells with a complete enzymatic repertoire
enabling them to synthesize and metabolize Ang Il and even AT1R and AT2R.[132-135] |t
has also been described that these cells not only respond to Ang Il but they have tendency
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to migrate to this peptide. Thenceforth, Ang Il may orchestrate recruitment of leukocytes
to the site of inflammation. Besides, Ang Il induces synthesis of CCL5/RANTES
chemokine in T cells and NK cells. It shows that Ang Il may direct chemotaxis of cells
possessing CCR1, CCR3 and CCR5 and even regulate proliferation of T cells via
CCR5.[138]

Activation of AT1R by Ang Il has been correlated with apoptosis in pneumocytes.[*37]
Consequent alveolar and bronchial cell death contributes to the pathogenesis of SARS-
CoV2. But cell loss would ultimately restrain the distribution of the virus. To make scene
ready for the virus to continue its replication a reasonable percentage of the cells should
survive. It merits mentioning that IL-6 in synergism with IL-17 (secreted by Th17) induces
expression of pro-survival proteins Bcl-2 and Bcl-xI which inhibit cell destruction by CD8+
cytotoxic T cells and prevent apoptosis of pneumocytes.!*38 Moreover, IL-22, a member
of IL-10 anti-inflammatory cytokine family, secreted by Th17 also prevents apoptosis of
pulmonary endothelial cells and ameliorates ARDS through inducing JAK2/STAT3
pathway.[13% But it should be taken into account that over-expression of Ang Il upregulates
pro-inflammatory cytokines [IFNy (10-fold) and IL-2 (18 fold)] much more than anti-
inflammatory cytokines [IL-4 (3.5-fold) and IL-10 (1.5-fold)].l?9 It seems that in this milieu
of highly complicated set of pro-inflammatory cytokines some anti-inflammatory
molecules prevent apoptosis of the respiratory epithelial and may even help giant cells
produced in COVID 19 to survive.

Ang Il induced upregulation of matrix metalloproteinases (MMPS) in vascular smooth
muscle cells results in destruction of the pulmonary tissue including the interstitial and
basal collagen-elastin structures. AT1R-mediated extra-cellular signal-regulated kinase
1/2 (ERK1/2) and AT1R-ROS mediated NF-kB and AP-1 pathways lead to increase in
expression and tissue content of MMPs. These proteinases regulate remodeling and turn-
over of extra-cellular matrix (ECM) and promote smooth muscle and endothelial cell
proliferation and migration resulting in vascular wall fibrosis which eventually may end up
in pulmonary hypertension if their presence lasts.[4%-1431 |t has been reported in an animal
study that ACE2 deficiency results in activation MMP and STAT3 pathway which may
promote lung injuries.l144

In oxidative stress macrophages exhibit more AT1R. Activating AT1R impairs
efferocytosis (clearance of apoptotic cells) and interferes with resolution of the
inflammatory cascade.'#> 1461 MerTK is a tyrosine kinase which shifts DCs from pro-
inflammatory to anti-inflammatory status.!4”l Ang Il reduces MerTK content of the cell
membrane through shedding of MerTk in a AT1R/ROS/p38MAPK/ADAM17 mediated
pathway.8l Consequently, Ang Il impairs switching M1 (with more pro-inflammatory
abilities) to M2 (with more anti-inflammatory and tissue repairing properties). Continuation
of pro-inflammatory status result in activation of MMPs and inducing of ECM remodeling
processes. Failure of Tregs to show up due to the predominance of IL-6 promoting Th17
may prevent effective efferocytosis. In this milieu, pro-fibrotic IL-13 and TGF-3 may lead
to lung fibrosis. Ang Il through AT1R induces fibrotic changes in the lungs with direct and
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indirect effects. It has been shown in transgenic mice that Ang Il stimulates lung
fibroblasts/myofibroblast proliferation and synthesis of ECM. It induces production of
TGF-B and connective tissue growth factor (CTGF).[149 1501 Ang Il in synergism with TGF-
B may promote fibrosis in many organs including the lungs. Moreover, Angll-induced
oxidative stress may promote pulmonary fibrosis through downregulation of sirtuin3.[t5%
1521 On the other hand, angiotensin [1-7], the product of ACE2, has been described as an
antifibrotic molecule in cardiomyocytes through stimulation of Sirtuin3-dependent
deacetylation of Foxo3a.[?* 153 In a recent study deletion of sirtuin3 accentuated Angll-
mediated tissue stiffness and induced arterial pericyte to fibroblast transition through
activation of AT1R.[154

