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Abstract
Chronic inflammation in the airway passage leads to the clinical syndrome of pediat-
ric asthma. Allergic reactions caused by bacterial, viral, and fungal infection lead to the 
immune dis-balance which primes T helper cells (Th2), a specific cluster of differentiation 
4 (CD4) T cell differentiation. This favors the Th2-specific response by activating the inter-
leukin 4/interleukin 13 (IL-4/IL-13) cytokine signaling and further activates the secretion of 
immunoglobulin E (IgE). IL-13 develops bronchial asthma by elevating bronchial hyperre-
sponsiveness and enables production of immunoglobulin M (IgM) and IgE. The present study 
aims to target IL-13 signaling using molecular docking and understanding molecular dynamic 
simulation (MDS) to propose a compelling candidate to treat asthma. We developed a library 
of available allergic drugs (n=20) and checked the binding affinity against IL-13 protein  
(3BPN.pdb) through molecular docking and confirmed the best pose binding energy of –3.84 
and –3.71 for epinephrine and guaifenesin, respectively. Studying the interaction of hydrogen 
bonds and Van der Walls, it is estimated that electrostatic energy is sufficient to interact 
with the active site of the IL-13 and has shown to inhibit inflammatory signaling. These com-
putational results confirm epinephrine and guaifenesin as potential ligands showing potential 
inhibitory activity for IL-13 signaling. This study also suggests the designing of a new ligand 
and screening of a large cohort of drugs, in the future, to predict the exact mechanism to 
control the critical feature of asthma.
© 2022 Codon Publications. Published by Codon Publications.
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Introduction

Allergy is an a complex immunological reaction that begin 
when a harmless foreign substance such as dust, mold, 
or pollen cause strong immunological reactions through 
immunoglobulin E (IgE)-mediated or non-IgE mediated  
(T lymphocyte) to attack an allergen by the immune sys-
tem.1 Allergic rhinitis is a type of seasonal hay fever that 
occurs when the immune system overreacts to an aller-
gen in the air. Currently, the diseases affected between 
10% and 30% of the population.2 Globally, asthma ranked 
46th, and 28th leading cause of burden is approximately 
2%–5% of children who are affected,3 and they are het-
erogeneous, indicating many pathological, clinical, and 
physiological phenotypes.4 Acute rhinosinusitis (ARS) is 
an infection of both your nasal cavity and sinuses that 
occurs due to viral, bacterial, or fungal infections, or 
allergic reactions, or environmental factors.5 Allergic 
diseases are caused by the expansion of a subset of T 
cells such as “T-helper 2 cells” (TH 2-cell), which switch 
to generate the IgE antibodies to specific allergens6 by 
releasing interleukin-4 (IL-4) and IL-13 to promote IgE 
production7. This in turn causes allergic asthma triggered 
by other cytokines such as IL-4, IL-5, IL-25, and IL-33. 
Then mast cells release histamine response to aller-
gens leading to allergic symptoms and causing asthma.8,9 
All these cytokines play a key role in initiating airway 
inflammation. Importantly, IL-13 is a 17-kDa glycoprotein 
that plays as the role of a central mediator in asthma 
by eliciting independent pathological and physiologic 
characteristics which are activated by mast cells, baso-
phils, natural killer cells, eosinophils, CD4+ TH2 cells, 
and CD8+ T cells.10

Bronchial asthma is a disorder of the airways due 
to the accumulation of inflammatory cells, and the pri-
mary treatment is inhaled corticosteroids (ICSs), which 
act as an anti-allergic agent on inflammatory cells.11,12 
Severe asthma is lower in childhood as compared to 
adult asthma.13 A cohort study of 323 12-year-old chil-
dren in Sweden, had shown severe asthma defined by 
the World Health Organization (WHO),14 and suggested 
that in a population about 0.23% of prevalence had 2.1% 
in children.15 Asthma phenotypes are related to airway 
inflammation pathways, defined by distinct inflammatory 
endotypes, cell mediators, and immune pathways.16 One 
of the primary aims to reverse asthma is the reversal of 
existing airway inflammation. Hence, strategies for thera-
peutics focus on reducing inflammation17, in the field of 
biological treatment blockade of IgE is the milestone18, 
and Omalizumab is the available humanized monoclonal 
anti-IgE with the pediatric indication (age >6 years).19 
Generally, there is no cure for allergies but, many medi-
cations are available including antihistamines such as 
Cetirizine, Chlorpheniramine, Ketotifen, etc, and decon-
gestants such as pseudoephedrine, phenylephrine with 
oxymetazoline, corticosteroids, and combination drugs.20 
The biopharmaceutical targeted the IL-13 (lebrikizumab) 
and shows IL-13 blocking through the IL-13 receptor (R)  
α1/IL-4Rα.21 The pathophysiology of asthma through 
treatment options in use includes corticosteroids, 

β2-adrenoceptor agonists, mediator antagonists, synthesis 
inhibitors, and phosphodiesterase inhibitors.22

In protein dynamics, integrally associated mechan-
ics, forces, and motions with its structure will determine 
the function and its ability to adapt to various driven sets 
of conditions. Studying ligand-driven molecular protein 
dynamics, also known as the induced fit (IF) hypothesis, 
helps to understand biology at the molecular level.23–25 In 
this regard, studying protein dynamics influences ligand on 
protein dynamics, and it is a core issue in biology. With 
this background, it is necessary to address the potential 
candidate to control and manage the inflammation asso-
ciated with asthma at this scenario. To address this, the 
study aimed to screen the drug candidates by applying high 
throughput virtual screening and molecular dynamics for 
allergies that cause asthma. To understand the mecha-
nism of these with target inflammatory determinants rule 
out the possible way to treat asthma in the future. Ligand 
docking and ligand–protein molecular dynamics highlight 
the marker IL-13 cytokine which plays an important role 
in the inflammatory pathway and this helps in analyzing 
asthma.

