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NF-«B is a central regulator of immunity and inflammation. It is suggested that the inflammatory response
mediated by SARS-CoV-2 is predominated by NF-kB activation. Thus, NF-kB inhibition is considered a potential
therapeutic strategy for COVID-19. The aim of this study was to identify potential anti-inflammation lead
molecules that target NF-kB using a quantitative structure-activity relationships (QSAR) model of currently used
and investigated anti-inflammatory drugs as the basis for screening. We applied an integrated approach by
starting with the inflammation-based QSAR model to screen three libraries containing more than 220,000 drug-
like molecules for the purpose of finding potential drugs that target the NF-kB/IxBa p50/p65 (RelA) complex. We
also used QSAR models to rule out molecules that were predicted to be toxic. Among screening libraries, 382
molecules were selected as potentially nontoxic and were analyzed further by short and long molecular dynamics
(MD) simulations and free energy calculations. We have discovered five hit ligands with highly predicted anti-
inflammation activity and nearly no predicted toxicities which had strongly favorable protein-ligand in-
teractions and conformational stability at the binding pocket compared to a known NF-kB inhibitor (procyanidin
B2). We propose these hit molecules as potential NF-kB inhibitors which can be further investigated in pre-
clinical studies against SARS-CoV-2 and may be used as a scaffold for chemical optimization and drug devel-

opment efforts.

1. Introduction

Transcription factor NF-xB or nuclear factor kappa B is a central
regulator of immunity and inflammation. Dysregulation of this
remarkable family of proteins has been associated with the development
of many diseases including those linked to autoimmunity, inflammation
and viral infections [1-3]. Several human viruses such as HIV-1 and
hepatitis B and C viruses have evolved strategies to target and modulate
NF-kB signaling pathways to evade the immune response and to promote
their survival [4,5]. Recently, there has been growing evidence that
suggests that severe acute respiratory syndrome coronavirus 2 (SAR-
S-CoV-2) mediates its hyperinflammatory systemic response by inducing
specific activation of NF-kB in infected lung epithelial cells [6]. It is
suggested that this predominant NF-kB-based inflammation leads way to
an imbalance in the immune response and hence inability to mount an

effective anti-viral control response, especially in patients with comor-
bidities and weaker immunity systems [6]. According to the latest WHO
coronavirus data, there were over 153 million people confirmed as
COVID-19 cases since the start of the global pandemic, leading to over 3
million deaths worldwide [7].

The role of NF-kB in SARS-CoV-2 infection has been highlighted by
several researchers. A large-scale study which aimed at identifying po-
tential druggable proteins for COVID-19 stated that there are two SARS-
CoV-2 proteins -NSP13 and ORF9c— which target the NF-xB pathway
[8]. Another study that analyzed the human coronavirus-host inter-
actome network revealed that the NF-xB signaling pathway is consid-
ered a significant pathway for SARS-CoV-2 [9]. One study reported a
potential agent that was shown to have anti-viral activity against the
novel SARS-CoV-2 through inhibition of NF-«xB in cell lines [10]. The
link of NF-kB to the cytokine release syndrome and its potential for use
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as a therapeutic strategy for COVID-19 has been reviewed by Hirano and
Murakami [11].

The major role of NF-xB activation in severe acute respiratory syn-
drome (SARS) was reported earlier for SARS-CoV, where NF-«B inhibi-
tion led to decreased inflammation and increased survival in mice
infected with SARS-CoV [12]. Additionally, it was previously shown that
the spike (S) protein of the SARS-CoV induced activation of the innate
immunity and release of cytokines such as IL-8 via activation and nu-
clear translocation of NF-kB p65 in human peripheral monocyte mac-
rophages [13]. Use of a NF-kB inhibitor suppressed the release of IL-8 in
cells infected with human coronavirus 229E [13]. The up-regulation of
IL-6 and TNF-a post-S protein treatment in murine macrophages was
also dependent on NF-«B activation, specifically via the degradation of
IxBa [14].

NF-kB activation can enhance the expression of hundreds of target
genes in response to a diverse set of stimuli that include cellular stress
such as acidic pH, physical stress including UV-light and ionizing radi-
ation, proinflammatory cytokines namely IL-1p and TNFa, bacterial
components such as lipopolysaccharides (LPS), viral molecules, para-
sites, and receptor ligands such as CD40 ligand [15,16]. These stimuli
act via different pathways which have been described as the classical or
canonical pathway, the alternative or non-canonical pathway and other
atypical activation pathways [17-20]. Activation of the classic pathway
leads to the partial proteasomal degradation of the inhibitor of NF-kB,
IkBa, allowing for the nuclear translocation of the p50-p65 subunits of
NF-kB and expression of target genes [3,18,21,22]. This process leads to
the upregulation of hundreds of important target genes that play a
fundamental role in mounting an effective immune response in partic-
ular. This response includes upregulating adhesion molecules which are
necessary for the recruitment of leukocytes; inducing the production of
cytokines such as IL-1 [23] that are critical for the differentiation of cells
such as T cell lymphocytes and macrophages into M1 or M2 subtypes;
release of antimicrobial products such as neutrophilic extracellular
traps; and hence effective initiation and orchestration of the innate and
adaptive immune responses [15,16].

This diverse biological function can be explained by (i) the different
protein structures of NF-kB which come from multiple families and their
structural combinations; (ii) the different cell types they are expressed
in; (iii) the diverse stimuli that induce their activation, and (iv) the
complex crosstalk with a wide variety of other transcription factors,
signaling proteins and signaling molecules such as reactive oxygen
species and micro RNAs [15,19,20]. This complex array of in-
terconnections creates a network that can enhance or inhibit the tran-
scription of NF-kB genes and/or directly control the expression of NF-kB
target genes. NF-kB is further tightly regulated by various mechanisms
such as epigenetic modifiers and positive and negative feedback loops
[15,20,24]. IkBa is tightly bound to NF-kB inhibiting its nuclear trans-
location and further transcriptional activity, but leaves room for
constitutional activity of NF-kB [15]. NF-kB also inhibits its over-
activation via certain molecules such as the A20 deubiquitinase [16],
and via elimination of damaged macrophages via inducing intrinsic
mitochondrial autophagy [23]. Any dysregulation of the homeostasis of
this remarkable family of proteins has been associated with the devel-
opment of inflammatory and autoimmune diseases, viral infections and
even the progression to cancer [3,16,19,20,25-30].

