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Immune modulatory pathways have emerged as innovative and successful targets
in cancer immunotherapy. Current therapeutics include monoclonal antibodies,
which have shown impressive clinical results in the treatment of several types of
tumors. However, the failure to show response in the majority of patients and the
induction of severe immune-related adverse effects are among the major drawbacks. Latest efforts to achieve new approaches to target additional pathways
and/or protein responsible for immune evasion toward the development of immune
modulatory small molecules have been devised. The potential of innovative
computational-aided drug design tools to accelerate the identification and design of
new optimized and validated immune small molecules modulators will play a key
role in the next generation of cancer immunotherapy drug discovery. Nevertheless,
the lack of structural information regarding the immune modulatory pathways and
other components within tumor microenvironment has hampered the rational
design of those small-molecule modulators, by preventing the use of such methodologies. Herein we provide an overview on structural elucidation on known regulators of immune modulatory pathways (adenosine A2A receptor [A2AR], stimulator
of interferon genes [STING], indoleaine 2,3-dioxygenase 1 [IDO1], and 4-1BB)
within cancer microenvironment. This knowledge on immune modulatory molecular targets is essential to advance the understanding of their binding mode and
guide the design of novel effective targeted anticancer medicines.
This article is categorized under:
Molecular and Statistical Mechanics > Molecular Dynamics and Monte-Carlo
Methods
Structure and Mechanism > Molecular Structures
Software > Molecular Modeling
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1 | INTRODUCTION
Cancer immunotherapy has dramatically changed the cancer treatment landscape and outcome, especially when addressing the
metastatic state of this devastating disease. Among therapeutic strategies, the regulation of immune checkpoint receptors
(ICRs) has evolved to significant responses in patients affected by various tumor types, often resistant to all other available
therapeutic options. The success inherent to the regulation of ICRs prompted the development of different monoclonal antibodies to modulate the biological function of several immune checkpoint proteins involved in tumor immune evasion. So far,
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all approved immune checkpoint modulators in the clinic are monoclonal antibodies. These have revolutionized cancer therapy because of their remarkable clinical activity. However, their failure to show response in most patients, their required
administration by an intravenous injection and the induction of severe immune-related adverse effects,1–3 constitute some of
their important drawbacks.
In this context, considerable research effort is being deployed to find the next generation of effective cancer immunotherapeutics. Pioneering efforts include the design of novel immune modulatory small molecules (synthetic and natural products)
to specifically target emerging pathways responsible for immune evasion. Small molecules are more affordable and may
become invaluable alternatives to monoclonal antibodies. However, small-molecule drug discovery is a complex and challenging multidimensional process, focusing on multiple aspects, as the activity, efficacy, pharmacokinetics, pharmacodynamics,
and safety of potential novel candidates. The average length of time from hit discovery to the approval of a new drug is at least
14 years, encompassing the investment of billions of dollars. To circumvent and accelerate this lengthy and costly drug discovery and development process, over the past two decades, drug designers have been exploring computational-aided drug
design (CADD) tools to design and identify new drug-like chemical entities that can overcome clinical attrition and lack of
efficiency.
Revolutionary and accelerated performance hardware architectures, including graphical processor units, innovative algorithms and software advances are now available for high-level computations in a time-affordable way pushing the frontiers of
computationally driven drug discovery in the rational search for novel bioactive compounds in modern medicinal chemistry.
CADD methodologies can be divided in structure- and ligand-based drug design (SBDD and LBDD).
Protein three-dimensional (3D) structures are the basis for structure-based drug design. Once the 3D structure of a protein
target is available, the SBDD is usually elected to develop therapeutic agents and to understand the mode of action, as well as,
the metabolic process. SBDD embraces several methodologies, namely structure-based virtual screening (SBVS), de novo
design or pharmacophore generation. A rational SBDD approach is based on the deep understanding of the key interactions
between small molecules (or proteins) and their targets, applying techniques, such as molecular docking and molecular
dynamics (Scheme 1).
Broadly used for SBVS, molecular docking methods explore the ligand conformations adopted within the binding sites of
macromolecular targets (search algorithm) and estimate the ligand–receptor affinities (scoring functions). Molecular docking
is nowadays one of the elected methods to use in SBVS with a huge rate of success. However, molecular docking works on
rigid structures forgetting structural flexibility and structural rearrangements. Although this is a generally well-accepted,
affordable and successful method, docking algorithms are far from considering dynamic effects as a routine. To overcome
