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Abstract
The inflammatory cytokine, interleukin-2 (IL-2), is an important regulator of cellular functions. This relatively less studied 
member of the interleukin protein family is responsible for multiple immuno-modulatory and immuno-stimulatory tasks, 
like T cell activation, triggering of natural killer cells, inflammation, as well as proliferation and progression of autoimmune 
diseases and cancers. In this communication we report the temporally variant structural aspects of the IL-2 ligand and its 
receptor interfaces, based on the available crystal structures. The intended goal of this effort is to generate simulated results 
that could potentially aid the designs of novel structure based therapeutics.
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Abbreviations
aa	� Amino acid
IL	� Interleukin
IL-2	� Interleukin-2
IL-2R	� Interleukin-2 receptor
MD	� Molecular dynamics
PDB	� Protein Data Bank
RMSD	� Root mean square deviation
RMSF	� Root mean square fluctuation
TH	� T helper

1  Introduction

The members of the interleukin (IL) family, consisting of 
IL-1 to IL-41, form a structurally and functionally diverse 
group of cytokines. Among these, interleukin-2 (IL-2), an 
inflammatory cytokine, is an essential regulator for cellu-
lar functioning [1–4]. The IL-2 protein is responsible for 
multiple immunomodulatory tasks, such as the activation 

of T cells, triggering of natural killer cells, inflammation, 
and proliferation/pathogenesis of serious illnesses like 
autoimmune diseases and cancers [5–9]. The IL-2 ligand-
receptor (IL-2/IL-2R), which is the central system of our 
present investigation, dictates various immuno-regulatory/
stimulatory reactions involving complex cellular signaling 
processes. The IL-2 binds to the heterotrimeric IL-2R to 
generate the signaling complex that initiates the signal-
transduction process [10–12].

We have previously examined the structures and struc-
ture–function relationships of several physiologically sig-
nificant proteins linked to cellular signaling [13–18]. Using 
exploratory molecular dynamics (MD) simulation [19, 20], 
the present work aims at probing the molecular structure and 
the time-dependent developments of IL-2 and its receptors. 
This study is motivated by the observation that, these types 
of structural analyses of ligand/receptor proteins may poten-
tially assist the development of new therapeutic designs 
[21, 22]. As part of the investigation, we also examine the 
interfacial protein–protein interactions (PPIs) of the IL-2 
ligands and their receptors, along with the structural and 
conformational stabilities of the wild type (wt) protein and 
protein complexes. The associated signaling pathways and 
their biological implications are explored as well.
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2 � Experimental Section

2.1 � Model Selection for Molecular Simulation

For the purpose of simulation, we use 3INK.PDB (chain C), 
based on the X-ray crystallographic structure of wt IL-2, 
developed by D. B. McKay [5]. For comparison of results, 
we choose as a reference system, the IL-2Rα-receptor bound 
IL-2, 1Z92.PDB, reported by Rickert et al. [6]. We also sim-
ulate the tetrameric unit of 2B5I.PDB system, for which, 
the IL-2 (chain A) bound IL-2α (chain D), β (chain B), and 
common γ (chain C) receptor subunits have been described 
by Wang et al. [7]. As an extension of the main investigation, 
in the Electronic Supplementary Material (ESM), we briefly 
examine the 2ERJ.PDB system reported by Stauber et al. [8]. 
2ERJ has two trimeric units of Il-2 bound IL-2 receptors (α, 
β and γ), and represents a complex structure composed of 
IL-2 (chains D and H) bound hetero-trimeric IL-2Rα (A and 
E), β (Β and F), and common γ chains (C and G).

2.2 � Software for Simulation Data Analysis

NAMD and VMD software packages are used for molecular 
dynamics simulation and simulation trajectory analyses [23, 
24]. The Cologne University Protein Stability Analysis Tool 
(CUPSAT) is used to analyze IL-2’s stability upon mutation 
[25], and Cytoscape is employed to analyze protein–protein 
interaction network for IL-2 signaling cascades [26]. 3D 

graphics are developed with Discovery Studio Visualizer 
[27], while Origin is used to process the data and to gener-
ate the plots.