Thus, downregulation of NF-kB-mediated cellular responses is criti-
cally sought as a therapeutic strategy for inflammatory diseases in
particular and may be used as a potential therapeutic strategy for
COVID-19. It was recognized that the potential use of NF-kB inhibitors is
in treatment of corticosteroid-resistant asthma and chronic obstructive
pulmonary disease [31], as exacerbation of asthma attacks following
bacterial or viral infections may be related to induced activation of
NF-kB via the stimulation of TLRs [32]. Drugs such as corticosteroids
and non-steroidal anti-inflammatory drugs (NSAIDs) have been found to
be inhibitors of the NF-kB pathways [32,33]. Other antioxidants such
Vitamins C and E, B-carotene and omega-3 fatty acids were found to
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indirectly inhibit the NF-xB pathways [15]. NF-kB inhibition was found
beneficial in early sepsis as an example of an inflammatory-thrombotic
disease state [15]. This stresses the fact that chronic inflammation is
closely associated to increased risk of thrombosis and coagulopathy
disorders [15].

The search for potent and safe NF-kB inhibitors is of paramount
importance as it may represent a novel therapeutic strategy for many
diseases including inflammatory diseases and viral infections. While the
full structural details of NF-xB have not been characterized yet,
computational studies have thus far used mathematical modeling and
simulation tool to investigate NF-kB and its signaling pathways [34].
Predictions made by various in silico studies which were successfully
complemented by wet lab studies have advanced our understanding of
NF-xB signaling pathways [35]. In our previous work, we developed
fragment-based energy-optimized pharmacophore models for the
NF-kB/IkBa which can be used for library screening purposes [36]. The
use of quantitative structure-activity relationships (QSAR) models as a
basis of screening to identify lead ligands have recently been successful
in our previous studies [37], and shows potential as a powerful virtual
screening methodology that should be investigated for promising mo-
lecular targets. Thus, the aim of this study was to apply an integrated
computational approach by starting with a QSAR model of
anti-inflammation drugs to screen a comprehensive library of drug-like
molecules with the goal of finding lead ligands that target the
NF-kB/IkBa p50/p65 (RelA) heterodimer complex. These screening ef-
forts were followed by molecular dynamics (MD) simulations and free
energy calculations.

2. Methods
2.1. Library and protein preparation

Three different small molecule libraries from Specs (specs.net) were
used in our high throughput virtual screening research study. The Nat-
ural Products (834 compounds), World Diversity Set (10,000 com-
pounds) and Specs SC library (210,550 compounds) were downloaded
from https://www.specs.net. The crystal structure of the p50-p65 NF-«xB
and IkBa heterodimer complex was taken from our previous study,
where the N-terminal signal receiving domain of IkBa was structurally
modeled [38]. The protein complex and small molecule libraries were
prepared according to the protein preparation module of the Schro-
dinger’s Maestro suite, where hydrogen bonds were added, side chains
and loops fixed and disulfide bonds generated [39,40]. To mimic
physiological conditions, PROPKA was used to generate protonation
states of amino acids at pH 7.4 [41,42]. The protein complex structure
was optimized using the OPLS3 forcefield [43].

2.2. Binary QSAR model analysis

MetaCore/MetaDrug from Clarivate Analytics® is a comprehensive
platform used to derive several biochemical, physical and pharmaco-
logical properties about chemical compounds. The QSAR models have
been developed using a set of compounds that exhibit experimental
activity and function (positives) and compounds which do not exhibit
any activity or function (negatives) in approximately equal numbers. For
each QSAR model developed, a set of compounds (the training set) is
used to build the model, whereas other compounds are used to test the
model for its validity (the test/validation set). The training set includes
compounds that are known to exhibit activity against a particular dis-
ease and/or condition including drugs in the market. Only QSAR models
that possessed accuracy, estimated from its correlation coefficient (R%)
and root mean squared error (RMSE), and which were found to have the
highest statistical powers (i.e. specificity, sensitivity, accuracy and the
Matthews Correlation Coefficient) were selected for use by the platform.
In this study, the inflammation-based QSAR model was used to screen
~210,000 small molecules from the SPECS library in addition to ~834
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Screening 222,834 ligands

QSAR screening

by the inflammation- based QSAR model

Filter ligands with effective therapeutic value against inflammation
(> 0.80) ~1200 ligands
|

Filter ligands with low toxicities

(i.e. predicted toxicity values less than 0.60 in a maximum of 4 toxicities)

Protein-ligand studies

1 ns MD simulations for all 382 filtered ligands
post-MD MM/GBSA free energy analysis

50 ns MD simulations for 11 selected ligands

post-MD MM/GBSA free energy analysis

Scheme 1. The study’s computational approach for screening libraries for the purpose of identifying drug-like molecules with potential anti-inflammatory activity.

from the Natural Products and 10,000 from the WorldDiversity libraries.
The inflammation-QSAR mathematical model can predict and calculate
potential anti-inflammatory activity of any compound based on its
chemical structural descriptors with a sensitivity of 0.86, specificity of
0.84 and accuracy of 0.85. This QSAR model was constructed with the
use of 598 training set and 93 test set compounds. A calculated predicted
value greater than 0.5 indicates a potentially active target ligand which
can be evaluated further. We also used QSAR models covering over 26
toxicities to predict the toxicity of our ligands. Similarly, a calculated
predicted value greater than 0.5 indicates a potentially toxic compound
which can be eliminated. More details about this platform can be found
in our previous paper [36].