molecular docking drawbacks, molecular dynamics has been used to access structural flexibility of entire ligand-receptor system. This methodology provides a detailed insight into conformational changes through protein functions. It can be used to
effectively understand macromolecular structure-to-function relationships, to describe ligand–receptor interactions, membrane
interactions network and ensembles can be analyzed to derive thermodynamic properties of the system, like entropy (or free
energy). Additionally, protein function and allostery can also be better understood if dynamic properties are considered. Moreover, the explicit solvent representation is important to address the solvation effects of real solvent (like the hydrophobic
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effect). Fortunately, molecular dynamics simulations, considered some years ago, as unaffordable strategies for SBDD, are
now becoming routine computational tools for drug discovery, being used in chemical biology and medicinal chemistry programs with extraordinary potential.
SBDD methods are critical in early stages of the drug discovery process. However, lack of knowledge about the 3D structure could limit the application of this methodology. Fortunately, it is possible to obtain 3D structures not only from experimental methods (X-ray or NMR), but also using computational sources, for example, quantum mechanics (computationally
very demanding), and homology modeling. To that end, software was developed to generate 3D structures models from
homologous proteins for which, for example, at least one X-ray structure is available. Additionally, LBDD methods can be
used in the drug discovery process when ligands active against the target are known.
3D pharmacophore (models) generation is one of the most important methods in LBDD. 3D pharmacophores are abstract
models, which creation heavily relies on the identification of bioactive molecular geometries against a target. Pharmacophore
models can be also constructed following ligand- or structure-based designs, or combining both analyses. However, this
review will only explore ligand-based pharmacophores.
Pharmacophore models represent, in space, the 3D-arrangement of the key features that characterize the chemical functionalities that make a molecule active toward its target. It includes the hydrogen bond acceptors, hydrogen bond donors, hydrophobic regions, positively and negatively ionizable groups, and the metal coordinating regions.
Pharmacophore models are commonly used in ligand-based virtual screening (LBVS) campaigns, parallel screening, target
fishing, and for structure–activity relationships (SAR)-studies. In LBVS, the pharmacophore models are used as a filter. After
pharmacophore model assessment, it is used to screen a database of compounds. All the molecules that fit “all” the features of
the 3D model are retained as potentially active (hit molecules) against the target. This method is usually very efficient and has
a reduced computation time, when compared to molecular docking, and when compared particularly with molecular dynamics.
Since the pharmacophore features represent chemical functionalities, not exactly chemical groups, the pharmacophore models
are also excellent tools for scaffold hopping.
Nowadays, the synergistic effects between LBDD and SBDD approaches in drug discovery virtual screening workflows
allow to fully exploit their advantages, while compensating for some of the intrinsic limitations of each methodology.
The clinical importance of the negative immune checkpoints cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4) and
programmed cell death protein 1 (PD-1) has become clear, being several of them already approved for the treatment of distinct
tumor types.4–6 In recent years, many other pathways in the tumor immune microenvironment are emerging as important contributors to tumor immune evasion and/or activation of a specific anti-cancer immunity, aiming to overcome low response
rates and resistance often associated to immune checkpoint antibodies in the clinic. The stimulatory immune checkpoint
4-1BB, and the immune modulators Indoleamine 2,3-dioxygenase1 (IDO1), Adenosine A2A receptor (A2AR) and Stimulator
of interferon genes (STING) from the immune-suppressive tumor microenvironment constitute particularly attracting new targets for the rational design of novel bioactive molecules. Accordingly, structural studies exploring these immune modulators
have significantly advanced. However, besides being a crucial information to attain the design of effective but also specific
molecules with favorable pharmacokinetic properties, this information is still scarce and mostly dispersed.
In this overview, we highlight the computational methods applied to the structural elucidation and to the discovery and
development of new small-molecule modulators of host immune system. The use of structure and ligand-based virtual screening processes, molecular docking, homology modeling, and molecular dynamics simulations methodologies essential for successful drug discovery campaigns focusing small-molecule immune system modulators will be addressed. Additional
important tools and information related to the selected immune checkpoints and other tumor microenvironment components,
like IDO or toll-like receptors, will be addressed. It includes their structural availability and properties, binding regions, structural flexibility, main binding pocket interactions, and dynamics. Overall, the information enclosed in this review is a step forward to the use of CADD to rationally develop novel safe and effective anti-cancer immunotherapies.