2.3 � Experimental MD Simulation Setup

Initially the protein structure files were created using 
autoPSF graphical user interface of VMD. Energy mini-
mization was performed using NPT ensemble for 10,000 
steps. Before energy minimization, solvated and neutralized 
IL-2, IL-2/IL-2R structures were obtained using the solvate 
and auto-ionize modules of VMD. The production run was 
performed for 20 ns at 298 K using the NVT ensemble with 
the periodic boundary condition. The particle mesh ewald 
(PME) was set as active. Additional experimental details of 
the present work are described elsewhere [14, 15].

3 � Results

Figure 1 shows a schematic representation of the IL-2/
IL-2R signaling cascades, generated using the cytoscape 
protein–protein interaction software [26]; the interaction 
networks are imported form the reactome database [28]. The 
IL-2 ligand and receptor subunits are highlighted in Fig. 1a, 
where the nodes identify the individual proteins, and the 
edges represent their associations. The workflow interpre-
tation of the IL-2/IL-2R network architecture, as obtained 
from the proteins’ UniProt accession ids, is presented in 

Fig. 1   (Color online only) a Schematics of the IL-2/IL-2R signaling pathways. b The workflow view of the IL-2/IL-2R network, based on the 
protein’s UniProt Accession ID
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Fig. 1b. The main UniProt accession id for Il-2, P60568 is 
indicated in large fonts. Figure 2 displays the major signaling 
cascades triggered by the IL-2/IL-2R system. The impact of 
IL-2 as a signaling molecule and its role in various disease 
states will be discussed later, in Sects. 4.1 and 4.4 of this 
report. 

Figure 3a presents the secondary structure of wt IL-2. 
3INK, the X-ray crystallographic structure of wt apo IL-2 
[5], is a homo dimer where each subunit contains 133 amino 
acid (aa) residues. Each subunit of 3INK contains four 
antiparallel α helices joined by looped regions. Three cell 
surface receptors (IL-2Rα, -β and -γ) simultaneously bind 
to the IL-2 ligand protein with varied affinities [29]. The 
1L-2/IL-2Rαβγ trimer-complex initiates the signal trans-
duction processes. Mutation induced free energy changes 
(ΔΔG) for the wt IL-2 protein 3INK.PDB were determined 
by using the CUPSAT server [25]; these results are tabulated 
in Fig. 3b and c. Contributions of both chemical and thermal 
denaturation processes are included in these results. In most 
cases, these mutations are found to have an overall stabiliz-
ing effect where the ΔΔG value, as calculated in the simula-
tion, is positive. The torsion angles observed in these cases 
are favorable for single amino acid (aa) mutation.

As reported by by Rickert et al. [6], 1Z92.PDB, the X 
ray crystallographic structure of IL-2 bound IL-2Rα, is a 
heterodimer. Its chain A (mostly α helical) is composed of a 
133 residue long IL-2, and chain B represents a 219 aa long 
IL-2Rα. The secondary structure of ligand bound IL-2R, as 
shown in Fig. 4a, suggests that, the IL-2 ligand primarily 
interacts with its receptor’s hydrophobic surface. Further 
details of these interfacial residues and their interactions 
are described later in Sect. 4.2.

2B5I.PDB (Fig. 4b) is a hetero-tetrameric complex, and 
as indicated in its X-ray crystallographic structure reported 
by Wang et al. [7], this protein contains the IL-2 ligand 
(IL-2L; chain A) bound IL-2Rα (chain D) along with the β 
(chain B) and common γ (chain C) subunits. In this case, the 
lengths, measured in aa units, for the ligand (A), the IL-2Rα 
(D), -β (B), and the common -γ (C) chains are 133, 217, 
214 and 199, respectively. The PDB structure also shows 
that, the IL-2Rβ and -γ subunits are separated by a distinct 
groove where the specific IL-2 ligand bound site is located. 
There are four inter-subunit interaction sites for this system, 
as described by Wang et al. These are observed between the 
pairs, IL-2 ligand (IL-2, chain A)/IL-2Rα (chain D), IL-2/
IL2Rβ (chain B), IL-2/IL-2Rγ (chain C) and also between 

Fig. 2   (Color online only) 
Drawing illustrating the major 
signaling cascades of IL-2/
IL-2R
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IL-2Rβ (chain B)/IL-2Rγ (chain C). However, no interac-
tions are detected between IL-2Rα and IL-2Rβ or -γ.