Losartan in cytokine storm and ARDS in COVID-19

According to all above-mentioned studies it is rationally expected that losartan as an
AT1R blocker might attenuate ARDS and cytokine storm in COVID-19. Ang Il was
previously considered as a factor that plays a role in ARDS and losartan is effective in
ameliorating this pathology.'%5-1571 However, there are also some studies considering
inconsistency of ARB effects in attenuating inflammatory reactions in vascular bed.[18
159] But these studies were assessing ARB effects on the probable metabolic-based
medium- to long-term atherosclerotic vascular inflammatory reactions but in the milieu
where hydrolyzing of Angll by ACE2 was still possible. It merits mentioning that in some
other studies anti-oxidant effect of losartan and its ability to reduce vascular inflammatory
markers are discernible.[16% 1611 Anyhow, it should be notified that what is encountered in
COVID19 might hypothetically be a sudden dramatic downregulation of ACE2 due to
invasion of huge number of virions and subsequent striking upregulation of Ang Il followed
by huge increase in AT1R content by Ang Il in a positive feedback manner. Losartan was
effective in many studies in suppressing pro-inflammatory effects of cytokines due to its
immunomodulatory properties or even in preventing lung fibrosis.[143 147, 162-164]

Moreover, losartan inhibits Ang Il dependent change of shape (not responding to aspirin)
and aggregation of platelets or independent to Ang Il through its antagonistic effect
against thromboxane A2 more than irbesartan, telmisartan, valsartan, candesartan and
olmesartan .[122. 165, 166]

Early in pandemic of COVID-19 it was suggested that ARBs might increase viral load
upregulation of ACE2 by these drugs seen in previous studies.[*67-169 |t should be notified
that overexpression of ACE2 after administration of ARBs needed 25-28 days to appear.
Furthermore, according to an animal study this might be the upregulation of AT1R and
PKCo which increases the severity of COVID-19 in hypertensive patients with chronic
ARBs intake.[”l On the other hand, entry of the virus to the cells needs that TMPRSS2
increases simultaneous to upregulation of ACE2 otherwise overexpression of ACE2 alone
is capable of entrapping and decreasing the infectivity of the virus.['72-1731 Accordingly,
scientific societies in Europe and the USA recommended that ARBs be continued in
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patients with hypertension or heart diseases.[*’4 Conclusively, BRACE CORONA ftrial
recently showed safety of ARBs in COVID-19.[1751[176]

As a preliminary clinical evidence of curing effect of losartan in COVID-19, two slices of
lung CT-scan of a patient with COVID-19 whom was admitted to ICU, Bazarganan
Hospital, Tehran, Iran, are shown. It is obviously seen that ground glass opacities cleared
out significantly within four days after administration of losartan (6.25 mg twice a day).
The patient’s dyspnea subsided drastically after three doses of losartan.(Figure 7)
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Figure 7. Spiral lung CT-scan of a 50 years old patient with COVID19; A: Apr 6, 2020; B: Apr 10, 2020