2 | AD EN OS IN E A 2 A R E CE P T O R
2.1 | A2AR in cancer
Adenosine signaling within inflammatory setting serves to dampen immunologic response and protect tissues from associated
injury. The extracellular adenosine levels are commonly very low. However, tissue breakdown and hypoxia (common to
inflammatory and tumor microenvironments) generate high concentrations of extracellular adenosine.7,8
Among the four G-protein-coupled (GCP) adenosine receptors (A1, A2A, A2B, and A3), the adenosine A2A is the
most expressed in many of the immune cell subsets. The high levels of adenosine are related to increase in
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CD73 (ecto-50 -nucleotidase) and CD39 (nucleoside triphosphate dephosphorylase) enzymes, which are responsible for
catabolizing ATP into adenosine.
The inhibitory effect of adenosine on immune cells expressing adenosine A2AR revealed its interference on anti-tumor
immunity suggesting that the antagonism of A2AR can be an effective approach in cancer immunotherapy. The importance of
adenosinergic signaling in mediating negative feedback loops of immune responses and the effect of A2AR blockade on
enhancing immunologic response has been reported. High concentrations of adenosine in tumor microenvironment lead to the
stimulation of the A2A receptor, providing an immunosuppressive signal that inhibits the activity of T cells (proliferation, cytokine production, cytotoxicity), Natural Killer (NK) cells (cytotoxicity), NKT cells (cytokine production, CD40L up-regulation), macrophages/dendritic cells (DCs) (antigen presentation, cytokine production), and neutrophils (oxidative burst).9–11
Furthermore, adenosine recruits the immunoregulatory activity of regulatory T (Treg) cells. FoxP3, a key transcriptional factor
for the immunosuppressive activity of Treg cells, is induced by A2AR stimulation.12 T cell activation in the presence of
A2AR stimulation largely increases CD4+ FoxP3+ cells (Han et al13; Akio Ohta et al14).
The study reported by Ohta15 showed the spontaneous regression of the inoculated tumor in A2AR-deficient mice, while
the A2AR antagonists were also beneficial in tumor-bearing wild-type animals. Depletion of T cells and NK cells impaired the
retardation of tumor growth by the A2AR antagonists, pointing the improvement of antitumor cellular immune responses.16,17
In addition, blocking the adenosine-generating pathway CD39/CD73 also induced the potent regression of breast cancer, colorectal cancer, and melanoma in murine models.18–20
Moreover, the A2AR has been explored as an attractive drug target in the central nervous system against the Parkinson's
disease (PD).21–24 Currently, several antagonists of this component of the immune microenvironment designed as potential
new PD targeted therapies are being redirected toward cancer and are under clinical development (NCT03207867,
NCT02403193, NCT03454451, NCT02655822).
2.2 | A2AR: Structural analyses
A2AR is a membrane receptor composed by 412 amino acids (aa) in length. The receptor structure shows a seven transmembrane helix architecture similar to that of the rhodopsin and adrenergic receptor structures, but with shifts in the positions and
orientations of the helices, and a markedly different structure of the extracellular loops (Figure 1a). Furthermore, a small alpha
helix is located in the intracellular side close to the membrane. The residues constituting the transmembrane α helices are
Gly5-Trp32 (helix I), Thr41-Ser67 (helix II), His75-Arg107 (helix III), Thr119-Leu140 (helix IV), Asn175-Ala204 (helix V),
Arg222-Phe258 (helix VI), and Leu269-Arg291 (helix VII) (33). The small helix is stabilized by the interactions with helix I
and comprises Arg296-Leu308 (helix VIII). The residues defining intracellular loops are the Leu33-Val40, Ile108-Gly118,
and Leu208-Ala221. The residues defining the three extracellular loops are the Thr68-Cys74, Leu141-Met174, and
Cys259-Trp268.
The interest on A2AR as drug target led to several studies exploring the receptor structure, as well as, the development of
new antagonists. Before X-ray structures, homology modeling studies to predict A2AR 3D structure and ligand binding were
reported by the GPCR modeling community.25,26 Starting from the aa sequence of the receptor and a two-dimensional structure of the ligand, 206 models were submitted by 29 different groups. Among the distinct predicted structures, the average
number of correct ligand–protein contacts was four, highlighting the large complexity of GPCR modeling due to loop modeling refinement, accurate modeling of the structurally divergent regions (such as the extracellular loops that form defined architectures), and disulfide bond formation affecting helix residue registry and helical shifts.
The first crystallographic structure of A2AR was resolved by Jaakola et al.27 (PDBID: 3EML) with 2.6 Å resolution. The
thermostabilized receptor was crystallized with the selective high-affinity antagonist 4-(2-[7-amino-2-(2-furyl)-[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-ylamino]ethyl)-phenol 5 (ZM241385)28 (Figure 1b). Comparing the GPCR structures, the A2AR presented an organization of the extracellular loops markedly different from the other adenosine receptors and bovine and squid
rhodopsins.29–31 Additionally, different ligand binding and divergence in the helical positions and orientations were observed.
The X-ray position of ZM241385 was substantially different from the one suggested by molecular modeling studies.32,33
ZM241385 sits almost perpendicularly to the membrane plane. The bicyclic triazolotriazine core of the ZM241385 interacts
with Phe168 via π-stacking, Ile274 via hydrophobic interaction and Asn253 by hydrogen-bonding interaction. Adjacent to
Phe168, Glu169 interacts with the exocyclic amino group linked to the bicyclic core of ZM241385 (Figure 1c).
Additionally, Hino et al.34 also reported the X-ray structure of A2AR with Fab2838, in the presence of ZM241385 at a resolution of 2.7 Å (PDBID: 3VGA). Binding assays revealed that Fab2838 completely inhibited the binding of the agonist but
did not affect the binding of the antagonist ZM241385. These findings suggest that the Fab2838 induced an inactive conformation, where the agonist could not bind. In addition, this structure also exhibited the complete intracellular loop, but not the
ionic lock of the A2AR structure, described by Doré et al.35 Instead of the salt bridge described, this structure showed a modified “ionic lock,” where Glu228 (helix VI) and Arg102 (helix III) interact via a water molecule.
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A2AR structure. (a) Structure of A2AR in rainbow coloration (yellow to blue). The visible extracellular and intracellular loops are labeled. The
disordered portion of ECL2 is not completed. (b) Structure of A2A-ZM241385 in rainbow coloration (yellow to blue) from the N terminus to the C terminus,
ZM241385 is represented as a stick model (yellow), (c) close-up view of A2AR pocket of ZM241385 (yellow) and details of the hydrogen bonds network
(yellow dash line) together with π–π stacking (green dash line). (d) Distribution of ordered waters in A2AR. Buried water molecules (red spheres) in the A2ARZM241385 structure form an almost-continuous water channel containing three major water clusters. Close-up view of the central cluster, which includes
waters and a sodium ion (cyan sphere)