In this context, we also examine 2ERJ.PDB, which is 
another complex of IL-2 ligand (Chains D and H) bound het-
ero-trimeric unit composed of the IL-2Rα (Chains A and E), 
β (Β and F), and common γ (Chains C and G) subunits [8]. 
The crystallographic unit of the monomeric-ligand bound 
trimeric receptor structure of 2ERJ is displayed in Fig. 4c.

Figure S1 of ESM and Table 1 summarize the interfacial 
residues of the IL-2 ligands and receptors that are likely par-
ticipants of the binding actions in 1Z92.PDB. The interfacial 
interactions in 1Z92.PDB are tabulated in ESM Table S1 
while ESM Fig. S2 schematically shows the operative inter-
actions between the relevant interface residues. The interfa-
cial residues of the IL-2 ligand and the receptors of 2B51.
PDB are depicted in Fig. S3 and tabulated in Table 2. As 
reported by Wang et al. [7], the interacting ligand-receptor 
interfaces in 2B51 participate in several van der Waals type 
interactions. Other non-bond interactions between the inter-
facial residues are tabulated in ESM Table S2. The water 
mediated interactions in 2B5I have already been described 
by Wang et al., and hence are not included in Table S2. 

The largely unwavering temporal profile of the data in 
Fig. 5a indicates that, all the protein and protein complexes 
examined in these MD simulations are fairly stable with 
time. The wt IL-2 protein exhibits the lowest variation in 
this group, and the ligand bound receptor structures are also 
practically stable. 1Z92, one of the systems in Fig. 5a does 
not adequately reach convergence. To address this observa-
tion, we note that, extended run times (1–5 μs) are often 
necessary to observe complete convergences of biomolecu-
lar systems [30], although in some cases, a plateau cannot 
be reached even after rather prolonged simulations of ~ 1 ms 
[31, 32]. Convergence/stability criteria for such systems 
can often be phenomenologically characterized in terms of 
RMSD values. If the occurrence of larger RMSD values is 
limited to a relatively short time span, or if the RMSD dif-
ference measured between repeated simulations is moderate, 
the system in general can be considered convergent/stable.

In view of the above considerations, and for a quick check 
of data repeatability for the apparently non-converging sys-
tem, we performed another 15 ns exploratory simulation 
using 1Z92.PDB. The supplementary Fig S4 displays the 
RMSD data overlaying the two sets of repeated results on 
a common time-axis of 15 ns. The calculated maximum 
RMSD values for these two sets are 4.46 Å (first run) and 
3.96 Å (repeated run). Thus the RMSD variations between 
the two cases are relatively small (within < 12% of each oth-
er’s values), and can be attributed to simulation artifacts. 
The observed agreement between the RMSD values for the 
two consecutive simulations demonstrates repeatability of 
results. Furthermore, the standard deviations (SDs) of the 
two sets of RMSD values are in relatively close agreement 

Fig. 3   (Color online only) Ribbon diagram of wt IL-2 protein. a Sec-
ondary structure of 3INK.PDB (red) is displayed. b and c Mutation 
induced stability changes in wt IL-2 protein 3INK.PDB. We have pre-
dicted the ΔΔG changes using. b Chemical denaturation and c ther-
mal denaturation methods
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with each other, with values of 0.356 Å and 0.311 Å, for the 
first and second trials, respectively. These < 1 Å SD values 
are indicative of mutually agreeing results [33].

Figure 5b presents the RMSD values, calculated for the 
interfaces within the ligand-receptor systems. These data 
indicate that, the interfacial residues in the ligand–recep-
tor system are overall stable as functions of time and, 
that the ligand protein binds to the receptor protein under 
mostly stable conditions. Figure 5c shows the root mean 
square fluctuations (RMSF) of the ligand proteins and 
the receptor proteins within the ligand–receptor systems. 
These time averaged fluctuations, taken as functions of 
residue numbers, indicate that, the wt protein is most sta-
ble among the systems compared here. In 1Z92.PDB, the 
ligand chain shows higher RMSF values than those of the 
receptor chain, and also exhibits some variations at both 
the bounding edges of the protein. These higher RMSFs 
observed at the terminal points can be associated with the 

elevated (time-specific, aa averaged) RMSD values of the 
protein complexes. Figure 5d shows the simulated RMSF 
data obtained within the 2B5I chains. In this case, subunits 
A and D are, respectively, the most stable and least stable 
systems among those compared.