2.3. Molecular docking

The Glide Standard Precision (Glide/SP) is a grid-based docking
methodology was used in this study [44-46]. Glide/SP settings were
used as default. For this purpose, we generated a grid box for our target
protein and allowed the rotatable amino acids to rotate their side chains
in order to provide additional flexibility. The grid box was centered
around the interaction site between NF-kB and IkBa (see Figure S16). In
grid-box generation, inner and outer box sizes were used as 10 and 30 A,
respectively. Glide/SP was used to dock the top-382 filtered ligands into
target protein.

2.4. Molecular dynamics (MD) simulations

MD simulations were prepared using the TIP3P solvent model. 0.15
M NaCl solution was used to mimic the physiological conditions.
OPLS2005 force field and RESPA integrator were used in the simulations
[47,48]. We conducted MD simulations at 310 K with Nose-Hoover
temperature coupling [49] and constant pressure of 1.01 bar via Mar-
tyna—Tobias—Klein pressure coupling [50] in the Desmond program
[47,51]. Simulation box shape was selected as orthorhombic and box
size calculation methods was used as “buffer”. The simulation box size is
calculated by using the given buffer distance between the solute struc-
tures and the simulation box boundary which was 10 A from each
dimension. For the 50 ns MD simulations, our systems consisted of
around 91,000 atoms and around 26,660 water molecules. Other

settings were used as default. We performed 1 ns (short) MD simulations
for 382 molecules (in total 382 ns), followed by 50 ns (long) MD sim-
ulations for 11 selected lead molecules. We also ran both 1 ns and 50 ns
MD simulations for one of the positive control molecules, procyanidin
B2.

2.5. The molecular mechanics-generalized Born surface area (MM/
GBSA) continuum solvation calculations

The MM/GBSA was used for calculating the binding free energies of
studied compounds [52]. Hou et al. in their succeeding studies repre-
sented that re-scoring by MM/GBSA is an effective procedure to improve
the predictions of docking methods [53]. As our aim was to propose
novel compounds as NF-kB inhibitors in a relatively efficient and inex-
pensive technique, MM/GBSA approach was preferred [54]. The
MM/GBSA tool was conducted in this study using Schrodinger’s Prime
module [48]. 100 trajectory frames were used to calculate the
MM/GBSA from short (1 ns) MD simulations and 2000 trajectory frames
were considered from the 50 ns (long) MD simulations. More details
about the simulation protocol can be found in our previous studies [37,
55-571.

The study’s full methodology is summarized in Scheme 1.

3. Results and discussion

In this study, we used a QSAR model of inflammation to screen
nearly 223,000 drug-like molecules from three different small molecule
libraries. This mathematical model can predict the anti-inflammation
therapeutic activity of any molecule based on their chemical and
structural characteristics. The lead ligands from the QSAR model
screening of all three libraries were selected based on having predicted
anti-inflammation activity with a value greater than 0.80. This high
threshold was selected to increase the likelihood of including ligands
with highly predicted anti-inflammation activity based on their struc-
ture. This process was followed by filtering out predicted toxic com-
pounds and including compounds that are nontoxic or have low
toxicities. Compounds with predicted toxicity with a value less than 0.60
in a maximum of 4 toxicities were included for further analysis. 382
molecules were selected as potentially nontoxic molecules and were
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Fig. 1. (left) The average MM/GBSA scores for the 382 hit compounds identified from the virtual screening analysis. The mean value is —40.52 kcal/mol. The value
of —58.29 kcal/mol (i.e., 2 SD (standard deviation) from the mean) was used cutoff value for the filtration of compounds. These compounds were used in long MD
simulations. Plots were produced using GraphPad Prism v6.01, www.graphpad.com. (right) The MM/GBSA scores for the top-11 lead compounds. Average MM/

GBSA scores of short and long MD simulations of compounds were compared.
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Fig. 2. MM/GBSA binding free energy analysis for the hits along with NF-xB inhibitor (Procyanidin B2) at the active site of the NF-kB/IxkBa during the long MD

simulations.

analyzed further. These ligands were docked into the prepared inflam-
mation target protein (NF-xB/IkBa) and advanced to MD simulations. In
total, we ran 1 ns MD simulations and performed MM/GBSA free energy
calculations for 382 molecules (Fig. 1, left). The top-11 ligands (2
standard deviation away from the mean of their MM/GBSA scores) were
selected to undergo 50 ns MD simulations (Fig. 1, right). This approach
allowed us to expand our pool of molecules to be evaluated in the MD
simulations so that their stability, behaviors and nonbonded interactions
with the NF-kB/IkBa complex structure can be analyzed over time,
opposed to using pure rigid docking protocols. The MM/GBSA tool is
also a powerful tool to predict the free binding energy of biological
systems allowing for an analysis of protein-protein and protein-ligand
interactions [54].

All of the 11 selected ligands were predicted to have a high thera-
peutic activity against inflammation (Figure S1). Based on the analysis
of other QSAR models that are available for other diseases in the Met-
aCore/MetaDrug platform, the majority of these 11 ligands were also
predicted to have potential therapeutic activity in arthritis, asthma,
cancer, depression, HIV, hyperlipidemia, migraines and obesity, disease
states that are strongly linked to inflammation. This highlights that
using one model to describe inflammation is not enough to encompass
the other diseases that are considered inflammatory in their pathogen-
esis. However, the predicted anti-inflammatory activity of the procya-
nidin B2 by the model was noted to be low. There are several reasons
that could explain this observation such as the nonspecific nature of the
polyphenolic structure. Hence, procyanidin B2’s nonspecific chemical
structure may not fit the chemical descriptors used by the construction
of QSAR model. It is also plausible that the difference seen could be due
to procyanidin B2 acting at a different step in the NF-xB pathway, at a
different binding site and/or having a different or additional mechanism
of action in its inhibition of NF-kB [58]. Nevertheless, other QSAR
models predicted its therapeutic activity for arthritis and asthma which

are conditions in which NF-xB plays an important role in the patho-
physiology of these diseases [3]. In comparison with our 11 hit ligands
which had essentially no predicted toxicities, the control had significant
predicted toxicities namely cardiotoxicity, liver necrosis, liver chole-
stasis, nephron toxicity as well as liver weight gain (Figure S2).