FIGURE 1

Further high-resolution structures of A2AR:ZM241385 complex were resolved (PDBID: 4EIY and 5IU4).36,37 The study
of Liu et al.36 focused the complex water networks across the A2AR. From 177 waters, 57 occupy the interior of the transmembrane helix VII bundle, forming three bulky water molecule clusters extending from the ligand-binding site of ZM241385
(Figure 1d). Focusing the central water cluster, there is a Na+ ion and 10 water molecules that completely fill the cavity
(Figure 1d). Allosteric effects of the Na+ ion on ligand binding, stability, and crystallization of A2AR were reported in previous studies. In this structure, it was determined the precise location of the Na+ ion, the resolution of the complete network of
water molecules around the Na+ ion, and the conformations of all residues involved in direct or water-mediated coordination.
The Na+ ion played an important role in the receptor activation. Upon activation, the inward movement of the helix VII in this
region collapsed the pocket and shifted it toward the helix VI.
The latest structure reported by Segala et al.37 focused the influence of the salt bridge formed by Glu169 in the second
extracellular loop of the receptor, between the transmembrane helices IV and V, and by His264 in the third extracellular loop,
between the helices VI and VII. The high-resolution structures of ZM241385 and its derivatives highlighted the differences in
the interactions between the ligands and the Glu169-His264 salt bridge, which contributed to the variation in the dissociation
kinetics. Long residence time ligands stabilized the Glu-His ionic interaction, while fast off-rate derivatives destabilized this
salt bridge.
The following X-ray structures are focused on the agonist bound form of A2AR. These structures highlight the structural
differences between the active and inactive forms of the adenosine receptor. Xu et al.38 resolved the first X-ray structure of the
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A2AR agonist-bound UK-432097 (13) (PDBID: 3QAK, 2.7 Å) (Figure 2a). Comparing agonist- and antagonist-bound A2AR
structures, the former displays an outward tilt and rotation of the helix VI, a movement of the helix V and an axial shift of the
helix III. Additionally, a movement of the helix VII and a shift of extracellular loop 3 were also observed.
The binding pocket is similar to that described for ZM241385 (5), as well as, to the extensive ligand-receptor interaction
with slightly differences. UK-432097 and A2AR establish 11 hydrogen bonds, an aromatic stacking interaction and several
nonpolar (van der Waals) interactions. The bicyclic adenine core of UK-432097 (13) is aligned with the triazolotriazine core
of the ZM241385, when the two complex structures are superimposed (Figure 2a and b1). The interactions of both scaffolds
are conserved, including the key π-stacking interaction with Phe168, as well as, the nonpolar interaction with Ile274, and the
two hydrogen bonds with Asn253.
The ribose ring is the key feature that distinguishes the AR agonists from the corresponding antagonists. This moiety of the
ligand is deeply placed into a predominantly hydrophilic region of the binding pocket, where 20 - and 30 -OH groups establish