Imatinib in cytokine storm and ARDS in COVID-19

As the patients with cytokine storm may experience hypotension due to superimposed
infection in the extreme severity of the disease and losartan administration may reduce
the blood pressure it seems to be rational to recommend an immunomodulator in
association with losartan to stop the cytokine storm more effectively. There is conflicting
evidence that systemic corticosteroids may be hazardous to patients with COVID 19.0177]
As Abelson tyrosine-protein kinase 2 (Abl 2) is needed in replication of SARS-CoV and
MERS-CoV., tyrosine kinase inhibitors has been introduced in the treatment of SARS,
MERS. In this family of viruses, imatinib hinders the initial phases of the virion replication
by inhibiting fusion of the virion at the endosomal membrane.[*’8 179 |matinib, with
immunomodulatory effects, has also been suggested to have subsiding effects specially
against ARDS and the vascular leak seen in this syndrome.['31. 180-182] There s also a
report that low dose imatinib was effective in reducing pulmonary blood pressure in
dogs.['83] In another report inhaled imatinib was also used as a drug to subside pulmonary
hypertension. 184
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Amazingly, Imatinib was found to have an inhibitory effect against Ang Il impact on
vascular smooth muscle cells in dissection of the aorta in mice.l*® Furthermore,
expression of MHC class | and I, production of co-stimulatory molecules and secretion
of cytokines and chemokines in monocyte-derived dendritic cells decrease in the
presence of imatinib. This tyrosine kinase inhibitor subsides phosphatidylinositol 3-
kinase/Akt pathways and downregulates exhibition of NF-kB in the nucleus.*8¢! Cultured
human monocytes are morphologically and functionally suppressed in the presence on
imatinib which reduces the ability of these cells to synthesize IL-6 and TNF-a and to
respond efficiently to M-CSF and GM-CSF stimulation.[*87] In an in vitro study, imatinib
could inhibit expression of TNF-q, IL-6, IFNy and IL-17 in cultured splenocyte of mice with
arthritis in a dose dependent manner.l*®l In monocytes and macrophages, TNF-a
production was reduced by imatinib while IL-10 expression did not change.*8 Imatinib in
mice with hyper-reactive airway disease could subside peri-bronchial eosinophil
accumulation and decrease secretion of IL-4 and IL-13 by Th2 as well as CCL2, CCL5
and CCL6 chemokines.'% In vitro, imatinib could impair immunosuppressive ability and
expression of FoxP+ in Tregs along with the subsiding of STAT3 and STAT5 pathways
without affecting IL-10 and TGF-B in these cells.['°Y Besides, in low dosage, imatinib may
elicit a physiologic innate immune response to infection called “emergency response” in
which myelopoiesis, but not lymphopoiesis, is potentiated.'9?! Imatinib inhibits not only S
protein-dependent virus-cell fusion but also prevents syncytia and giant cell formation in
the lungs.[1%

In Silico Study

We conducted an In Silico modeling study to investigate the probable inhibitory or
modulatory effect of losartan and imatinib in some critical points of the replication cycle
of SARS-CoV2. It was elucidated that both losartan and imatinib could bind to ACE2 with
higher affinity relative to the “Pre-inh™ (reference ligand, table 2). It does not mean that
these drugs could inhibit the catalytic property of this carboxypeptidase as it has not been
reported, yet.

As a novel finding, we have demonstrated that losartan and imatinib could distort the
binding site of SARS-CoV2 RBD to ACE2. According to our study there are seven points
on the a-helix arm of ACE2 molecule located between glycine 24 and lysine 353 (fig 2A
and 2D, table 3) where SARS-CoV2 RBD (acceptor) and ACE2 (donor) may establish
hydrogen (H) bonds. The distance between the acceptor-donor residues at these points
are between 2.69-2.90A (table 3). It means that hydrogen bond energies between SARS-
CoV2 RBD and ACE2 based on the distance of acceptor and donor residues, without
considering the hydrophobic bonds, are of moderate magnitude and mostly
electrostatic.l’® The high affinity of losartan and imatinib to bind with ACE2 which
increases even more after 100ns of exposure of these two drugs to ACE2 in MD
simulation, show that the bonds are stable enough. According to table 3, a-helix of ACE2
was shown to be relocated for at least 1.80 A in the presence of losartan and imatinib in
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100 ns MD simulation. But in some binding residues the change after relocation was more
significant (more than 3.00 A) which may weaken H-bonds at these points:

1- for losartan in four out of seven binding points,
2- for imatinib in six out of seven binding points.