Analysis of the MD simulations and Gibbs free energy calculations
allowed us to consider five of our 11 ligands as most promising as po-
tential NF-xB inhibitors (Fig. 2, Table 1). These ligands were: AF-399/
32354064, AG-690/12890456, AK-968/11841158, AK-968/
41926571 and AP-064/41252894 from the Specs small molecule li-
brary. The control inhibitor showed an average MM/GBSA score that is
significantly weaker (AG of —35.14 kcal/mol) than the identified top-5
lead ligands throughout the 50 ns MD simulations indicating that it is
less energetically favorable and structurally stable compared to the lead
ligands. Additionally, all of the 11 hit ligands had better MM/GBSA
scores than the control. This was also true throughout the 1 ns MD
simulations compared to the lead molecules. These results highlight the
higher level of conformational stability attained by the NF-kB complex
with the discovered lead ligands. The MM/GBSA free energy analysis for
all 11 hit ligands along with NF-kB inhibitor, Procyanidin B2, at the
binding pocket of NF-kB/IkBa throughout the 50 ns MD simulations can
be found in Figure S3.

The compound that has the lowest MM/GBSA score at the binding
pocket of the NF-kB/IkBa complex was AG-690/12890456 as confirmed
by the least root mean squared deviation (RMSD) fluctuations seen
throughout the 50 ns MD simulations (Figure S4). The RMSD is primarily
used to investigate the structural stability of the protein-ligand complex
throughout the MD simulations. This molecule also had the lowest
average Gibbs free energy score (average AG of —60.18 kcal/mol)
throughout the 50 ns MD simulation, suggesting a more stable ligand
conformation and a predicted higher affinity at the binding site. Addi-
tionally, as is seen in Figure S13 which shows the protein-ligand


http://www.graphpad.com

T. Kanan et al.

Table 1

Structures and the average free energy scores of the top selected 11
molecules. These 11 molecules were selected based on a QSAR-based
screening methodology followed by 1 ns MD simulations for all filtered
molecules. The average MM/GBSA scores are taken from the 50 ns MD
simulations.

Specs ID Structure MM/GBSA/
keal/mol
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interactions, this molecule had made significant interactions with amino
acid residues Asn276, Leu277 and GIn278 (observed in over 40% of the
simulation time) and with Met279 (observed in over 80% of the simu-
lation time). Other interactions with the protein residues are also shown
in the diagrams, but only when the interaction occurs greater than 30%
of the simulation time. Additionally, Met279 was noted to make several
contacts with the protein throughout the 50 ns MD simulations, leading
to an interaction fraction greater than 1 when compared to other resi-
dues (Fig. 3). When analyzing the protein-ligand interactions for AG-
690/12890456, it is noted that these contacts were made mostly via
hydrogen bonding, although hydrophobic interactions and water
bridges were also observed (Fig. 3). As described in our previous study,
these residues are part of the PEST sequence that spans residues
276-287 in IkBa and which is considered important for identifying high
affinity ligands [36]. Further details on the interactions between the
protein and ligands at each of the 1 ns and 50 ns poses of the MD sim-
ulations are provided in the Supplementary Materials for the lead five
ligands (see Figures S14 and S15).

The RMSD value of Cx atoms away from the initial positions is used
to describe the flexibility of all possible protein conformers throughout
the MD simulations. Our analysis showed that all the complex systems
have less than average RMSD of 5 A. Ligand AK-968,/11841158-bound
target protein had the highest fluctuations in RMSD values with an
average of 6.69 A although it reaches a plateau towards the last 30 ns.
(Figure S5).

The “fit on protein” and “fit on ligand” modes represent the RMSD of
the nonhydrogen atoms of ligands referenced to protein backbone and
ligand itself, respectively. In the fit on protein mode, ligand AG-690/
12890456 had the least observed mean values of RMSD (Figure S4).
Although AF-399/32354064 had a higher fit on ligand RMSD values
(Figure S6), it was relatively stable throughout the simulation unlike
ligands which had more fluctuations seen over the first 20 ns. Although
ligand AF-399/32354064 had an abrupt change in its rotational motion
around 10 ns, it was one of the most stable ligands with the least fluc-
tuations observed throughout the 50 ns MD simulations. Indeed, in the
fit on ligand mode shown in Figure S6, all of the investigated compounds
as well as the control molecule had average RMSD values less than 2 A.
This may indicate a limited rotational motion of the molecules at the
investigated binding site.

We further analyzed the RMSD evolution of the backbone atoms
covering the PEST sequence as this set of residues have been suggested
to be important for targeting in NF-xB inhibition [17,59,60] (Figure S7).
The selected hit molecules as well as the control molecule were stable
throughout the MD simulations with respect to the PEST sequence
(residues 276-287). Ligands AK-968/41926571 and
AP-064/41252894 showed some fluctuations in the last 20 ns of the
simulations, but this increase in the RMSD from a baseline of nearly 3.5
to 4.5 A may be insignificant. Again, ligand AK-968,/11841158 showed
prominent fluctuations when compared to the other molecules, and
continued oscillating throughout the 50 ns MD simulation, however its
RMSD on average (3.27 i\) was similar with both ligands
AK-968/41926571 (3.15 A) and AP-064/41252894 (3.56 A).

