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Introduction

Abstract

The current study identifies small molecules targeting the en-
dothelial IL-1B receptor (IL-1R1), thereby ameliorating atheroscle-
rosis progression. Macrophage IL-1B plays an essential role in the
advancement of atherosclerosis by binding to the IL-1R1 thereby
increasing endothelial junction permeability. IL-1RA is a IL-1R1 an-
tagonist which binds to it and limits its interaction with the IL-1p.
We investigated the critical binding residues on the IL-1R1 bind-
ing site, interacting with IL-1RA and a total of 12 important IL-1R1
residues were identified at the interface (4,& region). These find-
ings helped us design potent antagonists for IL-1R1 post screening
a small molecule library targeting these 12 residues on the IL-1R1.
Virtual screening using various state-of-art softwares suggested six
compounds interacting with most of the essential residues on the
IL-1R1 with significantly high docking energy. The compounds were
found to have excellent physicochemical and ADMET properties for
therapeutic purposes. Thus, the screened compounds hold excel-
lent potential as IL-1B receptor inhibitors thereby limiting the pro-
gression of atherosclerosis. Further studies are required to deter-
mine the efficacy and effectiveness of the compounds at the in-vitro
and in-vivo levels.
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Atherosclerosis is a chronic inflammatory disease in which
plaque builds up in the wall of the arteries, leading to plaque
formation. Rupture of this plaque leads to blood clot formation,
and subsequently leads to sudden cardiac arrest. Thus, under-
standing the mechanism of plaque formation can help design a
therapeutic strategy to limit its progression [1,2]. Macrophage
plays an important role in foam cell formation and certain pro-
inflammatory cytokines released by macrophage leads to fur-
ther chronic consequences in development of plaque [3]. One

such cytokines is IL-1pB. IL-1 plays an important role in develop-
ment of atherosclerosis. Uptake of Ox-LDL by macrophage leads
to activation of signaling cascade, leading to IL-1B expression
[4]. IL-1B induces expression of adhesion factors (such as ICAM-
1 and VCAM-1) and chemokines (such as MCP-1), which helps
in the adhesion and accumulation of inflammatory cells to the
intimal site, initiating the plaque formation [5]. Cytokines such
as IL-6 and MMPs are also induced by IL-1B. IL-6 helps in for-
mation of thrombosis while MMPs (such as MMP-1, 8 and 13)
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ruptures the fibrous cap, leading to thrombus formation [6,7].
Recent study has also investigated the role of Nitric Oxide Syn-
thase (NOS)-1 mediated expression of IL-1B in macrophage af-
ter Ox-LDL uptake and the expression of adhesion molecules on
the endothelial cells [8,9]. Thus, therapeutic strategy targeting
IL-1B would play an important role in decreasing the foam cell
formation by the macrophage and in inhibition of atherosclero-
sis at every stage of the disease.

Several therapeutic strategies such as recombinant pro-
teins, monoclonal antibodies and vaccines have been used to
target the IL-1B signaling in atherosclerosis [4]. Anakinra, a re-
combinant human interleukin receptor antagonist which can
antagonize IL-1B by binding to the IL-1B binding site on the
IL-1R1 receptor and limits the binding of the IL-1B to the re-
ceptor [10]. For instance, in phase 2 trial, anakinra was found
to reduce the plaque by 30% in atherosclerotic mice, decrease
triglyceride levels and macrophage infiltration in ApoE”" mice
[11]. But it requires regular injections which can led to adverse
drug effects and block both IL-1a and IL-1f binding, which can
be detrimental [12]. Hence, the non-specificity and case of daily
administration limits its usage. Another approach is the usage
of monoclonal antibodies. Canakinumab and Gevokizumab are
the monoclonal antibodies which have been used to selectively
target IL-1B by forming antigen-antibody complex and seques-
tering the IL1B binding to the receptor [13]. They have also
shown prolonged half-life and doesn’t require daily administra-
tion [14]. But, during the in-vitro studies they have been found
to be leading to the plaque instability in ApoE”~ mice [15]. Thus,
alternative therapeutic strategies are required which provides
higher specificity as well as doesn’t require daily administration
to overcome the limitations of already known inhibitors.