A2AR-agonist bound structures. (a) Ligand UK-432097 and its binding cavity. Overall view of the ligand-binding cavity. The transmembrane
part of A2AR is shown as ribbon and colored gray. Ligand UK-432097 is shown as yellow sticks. Molecular interactions within the ligand-binding cavity for
UK-432097. Interacting residues are shown as sticks. Hydrogen bonds between A2AR and ligand are shown as yellow dashed lines. (b1) Superposition of
A2AR bound to the inverse agonist ZM241385 (orange sticks) and the agonist UK-432097 (yellow sticks). (b2) A2AR bound to NECA (salmon) and
adenosine (pink). (c) Ligand-binding mode of the selective agonist CGS21680. Structure of the extracellular portion of A2AR bound to the selective agonist
CGS21680. Elements of the structure are depicted as follows: A2AR illustration (gray ribbons); specific amino acid side chains, sticks; CGS21680, dark blue
sticks; hydrogen bonds, yellow dashed line; π−π stacking interaction green dashed line. (d) Comparison of the ligand-binding site of the human A2AR bound
to various ligands (PDB IDs are shown in parentheses): NECA (2YDV), CGS21680, UK432097 (3QAK), and adenosine (2YDO)

FIGURE 2
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hydrogen bonds with the His278. The 3’-OH is further stabilized by a hydrogen-bond with the Ser277. Besides these polar interactions, the ribose part of the ligand has close contacts with Val84, Leu85, Trp246, Met177, and Leu249 (Figure 2a).
A subsequent study of an agonist bound to the A2AR was reported by Lebon et al.39 The structure of the thermostabilized
A2AR bound to its endogenous agonist adenosine (10) (PDBID: 2YDO) and to the high-affinity agonist NECA (11) (PDBID:
2YDV) was resolved with 3.0 and 2.6 Å (Figure 2b2).
Comparing Xu and Lebon structures, the first concluded that the structure of UK432097-bound A2AR was in an active
state, whereas the latter resolved that the NECA- and the adenosine-bound structures were best defined as representing an
intermediate state between the active and inactive states, based on a different thermostabilized A2AR structure. The structural
analyses of the two structures revealed that there is insufficient space for the C terminus of the G protein to bind. However,
the binding pocket interactions indicate that the structure is a good representation of the agonist-bound binding pocket, since
it is not so different from the previous structure.
Lebon et al.40 also described the crystal structure of the thermostabilized A2AR in an active-like conformation bound to
the selective agonist 2-[p-(2-carboxyethyl)phenylethyl-amino]-5’-N-ethylcarboxamido adenosine 12 (CGS21680) (PDBID:
4UG2 and 4UHR). CGS21680 (12) is an analog of the natural agonist adenosine, with a (2-carboxyethyl)phenylethylamino
group on the C2 position of adenine and an N-ethylcarboxyamido group on C5’ of the ribose. Comparing all agonist bound
structures, adenosine moiety of the ligands binds to the receptor in an identical way, and the key interactions with Phe168,
Glu169, Ser277, and His278 were retained. The key selectivity feature of CGS21680 is the (2-carboxyethyl)phenylethylamino
group that binds to the extracellular regions. These are the most divergent in sequence between adenosine receptor subtypes.
CGS21680 forms van der Waals contacts with side chains of the amino acid residues Glu169, His264, Leu267, and Ile274,
and the amine group forms a hydrogen bond with the side chain of the Ser67 (Figure 2c). Among these residues, only the
Ile274 is absolutely conserved across the human adenosine receptor subfamily.
Recently, White et al.41 reported the crystal structures of the agonist complexes for two variants in the sodium coordination cavity of A2AR, D52N and S91A (PDBID: 5Wf5 and 5WF6). Mutation of these key residues in the sodium-binding motif
caused a striking effect on G-protein signaling. The structures presented an active-like conformation; however, the variants
showed key hydrogen bonding changes in the activation motif. Structural elucidation showed the collapse of sodium pocket