Analysis of the MD simulations in different parameters is represented
in Figures S8-S11. Figure S8 shows the RMSD evolution for the side
chains over a 50 ns MD simulations with the NF-xB/IxkBa (p50/p65)
complex. Highest side chain RMSD values was observed for ligand AK-
968/11841158, which may indicate the level of perturbation of these
side chain residues as they construct their interactions at the binding
pocket. Figures S9 and S10 shows root mean square fluctuations (RMSF)
evolution over time for the C, atoms and side chains over a 50 ns MD
simulation with the NF-xB/IkBa (p50/p65) complex, respectively.
Figure S11 represents solvent accessible surface area (SASA) in A2 of the
5 hit ligands over the 50 ns MD simulations with the NF-kB/IxkBa (p50/
p65) complex. The control procyanidin B2 showed the highest SASA
value (328.76 ;\2) compared to other ligands.

Based on our thorough analysis of the simulations and post-MD Gibbs
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Fig. 3. The protein-ligand interaction diagrams of the identified 5 compounds and the reference compound in the active site of the NF-kB/IkBx complex throughout
the 50 ns MD simulations. The interaction fraction indicates the percentage of time the contact is made during the simulation. The profiles are displayed for ligands
AF-399/32354064, AG-690/12890456, AK-968/11841158, AK-968/41926571 and AP-064/41252894 and Procyanidin B2, the control molecule.

free energy calculations, it can be suggested that ligand AG-690/
12890456 is the most energetically favorable ligand at the binding site
of NF-kB/IkBa. This ligand along with AF-399/32354064, AK-968/
41926571 and AP-064/41252894 may show effective inhibition of NF-
kB in in vitro studies and may be investigated further. ADME properties
of these compounds were also calculated using MetaCore/MetaDrug and
it is found that selected ligands have proper drug-like profiles
(Figure S12). Use of these ligands as lead molecules and expanding their
activity and purpose by chemical optimization and structural methods is
also predicted to lead to the development of more potent inhibitors.

4. Conclusions

The COVID-19 pandemic highlights the critical need for rapidly and
efficiently identifying important molecular targets in diseases and
developing safe and effective drugs that could be used as novel thera-
pies. In this regard, computer-aided drug design and discovery plays a
critical role in efficiently searching massive databases of drug-like
molecules and analyzing the chemical and physical characteristics of
these potential compounds. The diversity and complexity of NF-xB
pathways and interconnections necessitate a powerful understanding of
its signaling pathways and connection to disease states in order to
deduce the optimal patients that could benefit from targeting NF-«B, as
well as to derive the optimal timing, dosing and mode of administration
of these potential drugs [15,20].

Several research studies have presented the potential use of NF-xB
inhibitors in isolation or in combination with other drugs for its
maximum intended anti-inflammation benefits [20]. Thus, the search
for potent and nontoxic NF-kB inhibitors is considered a highly desired
strategy for treatment of inflammatory and inflammation-associated
diseases and represents a novel way that has a strong potential for
advancing to clinical use in the future. In our study, we have utilized an
integrated computational approach to identify molecules predicted to
have anti-inflammatory activity that interacts favorably with the NF-xB
complex. We identified five hit molecules that could potentially act as
NF-xB inhibitors. However, it is important to highlight that our study is
limited by its in silico nature. Further studies to test these molecules in
vitro and subsequently in vivo are necessary to evaluate their

effectiveness in reducing inflammation marked by increased cellular
overstimulation of NF-kB and its pathway mediators. NF-xB inhibitors
discovered via in silico approaches can be investigated in pre-clinical
studies and may be further considered as a scaffold for further struc-
tural optimization and drug development efforts.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This study was funded by Scientific Research Projects Commission of
Bahcesehir University. Project number: BAU.BAP.2020.01. The numer-
ical calculations reported in this paper were partially performed at
TUBITAK ULAKBIM, High Performance and Grid Computing Center
(TRUBA resources).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jmgm.2021.107968.

References

[1] T. Liu, L. Zhang, D. Joo, S.-C. Sun, NF-kB signaling in inflammation, Signal
Transduct Target Ther 2 (2017) 17023.

[2] S.-C. Sun, J.-H. Chang, J. Jin, Regulation of nuclear factor-kB in autoimmunity,
Trends Immunol. 34 (2013) 282-289.

[3] S.C. Gupta, C. Sundaram, S. Reuter, B.B. Aggarwal, Inhibiting NF-kB activation by
small molecules as a therapeutic strategy, Biochim. Biophys. Acta 1799 (2010)
775-787.

[4] M.G. Santoro, A. Rossi, C. Amici, NF-kappaB and virus infection: who controls
whom, EMBO J. 22 (2003) 2552-2560.

[5] J. Zhao, S. He, A. Minassian, J. Li, P. Feng, Recent advances on viral manipulation
of NF-kB signaling pathway, Curr. Opin. Virol. 15 (2015) 103-111.

[6] C. Neufeldt, B. Cerikan, M. Cortese, J. Frankish, J.-Y. Lee, A. Plociennikowska,

F. Heigwer, S. Joecks, S. Burkart, D. Zander, M. Gendarme, B. El Debs, N. Halama,
U. Merle, M. Boutros, M. Binder, R. Bartenschlager, SARS-CoV-2 Infection Induces


https://doi.org/10.1016/j.jmgm.2021.107968
https://doi.org/10.1016/j.jmgm.2021.107968
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref1
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref1
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref2
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref2
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref3
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref3
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref3
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref4
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref4
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref5
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref5
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref6
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref6
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref6

T. Kanan et al.

[7

—

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]
[18]
[19]
[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

a Pro-inflammatory Cytokine Response through cGAS-STING and NF-Kb, bioRxiv
(2020).

WHO COVID-19 Dashboard. Available online: https://covid19.who.int/(accessed
April 24, 2021).