Materials and methods

Selection of drug candidates

To understand the suitable candidate for target inhibition 
and disease prevention, in silico molecular assessment, we 
targeted the drugs which manage allergic asthma. There 
are several categories of allergic medicines available on 
Drugs.com and we selected 20 drugs (Table 1) based on 
the literature survery pertaining to drugs having target 
action on IL-13 and few side effects compared to others. 
Further, screen the best suitable candidate to understand 
the designing strategy for treating asthma. 

Molecular docking study to investigate potential 
lead for inhibiting IL-13 cytokine signaling 

Target selection 
The putative three-dimensional (3D) target structure 
PDB ID: 3BPN for IL-13 receptor, involved in the inflamma-
tory signaling pathway, was selected based on literature 
reports suggesting this is the key to the development of 
T cell-mediated immune responses which cause allergy 
and asthma.26 Also, lebrikizumab, a monoclonal antibody 
(5L6Y.pdb) was used as a control to compare the drug 
candidates. This protein crystal structure was retrieved 
from Research Collaborative for Structural Bioinformatics 
(RCSB) protein databank and helps to screen the targeted 
drugs to understand those drug–target interactions. 

Ligand preparation 

The selected drug analog (Table 1) structures were further 
drawn from ChemSketch and saved the molecules in mol2 
format to use for further study. 

Drugs.com
5L6Y.pdb
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Ligplot analysis using PDBsum 

The LIGPLOT27,28 program was used to predict the binding 
sites of drugs (Table 1) for protein 3BPN, and the program 
generates the 2D representation of protein–ligand com-
plexes from the PDB file as input. Then, it displays all the 
possible interactions (hydrogen bond and non-bonded con-
tacts) held between ligand and residue of protein structure 
to understand the drug potentiality in target inhibition.

Lead optimization 

All drug analogs were generated to the guide molecule 
structure to that of the binding pocket of the 3BPN protein 
molecule, which was used to identify the active sites,27 
that is, the pocket where the ligand is likely to bind. To 
compute this, the mol2 3BPN file was read using the main 
menu to display the number of cavities. 

Molecular docking study 

The docking of the ligands for 3BPN was performed using 
an online molecular docking server.27,29 Also, lebrikizumab, 
a monoclonal antibody (5L6Y.pdb) with 3BPN, is used as a  
control to compare the drug candidates. This predicts the 
ligand interactions with the target by separating com-
pounds with micro and nanomolar binding constants from 
those with millimolar binding constants and may typically 
rank molecules with finer variations in affinity. The first 
step is to retrieve ligands and target 3BPN.pdb files from 
the database. The second step is to prepare PDBQT format 
files for target, ligand, and grid parameter files to finally 
dock the complex interactions.

Molecular dynamics simulations

The ligand–protein complex was used to study the molec-
ular dynamics using LARMD30 aiming to solve the problem 
of ligand-driven protein dynamics. This bioinformatics 
tool may help to guide and direct dynamic processes and 
give a reasonable hypothesis. Also, this toolkit simplifies 
the challenges to correlate ligand recognition with protein 
structure. 

Results 

Identification of potential inhibitory compound by 
molecular docking study

Currently, several drugs are used to treat inflammation and 
asthma in which IL-13 is the main cause of asthma (Figure 1).  
The drugs which are listed in Table 1 are initially tested 
to know their interactions with protein 3BPN and their 

Table 1 The available drug candidate binding energy to 
protein IL-13 receptor used to treat allergy which they are 
used during asthma conditions.

Sl.No. Drug 
candidates

Generic name Est. Free 
Energy of 
Binding in 
kcal/mol

1 Albuterol Albuterol inhalation     +1.13

2 Beclomethasone Beclomethasone 
inhalation

    +1.27

3 Benadryl Diphenhydramine      +4.55

4 Budesonide Budesonide      +1.24

5 Ciclesonide Ciclesonide 
inhalation

     +1.56

6 Cyproheptadine Cyproheptadine    +51.58

7 Dexamethasone Dexamethasone  +285.89

8 Epinephrine Epinephrine 
injection

     -3.84

9 Flunisolide Flunisolide 
inhalation

+608.71

10 Ipratropium Ipratropium 
inhalation

  +32.96

11 Levalbuterol Levalbuterol   +15.50

12 Loratadine Loratadine   +60.32

13 Methylprednisolone Methylprednisolone  +280.09

14 Guaifenesin Mucinex      -3.71

15 Prednisone Prednisone +382.14

16 Promethazine Promethazine   +20.86

17 Racepinephrine Racepinephrine      -3.08

18 Salmeterol Salmeterol  +651.73

19 Singulair Montelukast      +1.65

20 Terbutaline Terbutaline      -2.81

21 Theophylline Theophyline      -2.43

Figure 1 Designing of ligand–protein interaction study 
for asthma control. The current investigation is designed 
to explore the suitable drug candidate for the treatment of 
asthma. The figure shows the investigation studies by suitable 
drug screening.

5L6Y.pdb
3BPN.pdb
Sl.No
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binding property was reported in the present study. The 
3BPN is a type of IL-4 and IL-13 cytokines, which are impor-
tant keys for the development of T cell-mediated humoral 
immune responses, associated with allergy and asthma. 
They exert actions through three different combinations 
(type I to type III) of shared receptors. Among screened 
candidates, the estimated epinephrine and guaifenesin 
have high binding energy towards protein 3BPN (–3.84 and 
–3.08 kcal/mol) compared to tralokinumab (PDB-5L6Y) 
(Supplementary Figure S1) having –882.8 kcal/mol docking 
score which is strong enough to block the Th2 associated 
IL-13; and many other drugs that cause asthma are also  
tabulated (Supplementary Table S1). 

The interaction of the ligand with the IL-13 receptor is 
tabulated in Table 2 to overview the strong enough Van der 
walls and electrostatic interaction of epinephrine and guai-
fenesin drugs which reduce the downstream signaling of 
IL-13 and increase the inflammatory activities that induce 
the allergy. 