Drug discovery is a time-consuming and expensive process.
Structure Based Virtual Screening (SBVS) can help reduce the
time and cost involved in researching new drugs. SBVS predicts
the best interaction mode between the two molecules to form
a stable complex, and uses scoring functions to estimate the
non-covalent forces between the target and the ligand. The
technique helps in prediction of the active lead molecules be-
fore their synthesis [16]. Other factors such as toxicity, bioavail-
ability and efficacy of the compound can also be checked before
moving to the in-vitro and in-vivo process, thus saving time and
effort. The process starts with the identification of molecular
target for a given compound followed by virtual screening to
identify the active drug candidate. This is followed by lead opti-
mization by improving the binding and physicochemical proper-
ties of the compound [16]. Many compounds have been in the
market through virtual screening such as saquinavir, ritonavir
and indinavir (treatment for HIV), dorzolamide (for glaucoma),
boceprevir (for Hepatitis C), among others [16,17]. Thus, the
current study undertook the approach of SBVS to identify the
lead molecule(s) against the target receptor.

Thus, the current study deals with the identification of novel
molecule inhibitors against IL-1B receptor (IL-1R1), leading to
the blockage of signaling with the IL-1p. Critical residues on the
IL-1B mediating the interaction with the receptor were identi-
fied and virtual screening was done to identify lead compounds
blocking receptor-ligand interaction. Further, physicochemical
and ADMET analysis of the compounds were done to check the
pharmacokinetics and toxicity profile of the compounds. The
screened compounds showed promising results in the in-silico
study, but the in-vitro and in-vivo studies are required to check
the efficacy and effectivity of the compounds with the IL-1f re-

ceptor to limit the IL-1f signaling in atherosclerosis, leading to
deceases in the atherosclerosis progression.

Methods

Analyses of the crystal structure of IL-1B and IL-1R1-Crystal
structure of the IL-1B and IL-1R1 was retrieved from RCSB PDB
(https://www.rcsb.org/) (PDB 4DEP). The structure consists of
ternary complex of IL-1B-IL-1R1-IL-1RAcP. Single chain of IL-
1B (Chain D) and IL-1R1 (Chain E) were considered for further
study, deleting the other chains from the complex. The struc-
tures were further processed by deleting water molecules and
heteroatoms and used for further study. Analysis of the crys-
tal structure between IL-1RA-IL-1R1 was also done to compare
the common interacting residues between the IL-1f and IL-1RA
with the IL-1R1. Crystal structure of IL-1RA-IL-1R1 complex was
downloaded from RCSB PDB (PDB 1IRA). The structure consists
of single chain of IL-1RA (Chain A) and IL-1R1 (Chain B) interact-
ing with each other. Water molecules and heteroatoms were
deleted from the structure and used for further studies. 4A in-
teracting residues between both the complexes were analyzed
in UCSF Chimera [20] to check the difference in the binding of
the ligand(s) with the domains of the IL-1R1 receptor and to de-
cipher the common interacting residues between the complex.

Screening of small molecule inhibitor against IL-1R1 recep-
tor- Interaction of IL-1B with the domain 1 and 2 of the IL-1R1
receptor is critical for its activity [18]. Hence, critical interact-
ing residues in domain 1 and 2 of IL-1R1 with the IL-1B in the
crystal structure were analyzed in UCSF Chimera [20]. Target-
ing these residues in the complex can help in the inhibition of
the interaction of the receptor with the IL-1B. Hence, library of
FDA-approved compounds was downloaded from ZINC-15 [22].
A total of 1614 compounds were retrieved from the database in
SDF format. The resultant compounds were then converted to
pdbqt by OpenBabel [29]. The ligands were then subsequently
used for docking in Schrodinger [24] and AutoDockVina v1.2.0
[25,26]. Glide module of the Schrodinger suite was used for
docking [23]. Crystal structure of the IL-1R1 (PDB 4DEP; Chain
E) was retrieved from RCSB PDB (https://www.rcsb.org/). Pro-
tein preparation wizard of Schrodinger suite [30] was used to
prepare the structure of the protein for docking. Structure was
then refined and optimized in PROPKA at pH 7.0 [31] followed
by minimization using OPLS4 force-field [32]. Receptor grid was
then generated around the receptor covering the domain 1 and
2 of the receptor. LigPrep module of Schrodinger suite [33] was
used to prepare ligands for docking in Schrodinger. For docking
in AutoDockVina, polar hydrogen atoms and Kolmann charges
were added on the crystal structure of IL-1R1 (PDB 4DEP; Chain
E) in AutoDock 4 [34]. Grid box was then generated around
the receptor covering the whole molecule (blind docking) and
ligands were then docked with the receptor in AutoDockVina
v1.2.0 [26]. Ligands were converted to pdbqt in OpenBabel [29]
and used for docking in AutoDockVina. For short listing the com-
pounds, the compounds positive in both the platforms were
considered. Dock score up to -5 were considered for Schroding-
er and its corresponding dock score up to -6 in AutoDockVina.
Further, the compounds were selected based on its interaction
with the 12 critical residues on the receptor. This was followed
by ADMET analysis of the compounds to derive its pharmacoki-
netic properties.