D.E. Gordon, G.M. Jang, M. Bouhaddou, J. Xu, K. Obernier, K.M. White, M.

J. O’Meara, V.V. Rezelj, J.Z. Guo, D.L. Swaney, T.A. Tummino, R. Hiittenhain, R.
M. Kaake, A.L. Richards, B. Tutuncuoglu, H. Foussard, J. Batra, K. Haas, M. Modak,
M. Kim, P. Haas, B.J. Polacco, H. Braberg, J.M. Fabius, M. Eckhardt, M. Soucheray,
M.J. Bennett, M. Cakir, M.J. McGregor, Q. Li, B. Meyer, F. Roesch, T. Vallet, A. Mac
Kain, L. Miorin, E. Moreno, Z.Z.C. Naing, Y. Zhou, S. Peng, Y. Shi, Z. Zhang,

W. Shen, 1.T. Kirby, J.E. Melnyk, J.S. Chorba, K. Lou, S.A. Dai, I. Barrio-Hernandez,
D. Memon, C. Hernandez-Armenta, J. Lyu, C.J.P. Mathy, T. Perica, K.B. Pilla, S.
J. Ganesan, D.J. Saltzberg, R. Rakesh, X. Liu, S.B. Rosenthal, L. Calviello,

S. Venkataramanan, J. Liboy-Lugo, Y. Lin, X.-P. Huang, Y. Liu, S.A. Wankowicz,
M. Bohn, M. Safari, F.S. Ugur, C. Koh, N.S. Savar, Q.D. Tran, D. Shengjuler, S.

J. Fletcher, M.C. O’Neal, Y. Cai, J.C.J. Chang, D.J. Broadhurst, S. Klippsten, P.

P. Sharp, N.A. Wenzell, D. Kuzuoglu-Ozturk, H.-Y. Wang, R. Trenker, J.M. Young,
D.A. Cavero, J. Hiatt, T.L. Roth, U. Rathore, A. Subramanian, J. Noack, M. Hubert,
R.M. Stroud, A.D. Frankel, O.S. Rosenberg, K.A. Verba, D.A. Agard, M. Ott,

M. Emerman, N. Jura, A SARS-CoV-2 protein interaction map reveals targets for
drug repurposing, Nature 583 (2020) 459-468.

Y. Zhou, Y. Hou, J. Shen, Y. Huang, W. Martin, F. Cheng, Network-based drug
repurposing for novel coronavirus 2019-nCoV/SARS-CoV-2, Cell Discov 6 (2020),
14-14.

Q. Ma, W. Pan, R. Li, B. Liu, C. Li, Y. Xie, Z. Wang, J. Zhao, H. Jiang, J. Huang,
Y. Shi, J. Dai, K. Zheng, X. Li, Z. Yang, Liu Shen capsule shows antiviral and anti-
inflammatory abilities against novel coronavirus SARS-CoV-2 via suppression of
NF-kB signaling pathway, Pharmacol. Res. 158 (2020), 104850-104850.

T. Hirano, M. Murakami, COVID-19: a new virus, but a familiar receptor and
cytokine release syndrome, Immunity 52 (2020) 731-733.

M.L. DeDiego, J.L. Nieto-Torres, J.A. Regla-Nava, J.M. Jimenez-Guardeno,

R. Fernandez-Delgado, C. Fett, C. Castano-Rodriguez, S. Perlman, L. Enjuanes,
Inhibition of NF-kB-Mediated inflammation in severe acute respiratory syndrome
coronavirus-infected mice increases survival, J. Virol. 88 (2014) 913-924.

S.F. Dosch, S.D. Mahajan, A.R. Collins, SARS coronavirus spike protein-induced
innate immune response occurs via activation of the NF-kappaB pathway in human
monocyte macrophages in vitro, Virus Res. 142 (2009) 19-27.

W. Wang, L. Ye, L. Ye, B. Li, B. Gao, Y. Zeng, L. Kong, X. Fang, H. Zheng, Z. Wu,
Y. She, Up-regulation of IL-6 and TNF-alpha induced by SARS-coronavirus spike
protein in murine macrophages via NF-kappaB pathway, Virus Res. 128 (2007)
1-8.

M. Mussbacher, M. Salzmann, C. Brostjan, B. Hoesel, C. Schoergenhofer, H. Datler,
P. Hohensinner, J. Basilio, P. Petzelbauer, A. Assinger, J.A. Schmid, Cell type-
specific roles of NF-kappaB linking inflammation and thrombosis, Front. Immunol.
10 (2019) 85.

R.G. Baker, M.S. Hayden, S. Ghosh, NF-kappaB, inflammation, and metabolic
disease, Cell Metabol. 13 (2011) 11-22.

C. Zheng, Q. Yin, H. Wu, Structural studies of NF-kappaB signaling, Cell Res. 21
(2011) 183-195.

J. Napetschnig, H. Wu, Molecular basis of NF-kappaB signaling, Annu. Rev.
Biophys. 42 (2013) 443-468.

K. Taniguchi, M. Karin, NF-kB, inflammation, immunity and cancer: coming of age,
Nat. Rev. Immunol. 18 (2018) 309-324.

B. Hoesel, J.A. Schmid, The complexity of NF-kB signaling in inflammation and
cancer, Mol. Canc. 12 (2013), 86-86.

D.U. Ferreiro, E.A. Komives, Molecular mechanisms of system control of NF-
kappaB signaling by IkappaBalpha, Biochemistry 49 (2010) 1560-1567.

T. Huxford, G. Ghosh, A structural guide to proteins of the NF-kappaB signaling
module, Cold Spring Harb Perspect Biol 1 (2009) a000075.

Z. Zhong, A. Umemura, E. Sanchez-Lopez, S. Liang, S. Shalapour, J. Wong, F. He,
D. Boassa, G. Perkins, S.R. Ali, M.D. McGeough, M.H. Ellisman, E. Seki, A.