Both epinephrine and guaifenesin are potential candidates 
to bind efficiently with IL-13 with their side chains and atomic 
interaction shows hydrogen bonds LEU17 (–4.9046) and THR25 
(–0.0501) with epinephrine, and THR25 (3.8366) with guaifen-
esin (Table 2) which is important in blocking the IL-13 signaling 
as expected. Also, the geometry of epinephrine and guai-
fenesin drugs with IL-13 analyzing ligand–protein complex by 
LigPlot+ program and molecular interactions of bond distance 
with the protein and lead molecule was plotted by using PyMOL 
software (Figure 2). This confirms that epinephrine and guai-
fenesin are potentially able to interact with IL-13 to efficiently  
suppress its allergic pathways of signaling to release the  
mediators of inflammation by the mast cells. 

Molecular dynamic simulation 

The molecular dynamic simulation (MDS) is a computer 
program to analyze the physical movements of atoms and 

Table 2 Atomic interactions of epinephrine and guaifenesin with IL-13. 

Drug vdW + Hbond + 
desolv Energy in 
kcal/mol

Electrostatic 
Energy in kcal/

mol

Total Intermolec. 
Energy in kcal/mol

Interact. Surface Other

Epinephrine -4.96 +0.10 -4.86 469.961 Not applicable

Guaifenesin -4.48     +0.15 -4.33 500.514 Not applicable

Decomposed interaction energies in kcal/mo

Drug Hydrogen bonds Polar Cation-pi Hydrophobic Other

Epinephrine LEU17 (-4.9046)
THR25 (-0.0501)

GLN20 (-1.1191)
GLN78 (-0.114)

PHE82 (-0.1084) LEU79 (-0.4984)
LEU113 (-0.0124)

GLU110 (-0.1891)
THR22 (0.2064)

Guaifenesin THR25 (3.8366) LEU79 (-1.8536)
LEU113 (-0.9205) 
LEU109 (-0.6618)  

LEU17 (-0.9158)
THR18 (-0.5055)
GLN78 (-0.4224)
GLU110 (0.149)
THR22 (1.6516)

Figure 2 Interaction of epinephrine and guaifenesin with IL-13. The ligand–protein complex interaction with lead molecule is 
plotted using PyMOL software: (A) ligand–protein interaction of epinephrine; (B) guaifenesin geometry.

(B)(A)
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molecules. In the current investigation, screened candidates 
for the drug interaction suggest that they would have strong 
interaction with the target IL-13. Therefore, the ligand–
protein of epinephrine-IL-13 (e-IL-13) and guaifenesin-IL-13  
(g-IL-13) were processed for the MDS for 5 ns timescale in 
order to analyze the dynamic properties of these inter-
actions through Int_mod to explore the binding mode. 
The results show protein structure, residue correlation, 
deformation energy, and energy decomposition of e-IL-13  
(Figure 3) and g-IL-13 (Figure 4). 

The e-IL-13 interacting pose is depicted in Figure 3A 
which has RMSD of 1.5–2.0 and 0.5–1.0 for IL-13 and epi-
nephrine, respectively, confirms the average distance 
between the atom and superimposed structure at the equi-
librium of the system (Figure 3B). The radius of Gyration 
(Rg) of 30.0 to 30.5 indicates the body axis rotation defined 
as the radial distance assuming the whole mass is concen-
trated. The molecular mechanics energies combined with 
the Poisson–Boltzmann or generalized Born and surface 
area continuum solvation (MM/PBSA and MM/GBSA) con-
sists of electrostatic energy (ELE, –89.55), Van der Waals 
contribution (VDW, –23.21), total gas-phase energy (GAS, 
–112.76), non-polar and polar contribution to solvation  
(PBSOL/GBSOL, 95.69/96.91), entropy (TS, 15.82 unit is 
kcal/mol) and, etc. The binding energy (deltaPB/deltaGB, 
–1.25/–0.03) was calculated as PBTOT/GBTOT, –17.07/–15.82. 

The heatmap of decomposition range from –1.5 to 1.0 
of amino acid of protein residues red to blue, which pose 
with a ligand for binding as given in Figure 3C for the con-
tribution of binding energies as compared to structure 
superimpose (Figure 3A). Also, the molecular trajectories 

of conformational differences in residues in PC1, PC2, and 
PC3, respectively; frame colored blue and black to red in 
order of time clustered in distance PC space (Figure 3D). 

The interaction of g-IL-13 was further understood for 
the complex poses to best fit and shows guaifenesin with 
IL-13 (Figure 4A) and the RMSD of 1.5–2.0 for IL-13 and  
0.5–1.5 for guaifenesin with 1.4 having best poses for 
protein superimpose with it as indicated (Figure 4B) and  
MM/PBSA and MM/GBSA having ELE, –5.72; VDW, –22.02; 
GAS, –27.74; PBSOL/GBSOL, 11.45/10.09; TS, 19.50 unit is 
kcal/mol and deltaPB/deltaGB, 3.21/1.85 was calculated as 
PBTOT/GBTOT of –16.29/17.65. The decomposition of amino 
acid residues shown in the heatmap (Figure 4C) from -1.5 to 
1 red to blue of ligand residues binding poses as compared 
to complex interaction (Figure 4A) of structure superim-
pose. The principal component analysis (PCA) trajectory 
of g-IL-13 as depicted from blue and black to red changes 
upon time scale by crusting (Figure 4D). With these notes, 
the in silico identified potential candidates epineph-
rine and guaifenesin how they behave in vivo is unknown 
and the limitation of the study is that until the drugs are 
characterized experimentally for asthma, it is difficult to  
conclude the suitability of the drugs for the therapy.

Discussion

In the present study, to understand the role of available 
drugs that are used to treat asthma were analyzed to pre-
dict the potentiality of drug efficacy in terms of interaction 
with target IL-13 to alter its molecular pathway involved 

Figure 3 Molecular dynamics of e-IL-13. The residue correlation, deformation energy, and energy decomposition of e-IL-13 are 
depicted. Molecular interaction poses of ligand–protein complex (e-IL-13) (A), the distance of molecular interaction distance of e-IL-13 
RMSD (B), heatmap of decomposition of amino acid of protein residues red to blue which pose with a ligand for binding that is depicted 
by decomposing of the residues (C), and PCA of the complex with time (D).