ADMET analysis of the screened compounds- pkCSM server
(https://biosig.lab.ug.edu.au/pkcsm/) [28] was used to analyze
the physicochemical and ADMET properties of the compounds.
pkCSM uses graph-based signatures of the compounds to ana-
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lyze the ADMET properties of the compounds by comparing it
with the available in-vitro data on the server. The compounds
positive in the physiochemical and ADMET properties were fi-
nalized as a therapeutic molecule in inhibiting the IL-1f interac-
tion with the receptor.

Result and Discussion

Analyses of the crystal structure of IL-13 and IL-1RA with IL-
1R1-IL-1B plays an important role as a pro-inflammatory cyto-
kine in atherosclerosis. It is expressed as inactive pro-IL-1 form
in macrophages stimulated by Ox-LDL, which later gets activat-
ed by various caspases. The active IL-1B can then bind to the
IL-1R1 receptor and leads to its dimerization with IL-1RaP, fur-
ther activating transcription factor NF-kB and contributes to the
expression of pro-inflammatory cytokines [18]. IL-1f also leads
to the expression of IL-6, ICAM-1, VCAM-1 and various MMPs
(such as MMP-1, 8 and 13) which causes infiltration of various
immune cells into the intima as well as leads to event of plaque
instability and thrombosis [5,6]. Thus, it becomes evident to
design a therapeutic strategy targeting the binding of the IL-1B
with the receptor which can limit the chronic consequences of
the atherosclerosis. IL-1RA is a natural antagonist present in
the cellular system which binds to IL-1R1 receptor and inhib-
its the interaction of the receptor with the IL-1B, thus limiting
the inflammatory signaling process [19]. Hence, it becomes im-
portant to study the common interacting residues between the
IL-1B and IL-1RA with the IL-1R1 to design a therapeutic strat-
egy against those residues. PDB structure of IL-1B and IL-1R1
was retrieved from RCSB PDB (PDB 4DEP) and 4A interacting
residues between the complex were analyzed in UCSF Chimera
[20]. To compare the interaction of the IL-1B with the antago-
nist IL-1RA, 4A residues between the IL-1RA and IL-1R1 complex
(PDB 1IRA) were also analyzed in UCSF Chimera. Analysis of the
interacting interface between the IL-1B and IL-1RA with the IL-
1R1 receptor indicated that IL-1B interacted with most of the
residues in the domain 1, 2 and 3 of the receptor, while IL-1RA
interacted with domain 1 and 2 with minimal interaction in do-
main 3 of the receptor. Interaction of IL-1B with domain 3 of the
receptor is important in mediating the function of the receptor.
Binding of the IL-1B with the domain 3 of receptor changes the
conformation of the receptor to a 20" from its actual orienta-
tion, which helps in the recruitment of IL1-RAcP adaptor pro-
tein onto the receptor further activating the signaling cascade
[21]. As IL-1RA interact minimally with the domain 3, it does
not govern the change in the orientation of the receptor, hence
signaling remains inactivated. Our approach was to target the
domain 1 and 2 of the IL-1R1 receptor as there were maximum
numbers of critical interacting residues between the IL-1 and
IL-1RA with the IL-1R1 receptor in the 4A region. Thus, domain
1 and 2 on the receptor was used as a target to which both
IL-1B and IL-1RA binds. Analyses of the 4A interacting residues
between the IL-1f and IL-1RA in domain 1 and 2 of the receptor
indicated significant similarity between the residues, with 17
residues found common in both the complex (Figure 1).