that facilitates stronger helix–helix interactions at the intersection between the helices II, III, VI, and VII. The conformations
of the residues in the ligand-binding pocket and binding pose of the bound agonist were identical to nonmutated structure.
Additionally, ligand-binding affinities of the antagonist ZM241385 and the agonist UK432097 were nearly identical. Overall,
introducing a single-point mutation at this location could provide a rapid and straightforward mean for improving the stability
and expression of many GPCRs.
The resolution of A2AR antagonist-bound structures takes the main role and intensive work was devoted into the resolution
of several crystallographic structures. Doré et al.35 reported the first A2AR structure bound to xanthine (PDBID: 3REY) and
caffeine (1) (PDBID: 3RFM), providing new insights into the binding mode of a different class of ligands. Furthermore, this
was the first structure exhibiting the ionic lock and the complete intracellular loop. In the XAC and caffeine-bound structures,
key interactions with Phe168 and Asn253 were also observed. In addition, the induced fit exhibited in the three ligands evidenced the flexibility of the A2AR across the transmembrane helices I and VII (Figure 3).
The first X-ray structures from optimized hit series of A2AR antagonists were reported by Congreve et al.42 (PDBID:
3UZA and 3UZC). The derivatives of 1,3,5- triazine were identified as hit molecules and optimized to yield potent and
selective A2AR antagonists. The hypothesis of 1,2,4-triazine isomers that also bind to the receptor, and the possibility of a
deep access to the receptor pocket, a region normally occupied by the ribose group of the natural ligand adenosine, was
studied by Zhukov et al. (2012)43 using a homology model and was confirmed by Congreve et al.42 using X-ray. The
1,2,4-triazine derivatives 26 and 27 were co-crystallized with A2AR according to previously solved structures. Structure
revealed two critical donor and acceptor hydrogen-bond interactions with the side chain of Asn253 and the amino-triazine
core. In addition, a π–π stacking with the Phe168 and a hydrophobic interaction with the side chain of the Met270 were
reported on the opposite side. The phenyl substituent of the triazine core occupies a hydrophobic pocket deeper inside the
receptor flanked by Leu84, Leu85, Met177, Asn185, Trp246, Leu249, and His250. The second substituent, dimethyl-pyridine, occupies the ribose-binding pocket defined by His278 and Ser277. The study previously reported by Zhukov
et al. (2012), was in excellent agreement with the crystal structures, highlighting the significant interactions with the Ile66,
Leu85, Asn181, and Asn253, and confirming the initial deep placement of the ligand in the ribose sugar pocket of the A2A
receptor (Figure 3b and c).
More recently, a crystallographic structure of A2A receptor bound to compound 8, a novel A2AR/N-methyl D-aspartate
receptor subtype 2B dual antagonist, was resolved at 3.5 Å resolution (PDBID: 5UIG) by Sun et al.44 The structural analysis provided insights into the binding mode of 8 and revealed a potential allosteric pocket that was not observed in the
previously reported A2AR structures (Figure 4a). The compound 8 contains three rings: methylphenyl, amino-triazole, and
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A2AR-inverse agonists bound structures. (a) Comparison of ligand positions in the structure-binding site cavity. The structure of A2AR is
depicted as a gray surface. The ligands are represented as sticks, ZM241385 (dark blue), XAC (green), and caffeine (orange), oxygen atoms are red, and
nitrogen atoms blue. (b) and (c) 1,2,4-triazine adenosine A2A antagonists. Compounds 26 and 27 are illustrated bound to the pocket of the receptor and the
residues lining the pocket that interact with the ligands are labeled. Yellow dashed lines highlight the key hydrogen bonding to Asn253 of the scaffold. TM
helices and visible extracellular regions are depicted in gray cartoon. Ligands are represented as stick models; residues involved in ligand binding are labeled
and represented as green sticks