(B)

(D)

(A)

(C)
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Figure 4 Molecular dynamics of g-IL-13. The residue correlation, deformation energy, and energy decomposition of e-IL-13 are 
depicted. Molecular interaction poses of ligand–protein complex (g-IL-13) (A); the distance of molecular interaction distance of g-IL-13 
RMSD (B); heatmap of decomposition of amino acid of protein residues red to blue which pose with a ligand for binding that is depicted 
by decomposing of the residues (C), and PCA of the complex with time (D).

in inflammatory-induced asthma. In the current investiga-
tion after literature screening,21 the potentially used can-
didates were selected for the drug suitable screening and 
selected the potential targeting binding epinephrine and 
guaifenesin with protein 3BPN compared to tralokinumab. 
This indicates that those two are potentially important for 
the development of next-generation drug candidates for 
asthma. The MDS and heatmap study interactions show 
strong supporting evidence of having a strong correla-
tion to binding and inhibition. IL-13 is sufficient to cause 
mucus hypersecretion. A recent study shows β2AR-agonists 
contribute to asthma through the activation of β2ARs on 
epithelial cells.31,32 In which, a strong association of Th2-
associated IL-13 may cause asthma by inducing a chronic 
inflammatory state33 and aberrant production of two 
cytokines, such as IL-4 and IL-13, that are involved in the 
association of pathogenesis and its allergic pathological 
disorders.34 The treatments refer based on the act on the 
secondary consequences of asthma that is inflammation 
and bronchospasm and the etiological cause of diseases.35 
The release of mediators from mast cells, and also mast 
cell activation elevate the chronic diseases of asthma by 
inhibiting the agents involved in mast cell activation and 
mediator release.36 Dupilumab Anti-IL4 receptor α mAb 
(blocks IL-4 and IL-13) is recently approved by the Food 
Drug Administration (FDA) to treat patients with severe 
asthma at the age of 12 years. The recommended dose is 
600 mg (300 mg dose of two doses for every 2 weeks) as 
initial, followed by 300 mg for every 4 weeks37 (https://
www.regeneron.com/sites/default/files/Dupixent_FPI.pdf) 

to control the following inflammation pathways to reduce 
the consequential asthma issues that could be highlighted. 

The molecular docking prediction of epinephrine 
and guaifenesin shows that these are the most suitable 
drug likely candidates for the target IL-13 as compared 
to tralokinumab. Nowadays, a variety of computational 
tools are available to study the conformational dynamics 
of ligand-driven protein structure to predict the superim-
posed ligand and proteins over time. The system stability 
was elevated by the root mean square deviation (RMSD), 
the radius of gyration (Rg), and a fraction of native con-
tacts (Q). Among them, RMSD is used for the calculation 
of the atomic position to measure the distance between 
superimposed ligand and protein.38 Through the interaction 
of molecules with the IL-13, more cross-interaction with 
other host molecules need to be investigated for these two 
candidates.39 The MDS is a well-known theoretical tech-
nique used mainly to evaluate any predicted ligand–protein 
model and to visualize the interaction of protein interac-
tion by Jsmol40 and structure profile was retrieved from Str 
mod,41 and the corresponding conformational system was 
discussed. In the present study, PCA is estimated to show 
the relationship of structures based on their residues.42 The 
interaction and RMSD of IL-13 show an efficient target to 
interact during the chronic condition, which may have suffi-
cient impact on asthma treatment in future was exploited. 

The current study has limitations in selecting the drug 
candidates for the target. Not all the available in silico 
design can be a true candidate for the success of in vivo 
studies with targeted disease treatment. Currently, IL-13 

(B)

(D)

(A)

(C)
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has broad activity in asthma such as synthesis of IgM to 
IgE production from plasma cell,43 synthesis of eotaxin in 
the lung by eosinophils,44 high expression of adhesion mol-
ecules in eosinophils,45 increased mucus production,46 sen-
sitizing airway smooth muscle,47 and hyperresponsiveness.48 
The present investigation shows the potent nature of epi-
nephrine and guaifenesin in molecular docking interactions 
and MDS studies. Additionally, a lot of clinical studies are 
necessary for the approval of a drug to treat any disease. 
In this case, in-silico prediction cannot work in vivo due to 
drug characteristics, interaction with immune system com-
ponents, and many other unknown parameters that are the 
limitations of this study.

Currently, the world is affected by the Severe Acute 
Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2) caused 
by Coronavirus disease 2019 (COVID-19). This spread has 
impacted the health especially respiratory virus COVID-19.49  
Asthma treatment is a topic of interest and risk factors 
associated with severe diseases or negative motivation are 
a great matter of debate. A study from the Albert Einstein 
College of Medicine/Montefiore Medical Center 4558 
COVID-19 patients, 951 patients had asthma, 8 of whom 
were on biologics. The study does not find a clinical asso-
ciation between treatment biologicals and odds admit-
ted to the emergency department.50 This study states 
the use of omalizumab confers some protection against 
severe forms of COVID-19 or even helps to manage them, 
but51 some other studies reveal that no evidence was 
concluded for the safe use for the control of COVID-19.52 
The control of the spread of COVID-19 is to improve the 
defence mechanism of the host system through anti-Th2 
inflammation therapies that may be able to provide some 
beneficial effects in treated patients developing COVID-
19.53 The virus-infected cells are killed by CD4+ T cells. 
The virus-activated B lymphocytes can interact with CD4+  
T cells. The first week of virus infection shows an 
increased amount of IgM followed by IgGs antibodies. If 
the adaptive immune system is insufficient, an innate 
immune response can be reinforced through cytokine 
storm which is responsible for multi-organ damage.54 
Current evidence suggest that severe asthma patients 
should maintain their medications during the COVID-19 
pandemic, regardless of therapy. 