The secondary structure of 3INK is displayed in Fig. 6. 
3INK is fairly stable and no major secondary structural vari-
ations are observed although, some minor variations (α-helix 
to 3–10 helices) are detected near the residue 55. Figure 7 
indicates a series of conformational changes within the inter-
facial residues of ligand-receptor complexes. The overall 
system stability within the 2B5I adjacent-interfaces appears 
to be relatively prevalent. These observations are consistent 
with those made in Fig. 4b, where the RMSD values of the 
2B5I interfacial residues were more stable than the 1Z92 
interfacial areas. In general the secondary structures of the 
IL-2/IL-2R interfaces in both systems remain stable over 
the simulation time.

Fig. 4   (Color online only) Rib-
bon diagram of IL-2 protein, 
and IL-2 bound receptors. a 
Structure of 1Z92.PDB where 
the ligand-receptor system of 
IL-2 (yellow) and IL-2R (green) 
is shown. b Structure of 2B5I.
PDB, including the IL-2 ligand 
bound (Chain A; pink) α (Chain 
D; violet), β (Chain B; blue), 
and γ (Chain C; cyan) receptor 
subunits. c Structure of one 
tetrameric unit of 2ERJ.PDB, 
where the IL-2 ligand (Chain D, 
brown) bound hetero-trimeric 
IL-2Rα (Chain A, dark green), 
β (Chain Β, light green), and 
common γ (Chain C, yellowish 
green) subunits are displayed
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The overall quality of the molecular models can be fur-
ther assessed in terms of the choices of atomic coordinates 
used in the models. The resolution and the R-value (residual 
factor) are two key factors in this regard for X ray crys-
tallographic structural models. The starting structures for 
3INK, 1Z92 and 2B5I have the resolutions of 2.5 Å, 2.8 Å 
and 2.3 Å respectively. The corresponding R-values (Rfree/
Rwork) for the three structures are NA/0.202, 0.280/0.233 
and 0.269/0.223. Thus Rwork ≤ (Resolution/10) in all cases, 
and Rfree also mostly meets this criterion. These results are 
indicative of the overall efficacy of the three model systems.

4 � Discussion

4.1 � Biological Implication of IL‑2 Systems

IL-2, a predominantly α helical protein, usually exists in 
a monomeric form. It is an immuno-modulatory cytokine 
with a critical role in the regulation of innate and adaptive 
immune responses. The hetero-trimeric IL-2R is composed 
of three subunits: IL-2 specific subunit α (CD25), subunit β 
(CD122), and a common subunit, γ (CD132), located on the 
cell-surface area. The IL-2Rβ and -γ subunits are common 
to the two closely resembled receptors, IL-2R and IL-15R 
[34]. The γ subunit of IL-2R is usually shared among some 
other IL receptor family members including IL-4, -7, -9, 
-15 and -21, and hence is referred to as common cytokine 
γ (γc) [11, 12].

The receptor bound IL-2 protein complexes were intro-
duced by Garcia and coworkers [6, 7]. While the binding 
of IL-2 to IL-2Rα initiates the low affinity ligand-receptor 
complex formation, the ligand bound trimeric IL-2Rαβγ 
induces the ultimate signaling cascade. The heterotrimeric 
receptor bound form of IL-2 ligand initiates the Janus kinase 
1/3 (JAK1/3) group of signaling pathways; these include the 
JAK/signal transducer and activator of transcription (JAK/
STAT) and the mitogen-activated protein kinase/extracellu-
lar signal-regulated kinase (MAPK/ERK); both are respon-
sible for cell growth/proliferation and survival. The down-
stream effects of phosphatidylinositol 3kinase/protein kinase 
B (PI3K/PKB or Akt) signaling pathway play a key role in 
the regulatory process of a normal cell cycle.

4.2 � Protein–Protein Interfaces and Interactions 
Between Crucial Residues

The inhibitors of PPIs are important for drug designing 
processes, and computational techniques help to identify 
the potent inhibitors of these types [35–37]. For instance, 
engineered monoclonal antibodies (mAbs) play a vital 
role in disrupting key IL-2 regulatory cascades and thus, 
the mAb function is relevant for immunotherapeutic drug Ta
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developments. PPIs are governed by hydrophobic effects, 
by the nature of the associated hydrogen bonds, and also 
by various electrostatic, ionic and covalent interactions 
between the proteins’ interfaces [38–40]. The PPIs observed 
between ligand–receptor subunits of 1Z92.PDB and 2B5I.
PDB include hydrophobic interactions, as well as inter-
actions of hydrogen bonds (conventional and/or carbon-
hydrogen bonds), salt-bridges, pi-alkyl, pi-cation, alkyl, and 
donor–donor/acceptor–acceptor pairs.