According to this modeling it is expected that the affinity of the virus to its receptor might
decrease in the presence of these two drugs. In addition, our study showed that losartan
among other available ARBs in the market has the highest affinity to ACE2 (table 5). It is
implicated that other ARBs might not be efficacious in docking to ACE2 to make stable
similar conformational structural change in the receptor of the virus.

Furthermore, we could find that both losartan and imatinib could pose in Mpro, PLpro and
MAPK molecules in the position of their “Pre-inh™ with higher affinity. These docking
energies in our model are important because they determine how these ligands may
probably affect the behavior of the proteases.

Of all the proposed ligands, imatinib could pose favorably in furin structure with higher
affinity relative to its “Pre-inh”. Considering high expression of furin in the lungs and
importance of S’z cleavage 171 in the entry of SARS-CoV2 to host cell, if the inhibitory
effect of imatinib against furin is approved in in vivo studies it can be regarded as an
inhibitor that hinders entry of SARS-CoV2 to the target cells, as well. Imatinib and losartan
due to their effective docking to PLpro and Mpro with higher affinity relative to “Pre-inh”
might be successful in preventing those proteases from letting the virus evade innate
immunity or start replication. Although in the case of PLpro the docking energy for losartan
were higher (lower affinity) than that of “Pre-inh”, the magnitude of energies (<-9.21) was
low enough to consider losartan as a probable inhibitor of PLpro. RMSD diagram for
100ns MD simulation of losartan-PLpro complex showed that a sudden change of about
0.25 nm (2.5 A) in the mean position of PLpro molecules occurred in about 60ns that
continued till the end of MD simulation for 100ns with a fall in affinity or in other words rise
in the docking energy [from -9.21 (Kcal/mole) before MD simulation to -7.83 (Kcal/mole)
post-hoc] (Figure 9). This may indicate that losartan affects the conformational shape and
probably the function of PLpro at the expense of losing its affinity to the protein to some
degree.[195 19 pPerhaps longer dynamic study is needed to explain the real behavior of
PLpro in the presence of losartan.

Bradykinin induces allergic inflammatory responses with activation of airway
fibroblast/myofibroblasts through MAPK pathway.'®” 19 |n many of the
pathophysiological destructive pathways in COVID 19 the signature of MAPK is evident.
Surprisingly, in this modeling In Silico study, losartan and imatinib showed to have
significant tendency to bind with p38 MAPK. This might indicate that these drug ligands
may have inhibitory effect against p38MAPK and its downstream pathways and may
inhibit untoward bradykinin-dependent or responses, as well. In our In Silico study,
imatinib also showed its tendency to bind to Ang Il (figure 10). It should be investigated if
imatinib could change the function of Ang Il.
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Conclusion

Through binding the scattered rings of previously found evidence, our reviewing the
literature showed that hyper-acute activation of AT1R by a sudden rise of intracellular
Ang Il due to downregulation of ACE2 after showering of SARS-CoV2 to the lungs
explains precisely the pathophysiology of cytokine storm and ARDS in COVID-19. It is
implied that administration of losartan, an AT1R blocker, and imatinib, an
immunomodulator and as an adjunctive to losartan might be promising in the attenuating
ARDS in COVID-19.