Conclusions 

The present study concludes that epinephrine and guai-
fenesin are the two potential candidates confirmed by 
molecular docking which bind the inflammatory biomarker 
IL-13 and molecular simulation dynamics. The epinephrine 
and guaifenesin are promising drugs to treat asthma after 
exploring all the drug characteristics to use this for asthma 
in the coming days and available to all, including economi-
cally poor people. 

The unique aspect of immunotherapy for allergy by 
inducing long-term immunological tolerance through suit-
able drug candidates is required; therefore, future direc-
tions for immunotherapy should be concerned.

Notably, further clinical and basic studies are expected 
to explore the relationship between COVID-19 and asthma 
and/or other allergic diseases.

References

1.  Tanno LK, Calderon MA, Smith HE, Sanchez-Borges M, Sheikh A,  
Demoly P. Dissemination of definitions and concepts of aller-
gic and hypersensitivity conditions. World Allergy Organ J 
[Internet]. 2016 Dec [cited 2022 Jun 8];9(1):1–9. Available from: 
https://waojournal.biomedcentral.com/articles/10.1186/
s40413-016-0115-2

 2.  WAO-White-Book-on-Allergy_web.pdf [Internet]. [cited 2021 
Nov 19]. Available from: https://www.worldallergy.org/
UserFiles/file/WAO-White-Book-on-Allergy_web.pdf

 3.  Lang A, Carlsen KH, Haaland G, Devulapalli CS, Munthe-Kaas M,  
Mowinckel P, et al. Severe asthma in childhood: Assessed in 10 
year olds in a birth cohort study. Allergy. 2008;63(8):1054–60. 
https://doi.org/10.1111/j.1398-9995.2008.01672.x

 4.  Slipping through the net: The reality facing patients with 
difficult and severe asthma. [Internet]. [cited 2021 Nov 19]. 
Available from: https://www.asthma.org.uk/globalassets/
get-involved/external-affairs-campaigns/publications/severe-
asthma-report/auk-severe-asthma-gh-final.pdf

 5.  Marseglia G, Merli P, Caimmi D, Licari A, Labò E, Marseglia A,  
et al. Nasal disease and asthma. Int J Immunopathol Pharmacol 
[Internet]. 2011 Oct 1 [cited 2022 Jun 8];24(4_suppl): 
7–12. https://doi.org/10.1177/03946320110240S402

 6.  Georas SN, Guo J, De Fanis U, Casolaro V. T-helper cell type-2 
regulation in allergic disease. Eur Respir J. 2005;26(6):1119–37. 
https://doi.org/10.1183/09031936.05.00006005

 7.  LaPorte SL, Juo ZS, Vaclavikova J, Colf LA, Qi X, Heller NM, et 
al. Molecular and structural basis of cytokine receptor pleiot-
ropy in the Interleukin-4/13 system. Cell [Internet]. 2008 Jan 
25 [cited 2021 Nov 19];132(2):259–72. Available from: https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC2265076/

 8.  Athari SS. Targeting cell signaling in allergic asthma. Sig 
Transduct Target Ther [Internet]. 2019 Oct 18 [cited 2021 
Nov 19];4(1):1–19. Available from: https://www.nature.com/
articles/s41392-019-0079-0

 9.  Corren J. Role of interleukin-13 in asthma. Curr Allergy 
Asthma Rep. 2013;13(5):415–20. https://doi.org/10.1007/
s11882-013-0373-9

10.  Krause S, Behrends J, Borowski A, Lohrmann J, Lang S,  
Myrtek D, et al. Blockade of interleukin-13-mediated cell acti-
vation by a novel inhibitory antibody to human IL-13 recep-
tor alpha1. Mol Immunol. 2006;43(11):1799–807. https://doi.
org/10.1016/j.molimm.2005.11.001

11.  Schwiebert LM, Beck LA, Stellato C, Bickel CA, Bochner BS, 
Schleimer RP, et al. Glucocorticosteroid inhibition of cyto-
kine production: Relevance to antiallergic actions. J Allergy 
Clin Immunol. 1996;97(1 Pt 2):143–52. https://doi.org/10.1016/
s0091-6749(96)80214-4

12.  Barnes PJ, Pedersen S, Busse WW. Efficacy and safety of 
inhaled corticosteroids. New developments. Am J Respir Crit 
Care Med. 1998;157(3 Pt 2):S1–S53. https://doi.org/10.1164/
ajrccm.157.3.157315

13.  Rusconi F, Fernandes RM, Pijnenburg MWH, Grigg J. The 
Severe Paediatric Asthma Collaborative in Europe (SPACE) 
ERS Clinical Research Collaboration: Enhancing participation 
of children with asthma in therapeutic trials of new biolog-
ics and receptor blockers. Eur Respir J. [Internet]. 2018 Oct 1 
[cited 2021 Nov 19];52(4). Available from: https://erj.ersjour-
nals.com/content/52/4/1801665

14.  Bousquet J, Mantzouranis E, Cruz AA, Aït-Khaled N,  
Baena-Cagnani CE, Bleecker ER, et al. Uniform definition of 
asthma severity, control, and exacerbations: Document pre-
sented for the World Health Organization Consultation on 
Severe Asthma. J Allergy Clin Immunol. 2010;126(5):926–38. 
https://doi.org/10.1016/j.jaci.2010.07.019

15.  Nordlund B, Melén E, Schultz ES, Grönlund H, Hedlin G, Kull I. 
Prevalence of severe childhood asthma according to the WHO. 