FIGURE 3

orthomethoxyphenyl. The binding pocket revealed that the methylphenyl and aminotriazole rings occupy positions similar
to the furan ring and triazolo-triazine core of ZM241385, respectively; in the deep pocket, extensive hydrophobic interactions and hydrogen bonds with surrounding residues were established. Part of the interactions reported were common to
the other A2AR ligands: the hydrogen bond with the Asn253, the aromatic stacking interaction with the Phe168 and the
hydrogen bond with Glu169 involving the aminotriazole ring. In addition, the methoxyphenyl ring of 8 extended to an
adjacent and unobserved binding pocket formed by Tyr9, Ala63, Ile66, Ser67, Leu267, Met270, Tyr271, and Ile274,
toward the extracellular aspect of helices I, II, and VII establishing key hydrophobic interactions (Figure 4a). The pocket
residues and the interactions established were critical for the higher selectivity of 8 over A1 receptor (A1R).
The variability of the residues forming this pocket suggested that it may be a target for the development of novel selective
A2AR antagonists.
The lack in structural information of other subtypes of ARs has hindered the development of selective agents. Cheng
et al.45 have solved the X-ray structure of the thermostabilized A1R with the high-affinity and A1R-selective xanthine
PSB36 at 3.3 Å resolution (PDBID: 5N2S). This study report as well the crystallographic structures of A2AR with caffeine,
theophylline, and PSB36 at 2.1, 2.0, and 2.8 Å, respectively (PDBID: 5MZP, 5MZJ and 5N2R). Comparing the resolved
structures, differences on the binding mode of the ligands in the two receptors were assessed. Overall, the structure of A1R is
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A2AR: Inverse agonist complex A1 and A2A receptors. (a) Binding interactions between the A2AR and compound 8. The side chains of residues
are shown in green sticks. Dashed lines depict hydrogen bond interactions. The π−π stacking interaction of the aminotriazole ring with the Phe168 is depicted
with dashed green line. The hydrogen bonding interactions with the side chains of Asn253 and Glu169 are depicted with dashed yellow lines. (b) Binding site
of A2A with theophylline. The side chains of residues are shown in green sticks. The hydrogen bonding interactions with the side chains of Asn253 and
His278 are depicted with dashed yellow lines. (c) Superposition of backbone ribbons of the A1 complexed with PSB36, in blue, and the A2AR structure in
complex with ZM241385, in gray. (d) Comparison of binding modes of PSB36 in A1 and A2AR. Superposition of the structures of the A1R (blue ribbon) with
PSB36 (salmon), and the A2AR (gray ribbon) with PSB36 (gray)

FIGURE 4

very similar to that of the A2AR, as expected due to the sequence similarity, with the major differences occurring on the extracellular loops of the receptor (Figure 4c).
Comparing the structures with xanthine-based ligands, there are several differences in the way that the xanthine cores were
recognized and in the features of the protein surrounding the ligand-binding site. The preferential selectivity of the PSB36 for
A1R over A2AR was related to the longer alkyl substituents at N1 of the xanthine core, since A2AR is unable to accommodate
this alkyl chain. In addition, the selectivity for the A1R of ligands with bulky substituents at C8 is due to a steric clash with
Met270 in the A2AR (Thr in A1R) (Figure 4d). The detailed view of the interactions led to the understanding of ligand selectivity that can now be used in the ongoing search for selective AR antagonists (Figure 5).
The mechanism of activation of the receptor that allows the G-protein coupling and is related to G-protein selectivity is
not fully understood. Carpenter et al.46 reported the structure of A2AR bound to an engineered G protein, mini-Gs (5G53). The
transition of the receptor from an agonist-bound active-intermediate state to an active G-protein bound state was characterized
by a 14 Å shift of the cytoplasmic end of the transmembrane helix VI, as well as slight changes in the positions of the cytoplasmic ends of the transmembrane helices V and VII. There were no substantial differences in the extracellular half of the
receptor around the ligand-binding pocket.
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FIGURE 5