In the following, we discuss the specific interfacial 
features responsible for the protein–protein complexes in 
the IL-2/IL-2R systems. The Phe42, located on the loop 
region of the ligand surface of 1Z92.PDB is a key residue 

for receptor binding, as this residue strongly interacts with 
the receptor-residues through van der Waals and pi-alkyl 
interactions. Likewise, Leu72 is another IL-2 residue that 
exhibits strong alkyl and van der Waals interactions with 
the receptor chain. Met25, Leu42 and Tyr43 are the other 
residues of IL-2R, linked to the ligand binding details of 
IL-2 [6]. These latter residues are characterized by a range of 
inter-chain H-bonds (Leu42), alkyl/pi-alkyl (Met25, Leu42), 
acceptor–acceptor (Tyr 43) and van der Waals type interac-
tions. The strong inter-subunit interactions within the 2B51 
(described in ESM Table S2), make this protein more stable 
than 1Z92. Additionally, the cooperative subunit arrange-
ments within the 2B5I [7] appear to play a role in making its 

Fig. 5   (Color online only) a Typical all-atom RMSD plots for the wt 
IL-2 and ligand–bound IL-2R protein systems. b RMSD plots of the 
ligand-receptor interfacial residues in IL-2 bound receptor systems. c 

Alpha carbon RMSF plots for the wt IL-2 and ligand–bound IL-2R 
system. d Alpha carbon RMSF plots for individual subunits within 
ligand-bound trimeric IL-2R system
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time dependent structure somewhat steadier than the struc-
ture of 1Z92.

4.3 � Molecular Dynamics Simulations

MD simulations were performed to assess the stabilities 
of the relevant proteins in their individual and coupled 

configurations [41–43]. In addition to simulating the wt 
protein, 3INK.PDB and the hetero-dimeric ligand-receptor 
system, 1Z92.PDB, we have carried out a simulation for 
the ligand bound receptor trimer, 2B5I.PDB. These anal-
yses have been based on the representative crystal struc-
tures in combination with previously established modeling 
approaches of molecular dynamics [44]. In this setting, we 

Fig. 6   (Color online only) a 
Time-series of proteins’ second-
ary structure-changes in wt IL-2 
ligand protein, 3INK.PDB. b 
The color-code explanation of 
protein’s secondary structures

Fig. 7   (Color online only) Time-series of proteins’ secondary struc-
ture-changes at selected interfacial areas of Il-2/IL-2R. a Secondary 
structure-changes of selected Chain A residues at the interface of 
1Z92.PDB. b Secondary structure-changes of selected Chain B resi-
dues at the interface of 1Z92.PDB. c Secondary structure-changes of 
selected Chain A residues at the interface of 2B5I.PDB. d Second-

ary structure-changes of selected Chain B residues at the interface of 
2B5I.PDB. e Secondary structure-changes of selected Chain C resi-
dues at the interface of 2B5I.PDB. f Secondary structure-changes of 
selected Chain D residues at the interface of 2B5I.PDB. These inter-
facial residues are described in the Tables  1 and 2. The color-code 
explanation of proteins’ secondary structures are displayed in Fig. 6b
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have also highlighted the implications of these modeled 
molecular structures in determining the overall time depend-
ent stabilities of wt IL-2 and IL-2/IL-2R.

Based on the results in Fig. 5a, we can postulate that the 
ligand bound receptor trimer is more stable/steady compared 
to the ligand bound receptor monomer. The inter-subunit 
interactions likely support the relatively low RMSD values 
observed for the ligand bound receptor trimer 2B5I. While 
Fig. 5b shows somewhat stable interfaces, the 1Z92 inter-
face is comparatively less settled than 2B5I. The presence 
of interface loops in 1Z92 could be related to the presence 
of slight instability. PPIs are the likely factors responsible 
for making the tetrameric 2B51 interface more stable than 
the dimeric interface of 1Z92.