https://waojournal.biomedcentral.com/articles/10.1186/s40413
https://waojournal.biomedcentral.com/articles/10.1186/s40413
WAO-White-Book-on-Allergy_web.pdf
https://www.worldallergy.org/UserFiles/file/WAO-White-Book-on-Allergy_web.pdf
https://www.worldallergy.org/UserFiles/file/WAO-White-Book-on-Allergy_web.pdf
https://doi.org/10.1111/j.1398-9995.2008.01672
https://www.asthma.org.uk/globalassets/get-involved/external-affairs-campaigns/publications/severe-asthma-report/auk-severe-asthma-gh-final.pdf
https://www.asthma.org.uk/globalassets/get-involved/external-affairs-campaigns/publications/severe-asthma-report/auk-severe-asthma-gh-final.pdf
https://www.asthma.org.uk/globalassets/get-involved/external-affairs-campaigns/publications/severe-asthma-report/auk-severe-asthma-gh-final.pdf
https://doi.org/10.1177/03946320110240S402
https://doi.org/10.1183/09031936.05.00006005
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2265076
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2265076
https://www.nature.com/articles/s41392
https://www.nature.com/articles/s41392
https://doi.org/10.1007/s11882
https://doi.org/10.1007/s11882
https://doi.org/10.1016/j.molimm.2005.11.001
https://doi.org/10.1016/j.molimm.2005.11.001
https://doi.org/10.1016/s0091
https://doi.org/10.1016/s0091
https://doi.org/10.1164/ajrccm.157.3.157315
https://doi.org/10.1164/ajrccm.157.3.157315
https://erj.ersjournals.com/content/52/4/1801665
https://erj.ersjournals.com/content/52/4/1801665
https://doi.org/10.1016/j.jaci.2010.07.019


High throughput virtual screening strategy to treat bronchial asthma by targeting IL-13 cytokine signaling 29

Respir Med. 2014;108(8):1234–7. https://doi.org/10.1016/j.
rmed.2014.05.015

16.  Licari A, Castagnoli R, Brambilla I, Marseglia A, Tosca MA,  
Marseglia GL, et al. Asthma endotyping and biomarkers 
in childhood asthma. Pediatr Allergy Immunol Pulmonol 
[Internet]. 2018 Jun 1 [cited 2021 Nov 19];31(2):44–55. 
Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC6069590/

17.  Manti S, Brown P, Perez MK, Piedimonte G. The role of 
neurotrophins in inflammation and allergy. Vitam Horm. 
2017;104:313–41. https://doi.org/10.1016/bs.vh.2016.10.010

18.  Ciprandi G, Marseglia GL, Castagnoli R, Valsecchi C, 
Tagliacarne C, Caimmi S, et al. From IgE to clinical trials of 
allergic rhinitis. Expert Rev Clin Immunol. 2015;11(12):1321–33. 
https://doi.org/10.1586/1744666X.2015.1086645

19.  Licari A, Marseglia G, Castagnoli R, Marseglia A, Ciprandi G. 
The discovery and development of omalizumab for the treat-
ment of asthma. Expert Opin Drug Discov. 2015;10(9):1033–42. 
https://doi.org/10.1517/17460441.2015.1048220

20.  Carol DerSarkissian. Drugs to treat allergy symptoms 
[Internet]. WebMD. 2019 [cited 2021 Nov 19]. Available from: 
https://www.webmd.com/allergies/allergy-medications

21.  Ultsch M, Bevers J, Nakamura G, Vandlen R, Kelley RF,  
Wu LC, et al. Structural basis of signaling blockade by anti-
IL-13 antibody Lebrikizumab. J Mol Biol. 2013;425(8):1330–9. 
https://doi.org/10.1016/j.jmb.2013.01.024

22.  Holgate ST, Polosa R. Treatment strategies for allergy and 
asthma. Nat Rev Immunol. 2008;8(3):218–30. https://doi.
org/10.1038/nri2262

23.  Fenimore PW, Frauenfelder H, McMahon BH, Young RD. 
Bulk-solvent and hydration-shell fluctuations, similar to 
α- and β-fluctuations in glasses, control protein motions 
and functions. PNAS [Internet]. 2004 Oct 5 [cited 2021 Nov 
19];101(40):14408–13. Available from: https://www.pnas.org/
content/101/40/14408

24.  Kurplus M, McCammon JA. Dynamics of proteins: Elements 
and function. Ann Rev Biochem. [Internet]. 1983 [cited 2021 
Nov 19];52(1):263–300. https://doi.org/10.1146/annurev.bi.52. 
070183.001403

25.  Silva DA, Bowman GR, Sosa-Peinado A, Huang X. A role for 
both conformational selection and induced fit in ligand bind-
ing by the LAO protein. PLOS Comput Biol. [Internet]. 2011 
May 26 [cited 2021 Nov 19];7(5):e1002054. Available from: 
https://journals.plos.org/ploscompbiol/article?id=10.1371/
journal.pcbi.1002054

26.  Kovanen PE, Leonard WJ. Cytokines and immunodefi-
ciency diseases: Critical roles of the gamma(c)-depen-
dent cytokines interleukins 2, 4, 7, 9, 15, and 21, and their  
signaling pathways. Immunol Rev. 2004;202:67–83.  
https://doi.org/10.1111/j.0105-2896.2004.00203.x

27.  Molecular Docking Server – Ligand Protein Docking & 
Molecular Modeling [Internet]. [cited 2021 Nov 19]. Available 
from: https://www.dockingserver.com/web

28.  Jatav VK, Verma R, Agarwal M. Computer-aided screening 
of therapeutic ligands against KLF8 protein (Homo sapiens).  
Int J Comput Bioinforma silico Model. 2014;3:04.

29.  Karthik CS, Manukumar HM, Sandeep S, Sudarshan BL, 
Nagashree S, Mallesha L, et al. Development of pipera-
zine-1-carbothioamide chitosan silver nanoparticles (P1C-
Tit*CAgNPs) as a promising anti-inflammatory candidate: 
A molecular docking validation †Electronic supplementary 
information (ESI) available. See DOI: 10.1039/c7md00628d. 
Medchemcomm [Internet]. 2018 Apr 4 [cited 2021 Nov 
19];9(4):713–24. Available from: https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC6072085/

30.  LARMD [Internet]. [cited 2021 Nov 19]. Available from:  
http://chemyang.ccnu.edu.cn/ccb/server/LARMD/

31.  Al-Sawalha N, Pokkunuri I, Omoluabi O, Kim H, Thanawala 
VJ, Hernandez A, et al. Epinephrine activation of the 
β2-adrenoceptor is required for IL-13-induced mucin produc-
tion in human bronchial epithelial cells. PLoS One [Internet]. 
2015 Jul 10 [cited 2022 Jun 8];10(7):e0132559. Available from: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4498766/