B. Gustafsson, H.M. Hoffman, M.T. Diaz-Meco, J. Moscat, M. Karin, NF-kappaB
restricts inflammasome activation via elimination of damaged mitochondria, Cell
164 (2016) 896-910.

A. Oeckinghaus, M.S. Hayden, S. Ghosh, Crosstalk in NF-kappaB signaling
pathways, Nat. Immunol. 12 (2011) 695-708.

S. Mincheva-Tasheva, R.M. Soler, NF-kappaB signaling pathways: role in nervous
system physiology and pathology, Neuroscientist 19 (2013) 175-194.

T.D. Gilmore, M. Herscovitch, Inhibitors of NF-kappaB signaling: 785 and
counting, Oncogene 25 (2006) 6887-6899.

T. Vaisitti, F. Gaudino, S. Ouk, M. Moscvin, N. Vitale, S. Serra, F. Arruga, J.

L. Zakrzewski, H.-C. Liou, J.N. Allan, R.R. Furman, S. Deaglio, Targeting
metabolism and survival in chronic lymphocytic leukemia and Richter syndrome
cells by a novel NF-kB inhibitor, Haematologica 102 (2017) 1878-1889.

F. Lerebours, S. Vacher, C. Andrieu, M. Espie, M. Marty, R. Lidereau, I. Bieche, NF-
kappa B genes have a major role in Inflammatory Breast Cancer, BMC Canc. 8
(2008), 41-41.

V. De Simone, E. Franze, G. Ronchetti, A. Colantoni, M.C. Fantini, D. Di Fusco, G.
S. Sica, P. Sileri, T.T. MacDonald, F. Pallone, G. Monteleone, C. Stolfi, Th17-type
cytokines, IL-6 and TNF-u synergistically activate STAT3 and NF-kB to promote
colorectal cancer cell growth, Oncogene 34 (2014) 3493.

Y. Ben-Neriah, M. Karin, Inflammation meets cancer, with NF-kB as the
matchmaker, Nat. Immunol. 12 (2011) 715.

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]
[471

[48]
[49]

[50]
[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Journal of Molecular Graphics and Modelling 108 (2021) 107968

M.R. Edwards, N.W. Bartlett, D. Clarke, M. Birrell, M. Belvisi, S.L. Johnston,
Targeting the NF-kappaB pathway in asthma and chronic obstructive pulmonary
disease, Pharmacol. Ther. 121 (2009) 1-13.

M. Schuliga, NF-kappaB signaling in chronic inflammatory airway disease,
Biomolecules 5 (2015) 1266-1283.

F. D’Acquisto, M.J. May, S. Ghosh, Inhibition of nuclear factor kappa B (NF-B): an
emerging theme in anti-inflammatory therapies, Mol. Interv. 2 (2002) 22-35.

A. Oppelt, D. Kaschek, S. Huppelschoten, R. Sison-Young, F. Zhang, M. Buck-Wiese,
F. Herrmann, S. Malkusch, C.L. Kriiger, M. Meub, B. Merkt, L. Zimmermann,

A. Schofield, R.P. Jones, H. Malik, M. Schilling, M. Heilemann, B. van de Water, C.
E. Goldring, B.K. Park, J. Timmer, U. Klingmiiller, Model-based identification of
TNFa-induced IKKp-mediated and IkBa-mediated regulation of NFkB signal
transduction as a tool to quantify the impact of drug-induced liver injury
compounds, NPJ Syst. Biol. Appl. 4 (2018) 23.

R.A. Williams, J. Timmis, E.E. Qwarnstrom, Computational models of the NF-KB
signalling pathway, Computation 2 (2014) 131-158.

T. Kanan, D. Kanan, I. Erol, S. Yazdi, M. Stein, S. Durdagi, Targeting the NF-xB/
IkBa complex via fragment-based E-Pharmacophore virtual screening and binary
QSAR models, J. Mol. Graph. Model. 86 (2019) 264-277.

G. Tutumlu, B. Dogan, T. Avsar, M.D. Orhan, S. Calis, S. Durdagi, Integrating ligand
and target-driven based virtual screening approaches with in vitro human cell line
models and time-resolved fluorescence resonance energy transfer assay to identify
novel hit compounds against BCL-2, Front. Chem. 8 (2020).

S. Yazdi, S. Durdagi, M. Naumann, M. Stein, Structural modeling of the N-terminal
signal-receiving domain of IkBa, Frontiers in Molecular Biosciences 2 (2015) 32.
Schrodinger: Maestro. LLC, 2016. New York, NY.

G.M. Sastry, M. Adzhigirey, T. Day, R. Annabhimoju, W. Sherman, Protein and
ligand preparation: parameters, protocols, and influence on virtual screening
enrichments, J. Comput. Aided Mol. Des. 27 (2013) 221-234.

D.C. Bas, D.M. Rogers, J.H. Jensen, Very fast prediction and rationalization of pKa
values for protein-ligand complexes, Proteins: Structure, Function, and
Bioinformatics 73 (2008) 765-783.

H. Li, A.D. Robertson, J.H. Jensen, Very fast empirical prediction and
rationalization of protein pKa values, Proteins: Structure, Function, and
Bioinformatics 61 (2005) 704-721.

E. Harder, W. Damm, J. Maple, C. Wu, M. Reboul, J.Y. Xiang, L. Wang, D. Lupyan,
M.K. Dahlgren, J.L. Knight, J.W. Kaus, D.S. Cerutti, G. Krilov, W.L. Jorgensen,

R. Abel, R.A. Friesner, OPLS3: a force field providing broad coverage of drug-like
small molecules and proteins, J. Chem. Theor. Comput. 12 (2016) 281-296.