Based on the RMSD results, the interface of the D chain 
within 2B51 appears somewhat less stable. The smaller 
subunit interfacial area of chain D constrains this chain’s 
contact regions; this configurational restriction of subunit D 
can be associated with its lower stability. The RMSF values 
of chain A within 2B51 is more non-transitory compared 
to the other three chains. The twisted α-helical compact A 
subunit is surrounded by three other subunits. The interac-
tions with the other three chains contribute to making the 
subunit A most stable.

The RMSF values of the B and C subunits exhibit essen-
tially similar stabilities. These two subunits interact with 
each other and also with subunit A. In general the irregular 
“turn and loop” regions of proteins account for the greater 
flexibility, but tend to be relatively less stable. Based on 
Figs. 5, 6, and 7 we can infer that the overall structure of 
the wt protein is basically stable and conserved during the 
simulation time. The secondary structure of ligand–receptor 
interface in 2B5I is most stable due to extensible inter subu-
nit interactions. Nevertheless the low-resolution and lower 
Rfree value for 2B5I could be associated with the latter’s 
relatively more specified structure.

The above results (in combination with those presented 
in the ESM) provide a computer simulated overall frame-
work to identify the ligand–receptor interfaces of the protein 
complexes, and also help to assess their stabilities with time. 
Further extensions of such simulations could lead to, for 
example, a comprehensive approach to cataloging dynami-
cally stable PPI regions. This in turn could be utilized for 
designing more stable protein variants, or targeted therapeu-
tic agents tailored to various interfacial receptor stabilities.

4.4 � Clinical Implications of IL‑2/IL‑2R Signaling 
in Disease Propagation and Design of Targeted 
IL‑2 or IL‑2R Therapeutics for Various 
Treatments

In the following we briefly note the role of IL-2 in immuno-
modulatory or immuno-inhibitory therapies [45–47]. Since 

IL-2 serves to prompt autoimmune diseases and chronic 
inflammations, there are now growing interests among 
pharmaceutical industries to develop formulations for potent 
IL-2 and IL-2R mutants, or for IL-2/mAb complexes with 
greater effectiveness [48]. A Phe to Ala mutant variant NMR 
structure of IL-2 at position 42 has been developed by Mott 
et al. [49], and has been described by other authors as a 
mutant variant that would selectively bind to IL-2Rβ and 
not to IL-2Rα [50]. Likewise, Levin et al. has reported an 
IL-2 ‘superkine’ that binds to IL-2Rβ with preferentially 
greater affinity [51].

Several IL-2 and IL-2R based therapies are in their clini-
cal phases at this time, among which, anti-IL-2 daclizumab® 
(Dac, Biogen.Inc and AbbVie) has been used until recently. 
Dac, is a human mAb that interacts with IL-2Rα and thus 
interrupts the coordinated JAK/STAT pathway. Basiliximab® 
(Novartis Inc.) is another human/murine chimeric mAb that 
selectively binds to IL-2Rα and blocks the binding between 
IL-2 and IL-2Rα. Aldesleukin® (Novartis Inc.), is a recom-
binant form of human IL-2 (rIL-2) used in renal cell cancer 
and melanoma treatments. Recent studies have further dem-
onstrated that, selective bindings between IL-2 variants and 
their receptor subunits act to interrupt the essential steps in 
IL-2 signaling cascades [52, 53]. Interruption of the IL-2/
JAK and JAK/STAT cascades by using suitable selective 
IL-2 and JAK inhibitors have been linked to widespread 
implications in next generation drug development [54].

5 � Conclusions

Appropriate identification of protein-drug-targets is essential 
for new drug development. The structure based approach to 
probing the inter-subunit/interfacial stabilities of proteins 
can be particularly useful in this regard, since these analyses 
may help to categorize various cellular functions and cor-
responding innovative treatments. In this way, therapeutic 
approaches based on computational models can supplement 
lab-based investigations and clinical studies in a cost-effec-
tive way to facilitate drug designs for promoting cellular 
functions. However, this computational approach to diagnos-
ing diseases and tailoring their treatments is still a relatively 
underexplored branch of the medical field. Specifically, the 
modeling approach that forms the basis of the present study 
can potentially play a significant role in understanding vari-
ous pathological and physiological conditions and thus, can 
facilitate the development of future healthcare strategies and 
inventions.
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