32.  Zhen G, Park SW, Nguyenvu LT, Rodriguez MW, Barbeau R, 
Paquet AC, et al. IL-13 and epidermal growth factor receptor 
have critical but distinct roles in epithelial cell mucin produc-
tion. Am J Respir Cell Mol Biol. 2007;36(2):244–53. https://doi.
org/10.1165/rcmb.2006-0180OC 

33.  Zimmermann N, Rothenberg ME. The arginine-argi-
nase balance in asthma and lung inflammation. Eur J 
Pharmacol. 2006;533(1–3):253–62. https://doi.org/10.1016/j.
ejphar.2005.12.047

34.  Gour N, Wills-Karp M. IL-4 and IL-13 signaling in allergic airway 
disease. Cytokine. 2015;75(1):68–78. https://doi.org/10.1016/j.
cyto.2015.05.014 

35.  Livingston E, Thomson NC, Chalmers GW. Impact of 
smoking on asthma therapy: A critical review of clini-
cal evidence. Drugs. 2005;65(11):1521–36. https://doi.org/ 
10.2165/00003495-200565110-00005

36.  Robinson C, Holgate ST. Mast cell-dependent inflammatory 
mediators and their putative role in bronchial asthma. Clin Sci 
(Lond). 1985;68(2):103–12. https://doi.org/10.1042/cs0680103

37.  dupixent_fpi.pdf [Internet]. [cited 2021 Nov 19]. Available from: 
https://www.regeneron.com/downloads/dupixent_fpi.pdf

38.  Yang JF, Wang F, Chen YZ, Hao GF, Yang GF. LARMD: 
Integration of bioinformatic resources to profile ligand-driven 
protein dynamics with a case on the activation of estrogen 
receptor. Brief Bioinform. 2020;21(6):2206–18. https://doi.
org/10.1093/bib/bbz141

39.  Lee IH, Kim SY. Dynamic folding pathway models of the Trp-
cage protein. Biomed Res Int. 2013;2013:973867. https://doi.
org/10.1155/2013/973867

40.  Kraulis PJ. MOLSCRIPT: A program to produce both detailed 
and schematic plots of protein structures. J Appl Crystallogr 
[Internet]. 1991 Oct 1 [cited 2021 Nov 19];24(5):946–
50. Available from: http://scripts.iucr.org/cgi-bin/
paper?S0021889891004399

41.  Jarzynski C. Nonequilibrium equality for free energy differences. 
Phys Rev Lett [Internet]. 1997 Apr 7 [cited 2021 Nov 19];78(14): 
2690–3. https://link.aps.org/doi/10.1103/PhysRevLett.78.2690

42.  Grant BJ, Rodrigues APC, ElSawy KM, McCammon JA,  
Caves LSD. Bio3d: An R package for the comparative analysis 
of protein structures. Bioinformatics [Internet]. 2006 Nov 1  
[cited 2021 Nov 19];22(21):2695–6. https://doi.org/10.1093/
bioinformatics/btl461

43.  Punnonen J, Aversa G, Cocks BG, McKenzie AN, Menon S, 
Zurawski G, et al. Interleukin 13 induces interleukin 4-inde-
pendent IgG4 and IgE synthesis and CD23 expression by 
human B cells. Proc Natl Acad Sci U S A. 1993;90(8):3730–4.  
https://doi.org/10.1073/pnas.90.8.3730

44.  Horie S, Okubo Y, Hossain M, Sato E, Nomura H, Koyama S, et al. 
Interleukin-13 but not interleukin-4 prolongs eosinophil survival 
and induces eosinophil chemotaxis. Intern Med. 1997;36(3):179–
85. https://doi.org/10.2169/internalmedicine.36.179

45.  Luttmann W, Knoechel B, Foerster M, Matthys H, Virchow JC, 
Kroegel C. Activation of human eosinophils by IL-13. Induction 
of CD69 surface antigen, its relationship to messenger RNA 
expression, and promotion of cellular viability. J Immunol. 
1996;157(4):1678–83. PMID: 8759755.

46.  Kondo M, Tamaoki J, Takeyama K, Isono K, Kawatani K, Izumo T,  
et al. Elimination of IL-13 reverses established goblet cell 
metaplasia into ciliated epithelia in airway epithelial cell cul-
ture. Allergol Int. 2006;55(3):329–36. https://doi.org/10.2332/
allergolint.55.329

https://doi.org/10.1016/j.rmed.2014.05.015
https://doi.org/10.1016/j.rmed.2014.05.015
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6069590
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6069590
https://doi.org/10.1016/bs.vh.2016.10.010
https://doi.org/10.1586/1744666X.2015.1086645
https://doi.org/10.1517/17460441.2015.1048220
https://www.webmd.com/allergies/allergy
https://doi.org/10.1016/j.jmb.2013.01.024
https://doi.org/10.1038/nri2262
https://doi.org/10.1038/nri2262
https://www.pnas.org/content/101/40/14408
https://www.pnas.org/content/101/40/14408
https://doi.org/10.1146/annurev.bi.52.070183.001403
https://doi.org/10.1146/annurev.bi.52.070183.001403
https://journals.plos.org/ploscompbiol/article?id=10.1371
journal.pcbi
https://doi.org/10.1111/j.0105-2896.2004.00203
https://www.dockingserver.com/web
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6072085
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6072085
http://chemyang.ccnu.edu.cn/ccb/server/LARMD
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4498766
https://doi.org/10.1165/rcmb.2006
https://doi.org/10.1165/rcmb.2006
https://doi.org/10.1016/j.ejphar.2005.12.047
https://doi.org/10.1016/j.ejphar.2005.12.047
https://doi.org/10.1016/j.cyto.2015.05.014
https://doi.org/10.1016/j.cyto.2015.05.014
https://doi.org/10.2165/00003495
https://doi.org/10.2165/00003495
https://doi.org/10.1042/cs0680103
dupixent_fpi.pdf
https://www.regeneron.com/downloads/dupixent_fpi.pdf
https://doi.org/10.1093/bib/bbz141
https://doi.org/10.1093/bib/bbz141
https://doi.org/10.1155/2013/973867
https://doi.org/10.1155/2013/973867
http://scripts.iucr.org/cgi-bin/paper?S0021889891004399
http://scripts.iucr.org/cgi-bin/paper?S0021889891004399
https://link.aps.org/doi/10.1103/PhysRevLett.78.2690
https://doi.org/10.1093/bioinformatics/btl461
https://doi.org/10.1093/bioinformatics/btl461
https://doi.org/10.1073/pnas.90.8.3730
https://doi.org/10.2169/internalmedicine.36.179
https://doi.org/10.2332/allergolint.55.329
https://doi.org/10.2332/allergolint.55.329