In-vitro analysis have identified 12 critical residues on the
domain 1 and 2 of IL-1R1 interacting with IL-1f [21]. Our analy-
sis of 4A interacting residues also found 12 critical residues on
the IL-1R1 interacting with the IL-1B (Figure 1). Thus, targeting
these critical residues on the IL-1R1 can limit the binding of the
IL-1B with the receptor.

IL-1§

PDB 4DEP PDB 4IRA

Damain 1 Demain2 Domain 3 Domainl | Domain2 Domain3
EL1, KiZ, 103, 0, LIS, VIG, | 10, A0S, 10, FIAL, | NOM, K205, P20, Qa8 L257, | | A E5, X9, 0,/43, 142, | ALOG, 1107, FIOS, QUIO, | QZa3,S235, 187, K2,

P26, W30, Pa KLLZ, QUIS, KLIA, LUI5, | 5238, U235, 40, Y242, K244, Vi3, har, P28 KL, 1192, P13, G108, | R2SB, 2SS, 2%, T2,

6122, VA4, B0 YIZ], | V248, 1250, E252, £258, 6D, V121, Y12, £126, R160, 298, G299, 1300
EL23, 15 EL V252, 5253, RaL, L2, | Lie
a3, T30, Hiot
Ak residues IL-1R1) 4 residues I1-1R1)

Figure 1: Crystal structure analyses of interaction of IL-1B and IL-
1RA with the IL-1R1 receptor: A.) Schematic representation of the
interaction of IL-1B with the domain 1, 2 and 3 of the IL-1R1 (PDB
4DEP) and the 4A interacting residues of domain 1, 2 and 3 of the
IL-1R1 with the IL1B. B.) Schematic representation of the interac-
tion of IL-1RA with the IL-1R1 (PDB 4IRA) and the aA interacting res-
idues of domain 1, 2 and 3 of the IL-1R1 with the IL-1RA. Residues
in bold indicates common residues between the complex while
underlined residues are the critical residues in the domain 1 and 2
of IL-1R1 interacting with the IL-1B. IL1-R1 is highlighted as purple,
IL-1B is highlighted as blue and IL-1RA is highlighted as orange. aA
interacting residues between the complex is highlighted as green.
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Figure 2: Docking of compounds with the IL-1R1 receptor. Sche-
matic representation of docking of the compounds with the IL-1R1
receptor along with the 2D interaction diagram. A.) ZINC740, B.)
ZINC1370, C.) ZINC3819138, D.) ZINC43207238, E.) ZINC3814422,
and F.) ZINC36520252. Structures of the individual compounds are
shown adjacent to the docked structures. Bonding interaction has
been shown in different colour codes. IL-1R1 receptor is highlight-
ed as purple while individual compounds have been highlighted as
green.
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Screening of small molecule inhibitors against IL-1R1: In-
silico virtual screening approach was taken to screen small mol-
ecule inhibitors which can interact with the critical residues on
the receptor, inhibiting its interaction with the IL-1B. A total of
1614 FDA-approved compounds were downloaded from the
ZINC15 library [22] and docked onto the IL-1R1 receptor in Sch-
rodinger [23,24] and AutoDockVina v1.2.0 [25,26]. Compounds
were short-listed based on its interaction with the critical resi-
dues on the domain 1 and 2 of the receptor with dock scores
upto -5.0 for Schrodinger and its corresponding dock scores
upto -6.0 in AutoDockVina. Out of 1614 compounds, six com-
pounds were found to be interacting with at least 1 or more
out of 12 critical residues on the receptor (Figure 2 & Table 1).
Thus, these compounds were further used to derive the physi-
cochemical and ADMET properties.

Table 1: Docking summary of the compounds interacting with the
critical residues of IL-1R1.