R.A. Friesner, J.L. Banks, R.B. Murphy, T.A. Halgren, J.J. Klicic, D.T. Mainz, M.
P. Repasky, E.H. Knoll, M. Shelley, J.K. Perry, D.E. Shaw, P. Francis, P.S. Shenkin,
Glide: A new approach for rapid, accurate docking and scoring. 1. Method and
assessment of docking accuracy, J. Med. Chem. 47 (2004) 1739-1749.

T.A. Halgren, R.B. Murphy, R.A. Friesner, H.S. Beard, L.L. Frye, W.T. Pollard, J.
L. Banks, Glide: A new approach for rapid, accurate docking and scoring. 2.
Enrichment factors in database screening, J. Med. Chem. 47 (2004) 1750-1759.
Schrodinger: Glide, LLC, New York, NY, 2016.

Research, D. E. S.: Desmond Molecular Dynamics System, LLC, New York, NY,
2016.

Schrodinger: Prime, LLC, New York, NY, 2016.

W.G. Hoover, Canonical dynamics: equilibrium phase-space distributions, Phys
Rev A Gen Phys 31 (1985) 1695-1697.

G.J. Martyna, D.J. Tobias, M.L. Klein, Constant pressure molecular dynamics
algorithms, J. Chem. Phys. 101 (1994) 4177-4189.

Schrodinger: Maestro-Desmond Interoperability Tools, LLC, New York, NY, 2016.
T. Hou, J. Wang, Y. Li, W. Wang, Assessing the performance of the MM/PBSA and
MM/GBSA methods. 1. The accuracy of binding free energy calculations based on
molecular dynamics simulations, J. Chem. Inf. Model. 51 (2011) 69-82.

T. Hou, J. Wang, Y. Li, W. Wang, Assessing the performance of the molecular
mechanics/Poisson Boltzmann surface area and molecular mechanics/generalized
Born surface area methods. II. The accuracy of ranking poses generated from
docking, J. Comput. Chem. 32 (2011) 866-877.

B.R. Miller, T.D. McGee, J.M. Swails, N. Homeyer, H. Gohlke, A.E. Roitberg,
MMPBSA.py: an efficient program for end-state free energy calculations, J. Chem.
Theor. Comput. 8 (2012) 3314-3321.

S. Durdagi, R.E. Salmas, M. Stein, M. Yurtsever, P. Seeman, Binding interactions of
dopamine and apomorphine in D2High and D2Low states of human dopamine D2
receptor using computational and experimental techniques, ACS Chem. Neurosci. 7
(2016) 185-195.

M.J. Rodrigues, S. Slusarczyk, L. Pecio, A. Matkowski, R.E. Salmas, S. Durdagi,
C. Pereira, J. Varela, L. Barreira, L. Custddio, In vitro and in silico approaches to
appraise Polygonum maritimum L. as a source of innovative products with anti-
ageing potential, Ind. Crop. Prod. 111 (2018) 391-399.

R.E. Salmas, P. Seeman, B. Aksoydan, I. Erol, I. Kantarcioglu, M. Stein,

M. Yurtsever, S. Durdagi, Analysis of the glutamate agonist LY404,039 binding to
nonstatic dopamine receptor D2 dimer structures and consensus docking, ACS
Chem. Neurosci. 8 (2017) 1404-1415.

G.G. Mackenzie, J.M. Delfino, C.L. Keen, C.G. Fraga, P.I. Oteiza, Dimeric
procyanidins are inhibitors of NF-kappaB-DNA binding, Biochem. Pharmacol. 78
(2009) 1252-1262.

S. Bergqvist, G. Ghosh, E.A. Komives, The IkBa/NF-kB complex has two hot spots,
one at either end of the interface, Protein Sci. 17 (2008) 2051-2058.

S.-C. Sue, H.J. Dyson, Interaction of the IkBax C-terminal PEST sequence with NF-
kB: insights into the inhibition of NF-kB DNA binding by IxBa, J. Mol. Biol. 388
(2009) 824-838.


http://refhub.elsevier.com/S1093-3263(21)00139-X/sref6
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref6
https://covid19.who.int/
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref8
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref9
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref9
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref9
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref10
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref10
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref10
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref10
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref11
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref11
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref12
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref12
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref12
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref12
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref13
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref13
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref13
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref14
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref14
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref14
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref14
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref15
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref15
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref15
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref15
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref16
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref16
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref17
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref17
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref18
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref18
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref19
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref19
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref20
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref20
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref21
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref21
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref22
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref22
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref23
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref23
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref23
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref23
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref23
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref24
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref24
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref25
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref25
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref26
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref26
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref27
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref27
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref27
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref27
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref28
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref28
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref28
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref29
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref29
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref29
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref29
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref30
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref30
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref31
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref31
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref31
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref32
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref32
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref33
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref33
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref34
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref34
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref34
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref34
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref34
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref34
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref34
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref35
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref35
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref36
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref36
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref36
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref37
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref37
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref37
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref37
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref38
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref38
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref39
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref40
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref40
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref40
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref41
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref41
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref41
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref42
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref42
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref42
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref43
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref43
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref43
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref43
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref44
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref44
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref44
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref44
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref45
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref45
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref45
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref46
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref47
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref47
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref48
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref49
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref49
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref50
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref50
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref51
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref52
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref52
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref52
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref53
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref53
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref53
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref53
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref54
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref54
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref54
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref55
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref55
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref55
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref55
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref56
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref56
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref56
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref56
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref57
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref57
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref57
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref57
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref58
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref58
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref58
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref59
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref59
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref60
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref60
http://refhub.elsevier.com/S1093-3263(21)00139-X/sref60