30 Qin Ma et al.

47. Bossé Y, Thompson C, Audette K, Stankova J, Rola-Pleszczynski M.  
Interleukin-4 and interleukin-13 enhance human bronchial 
smooth muscle cell proliferation. Int Arch Allergy Immunol. 
2008;146(2):138–48. https://doi.org/10.1159/000113517

48.  Chiba Y, Nakazawa S, Todoroki M, Shinozaki K, Sakai H, Misawa M.  
Interleukin-13 augments bronchial smooth muscle contractility 
with an up-regulation of RhoA protein. Am J Respir Cell Mol 
Biol [Internet]. 2009 Feb 1 [cited 2021 Nov 19];40(2):159–67. 
Available from: https://www.atsjournals.org/doi/10.1165/
rcmb.2008-0162OC

49.  Kong-Cardoso B, Ribeiro A, Aguiar R, Pité H, Morais-Almeida M.  
Understanding and managing severe asthma in the context of 
COVID-19. Immunotargets Ther [Internet]. 2021 Dec 11 [cited 
2022 Jun 8];10:419–30. Available from: https://www.ncbi.nlm.
nih.gov/pmc/articles/PMC8675091/

50.  Ferastraoaru D, Hudes G, Jerschow E, Jariwala S, Karagic M,  
de Vos G, et al. Eosinophilia in asthma patients is protec-
tive against severe COVID-19 illness. J Allergy Clin Immunol 

Pract. 2021;9(3):1152–1162.e3. https://doi.org/10.1016/j.jaip. 
2020.12.045

51.  Lommatzsch M, Stoll P, Virchow JC. COVID-19 in a patient 
with severe asthma treated with Omalizumab. Allergy. 
2020;75(10):2705–8. https://doi.org/10.1111/all.14456

52.  Muntean IA, Pintea I, Bocsan IC, Dobrican CT, Deleanu D.  
COVID-19 disease leading to chronic spontaneous urti-
caria exacerbation: A Romanian retrospective study. 
Healthcare (Basel). 2021;9(9):1144. https://doi.org/10.3390/
healthcare9091144

53.  Poddighe D, Kovzel E. Impact of anti-type 2 inflammation bio-
logic therapy on COVID-19 clinical course and outcome. J Inflamm 
Res. 2021;14:6845–53. https://doi.org/10.2147/JIR.S345665

54.  Liuzzo Scorpo M, Ferrante G, La Grutta S. An overview 
of asthma and COVID-19: Protective factors against SARS-
COV-2 in pediatric patients. Front Pediatr. 2021;9:661206.  
https://doi.org/10.3389/fped.2021.661206

https://doi.org/10.1159/000113517
https://www.atsjournals.org/doi/10.1165/rcmb.2008
https://www.atsjournals.org/doi/10.1165/rcmb.2008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8675091
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8675091
https://doi.org/10.1016/j.jaip.2020.12.045
https://doi.org/10.1016/j.jaip.2020.12.045
https://doi.org/10.1111/all.14456
https://doi.org/10.3390/healthcare9091144
https://doi.org/10.3390/healthcare9091144
https://doi.org/10.2147/JIR.S345665
https://doi.org/10.3389/fped.2021.661206


High throughput virtual screening strategy to treat bronchial asthma by targeting IL-13 cytokine signaling 31

Table S1 Drug interactions with 3BPN protein (IL13). 

Drug Est. Inhibition 
Constant, Ki in mM

vdW + Hbond + 
desolv Energy in 

kcal/mol

Electrostatic 
Energy in kcal/

mol

Total Intermolec. 
Energy in kcal/

mol

Interact. 
Surface

Albuterol  -3.32 -0.33  -3.65 473.576

Beclomethasone +1.27e+03 -0.08 +1.27e+03 656.9

Benadryl +3.01 +0.31 +3.33 611.388

Budesonide +1.24e+03 +0.01 +1.24e+03 743.464

Ciclesonide +1.55e+03 -0.00 +1.55e+03 830.475

Cyproheptadine +51.36 +0.22 +51.58 622.639

Dexamethasone +281.09 -0.00 +281.09 641.755

Epinephrine 1.52    -4.96 +0.10 -4.86 469.961

Flunisolide +607.85 -0.12 +607.73 698.918

Guaifenesin 1.90    -4.48 +0.15 -4.33 500.514

Ipratropium +24.23 +0.02 +24.26 636.384

Levalbuterol +12.81 +0.28 +13.10 583.642

Loratadine +59.16 -0.10 +59.06 715.533

Methylprednisolone +277.47 +0.10 +277.57 633.216

Prednisone +380.09 -0.06 +380.03 626.114

Promethazine  +16.34 +0.46 +16.81 603.214

Racepinephrine 5.55    -4.57 +0.07 -4.50 471.863

Salmeterol +637.28 -0.11 +637.17 777.573

Singulair    +1.55e+03 -0.21 +1.55e+03 957.994

Terbutaline 8.76    -4.61 -0.06 -4.67 480.44

Theophylline  16.59    -2.35 -0.08 -2.43 353.16

Supplementary

Figure S1 Tralokinumab (IL13, PDB- 5L6Y)