Schrodinger AutoDockVina
Compounds  ZINC ID Dock Interacting | Dock | Interacting
Scores | residues Scores residues
. 111, 113,
Restoril ZINC740 -5.11 -6.3 15,127
124, 126, 127
111, 113,
Estazolam | ZINC1370 -5.06 -6.4 15,127
124,126, 127
Dapa-
e ZINC3819138 | -5.41  14,15,127  -6.7 15,127
gliflozin
Cana-
T ZINC43207238 | -5.71 15,127 7.9 15,127
gliflozin
Android ZINC3814422 -5.25 15, 127 -6.8 15, 127
Empa-
o ZINC36520252 | -5.2 15,127 -7.6 15,127
gliflozin

“Bold residue indicates H-bond

Physicochemical and ADMET analysis of the top com-
pounds: Analyzing the physicochemical and ADMET proper-
ties of the compounds can help in decreasing the risks during
the clinical development, as it helps in evaluating the efficacy
and safety of the drug during the development process. It also
helps in limiting the failure of the drug during the pre-clinical
and clinical trials [27]. Thus, in-silico approach was taken to
determine the physicochemical and ADMET properties of the
compounds using pkCSM server (https://biosig.lab.ug.edu.au/
pkcsm/) [28]. pkCSM uses graph-based signature to determine
the physicochemical and ADMET properties of the compound
by comparing with the available database on the server. The re-
sult indicated that all six compounds were having positive value
in terms of physiochemical and ADMET properties (Table 2). All
six compounds were following Lipinski rule of five. In absorp-
tion parameter, water solubility, Caco2 permeability, intestinal
absorption and skin permeability were determined, in which
all the parameters showed values above threshold. In distri-
bution parameter, fraction unbound, blood-brain permeabil-
ity and central nervous system permeability were determined.
In metabolism, CYP2D6 substrate and CYP2D6 inhibitor were
determined. In the excretion parameter, total clearance was
determined, while in toxicity parameter, AMES toxicity, hepa-
totoxicity and skin sensitization were determined. Thus, the re-
sult suggests the effectivity of the screened compounds against
inhibiting the IL-1B binding to the receptor.

Further studies would be to check these six compounds at
the in-vitro and in-vivo level to confirm the efficacy of the inhi-
bition of the IL-1p binding with the IL-1R1 receptor, which could
lead to decrease in the atherosclerosis progression.

Table 2: Physicochemical and ADMET properties of the selected compounds.

Parameters ZINC740 ZINC1370 @ ZINC3819138 @ ZINC43207238 ZINC3814422 ZINC36520252
M.W. 300.75 294.75 408.88 444.52 302.46 450.92
LogP 2.47 3.27 1.84 2.97 4.27 1.61
) ) ) Rotatable bond 1 1 6 5 0 6
Physiochemical properties
Acceptor 3 4 6 6 ) 7
bond
Donor bond 1 0 4 4 1 4
Water Solubility -3.607 -4.274 -4.346 -4.447 -4.33 -3.096
CaCo2 permeability 1.32 1.722 0.939 0.711 1.4 -0.035
Absorption
Intestinal absorption 95.46 99.154 51.729 98.263 96.705 59.225
Skin permeability -2.873 -2.438 -2.738 -2.735 -3.035 -2.765
Fraction unbound 0.007 0.163 0.096 0.029 0.029 0.187
Distribution BBB permeability 0.316 0.506 -1.224 -1.186 0.184 -1.18
CNS permeability -2.033 -1.425 -3.632 -3.303 -1.711 -3.7
CYP2D6 substrate No No No No No No
Metabolism
CYP2D6 inhibitor No No No No No No
Excretion Total Clearance 0.21 0.266 0.198 0.039 0.625 0.402
AMES toxicity No No No No No No
Toxicity Hepatotoxicity No No No No No No
Skin sensitization No No No No No No

Water solubility (logS)- defines solubility in water at 25°C; Skin permeability- logkp > - 2.5 classifies low skin permeability; Fraction unbound- defines unbound
state in plasma protein remaining for pharmacological action; BBB permeability- logBB < - 1 classifies poorly distributed to the brain; CNS permeability-
logPS > - 2 classifies CNS penetration and logPS < - 3 classifies no CNS penetration; Total clearance- includes both hepatic and renal clearance
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Conclusion

The study identified novel small molecule inhibitors target-
ing critical residues on the IL-1R1 receptor, which helps to bind
with IL-1B. IL-1B plays an essential role as a pro-inflammatory
cytokine in the progression of atherosclerosis, and targeting its
interaction with the IL-1R1 receptor can help decrease athero-
sclerosis progression. The identified small-molecule inhibitors
through in-silico screening can work as an inhibitor of IL-1B by
analyzing its binding affinity and physicochemical and ADMET
properties. Although these in-silico studies have limitations, in-
vitro and in-vivo studies are required to validate these compu-
tational findings.
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