Our In Silico study showed that losartan and imatinib may decrease the affinity of the
virus to ACE2 and might have inhibitory effects against furin, PLpro and MAPK to be
validated in in-vitro, subclinial and clinical studies in the future

According to the findings in this study and the preliminary clinical evidences, we suggest
low dose systemic losartan and inhaled aerosolized low dose imatinib be studied in a
subclinical setting in treating ARDS in COVID 19. In this manner while losartan by
blocking AT1R antagonizes Ang |l effects, aerosolized imatinib may modulate the local
immunological responses. Furthermore, this combination may reduce the probability of
binding of the virus to ACE2 more effectively.
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Supplementary

Table S 1. The list of required FDA-Approved drugs

Small Molecules Pubchem CID Drug bank
Imatinib 5291 DB00619
Losartan 3961 DB00678
Table S 2. Configurations of computational systems
System Operating Systems CPU GPU
32 logical
Server 1 Linux 3.10 cores CUDA
E5-2697
32 logical
Server 2 Linux 4.15 cores X
E5-2650
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Figure S 1. Docking of Imatinib and Losartan (before MD simulation); A: binding site of imatinib with
ACE2 with hydrogen bonds, Asn149, Ala342, His345; B: binding site of losartan with ACE2 including
hydrogen bonds, Tyr127, Arg273, Arg374, His345 and pi-pi interactions of Phe274 and His374
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Figure S 2. RMSD, Rg and H-bonding diagrams of losartan and imatinib complexes with ACE2

Table S 3. Relocation of Carbon alpha of N-terminal helix of ACE2

ACE2 Residue Relocation Magnitudes

RBD H-Bond length (A) Hydrophobic Atom C(a) Imatinib (A) Losartan (A)
Asn487(R) 2.69 GLN 24. A 6.32 6.06
Lys417(R) 2.90 ASP 30.A 3.46 3.24

- v HIS 34.A 2.59 2.37

Tyrd49(R) 2.70 ASP 38.A 3.69 2.18
Thr500(R) 2.71 TYR41.A 1.98 1.80
Tyr49(R) 2.79 GLN 42.A 3.33 2.05
Asn487(R) 2.69 Tyr 83.A 7.58 6.50
Gly502 (R) 2.78 Lys 353.A 4.04 3.99
N-Terminal SER 19.A 9.24 7.71




Table S 4. . Docking Energy for binding ARBs to ACE2

ARBs Binding Energy
Dratosartan 097 ACE2 vs ARBs (Kcal/mol)
[ |

Tasosartan -9.74 597 B

Losartan -9.6 974 N =

Candesartan -9.43 2 943 EH

9,25
Irbesartan -9.25 9,07
Fimasartan -9.07 -B.82
. 277 Il
Telmisartan -8.82 8.4 N
7.0 N

Forasartan -8.77 ) %

Azilsartan -8.4 662

Saprisartan -7.9

Olmesartan -7.62 I3 & ) £

g &8ss § 883

Valsartan -7.39 IS? g j 3? T 5?? & f f

Eprosartan -6.62 & 3 & F §

Saralasin -3.69
SARSCo¥l CPIFGEVFNATKFPSVYAWERKK/ISNCVADYSVLYINSTFFSTFKCYGVS|.
SARS-CoV2 LCPFGEVFNATRFASVYAWNRKRIISNCVADYSVLYNSASFSTFKCYGVSP
SARMVI..@L.DLCFSN JVYADSFVVKGDDVRQ I APGQTGV I ADYNYKLPD
SARS-CoV2 TKLND . LIC. . . . . . FTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPD
SABS-CoVIDFMGCVLAWNTRNIDATSTGNYNYKYRYLRHGKLRPFERDISNVPFSPDG
SARSCoV2 DFTGCVI AWNSNNLDS|. . . .. YNYLYR . . . . . . .o
SARS-CoVI KPCTPPALNCYWPILNDYGFYTT|ITGIGYQPYRVVVLSIFE. . ... ... ....
SARSCoV2 . . . . . .. ... .. PLQSYGFQPT..’VGYQP\YRVVVLSFELLHAPATVCGPK

Figure S 3. Sequence alignment of RBD of SARS-CoV and SARS-CoV2 for crystal structures by PDBID:3sci

and PDBID: 6vsb
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Figure S 4. . Angiotensin Il — Imatinib Interaction in Surface view and poseview of interaction with two
hydrogen bonds with Phe8 and pi-pi interaction with Tyr4
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