A2AR inverse-agonists and agonists

2.3 | Structure-based drug design for A2AR antagonists
Initial drug discovery strategies targeting A2AR relied on the use of known natural ligands or screening assay hits as starting
points for optimization.47–49 Adenosine50 and xanthine51 derivatives were the most used scaffolds for the design of AR
ligands. Several other reported antagonists for the AR were based on ligand-based approaches. However, ligand-based
approaches without receptor crystallographic structure are limited to relatively close analogues of known ligands and require
deep knowledge of the ligand SAR.
After the release of A2AR X-ray structures, several structure-based CADD methodologies were reported, yielding inspiring
starting points for drug discovery programs. Katritch et al.52 and Carlsson et al.,53 in different studies, screened millions of
commercially available compounds using the first A2A structure (PDB 3EML). From these studies, several compounds with
submicromolar affinity were identified. The compounds reported by Carlsson et al.53 presented the highest affinity for the A2A
receptor. However, the compounds achieved by Katritch et al.52 were found to bind also to the A1R. Other scaffolds were disclosed as A2A antagonists, including chromenes, which were identified by an in sillico screening of academic compounds.54
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Other virtual screening campaigns were reported using receptor structures in combination with ligand-based pharmacophores.24,55 A similar approach using a X-ray structure in combination with known activity data for a range of ligands was
reported by Van Westen et al.56 Over thousands of compounds screened, very high affinity adenosine ligands were identified,
including the 2-amino-1,3,5-triazine. In addition, a virtual screening campaign was reported to achieve agonists in the
receptor.57–59 In Figure 6 it is possible to observe the scaffolds achieved among the variety of virtual screening campaigns
herein highlighted.
Other in silico techniques have also been used to understand the recognition, potency, and selectivity of A2AR ligands.
Molecular dynamics was used to assess the stability of ligand−receptor complexes with agonists and antagonists in a lipid
bilayer and water environments, and to predict bioactive conformations.37,60,61
The A2AR and its ligands have also been used to calculate the positions and energies of water networks within the
receptor-binding site.57,62 In virtual screening campaigns, the highly structured waters were retained in the binding site during
the modeling, and this may have contributed to the success of the several of these campaigns.

FIGURE 6

A2AR ligands identified by in silico approaches

12 of 27

ACÚRCIO ET AL.

3 | STIMU LAT OR OF IN TE RF ERON GE NES
3.1 | STING in cancer
STING, also known as TMEM173, MITA or ERIS is a transmembrane protein anchored in the endoplasmic reticulum.63,64
STING is an important DNA sensor and also an adaptor for other DNA sensors. This pathway is activated in the presence of
cytosolic DNA, which is sensed by cyclic-GMP-AMP synthase (cGAS), an enzyme that generates cyclic GMP-AMP
(cGAMP), the endogenous ligand of STING.64,65 This results in the auto-phosphorylation of tank-binding kinase 1 (TBK1)
and phosphorylation of the transcription factor interferon regulatory factor 3 (IRF3), which activates the transcription of type I
interferon (IFN) genes. Although the activation of STING signaling pathway triggers the production of type I IFNs to resist to
pathogen invasion, additional mechanisms (transcriptional, epigenetic regulation, or posttranslational modifications) exist to
avoid aberrant inflammatory responses.
The role of STING in cancer immunotherapy is complex and is not well understood. Studies suggest that tumor cells are
taken up by phagocytes, such as DCs, and a fraction of tumor DNA may enter the cytoplasm to activate the cGAS–STING
pathway.66,67 Consistent with this suggestion, stimulation of STING following the intratumoural administration of cGAMP,
or its analogs, inhibited tumor growth in immune competent mice. However, some other studies suggest that the STING activation may contribute to tumor growth and metastasis by inducing a suppressive tumor microenvironment.68,69 Due to
STING's central role in immune regulation, it is of outmost importance to define the structural basis and biological impact of
ligand binding to STING.
3.2 | STING receptor: Structural analyses
STING is transmembrane protein with 379 amino acids in length. The protein is composed by a N-terminal transmembrane
domain (aa 1–154), a central globular domain (aa 155–341) and C-terminal tail (CTT) (aa 342–379). Within the cytosolic
domain, studies showed that CTT interacts and activates TBK1 and IRF3 in vitro.70 The region comprising CTT was suggested as having the critical role in the function of STING, and for which several X-ray structures have been reported
(Figure 7a).
The first crystallographic structures resolved focused the apo-STING form and the c-di-GMP bound STING complex.71–74
Overall, the structures of apo-STING agreed with each other showing STING as a homodimer resembling a pair of wings, or

STING dimer. (a) Cartoon representation of STING dimer. One protomer is colored in orange ribbon. The other protomer is colored in teal. The
interacting α1 and α3 are labeled for both protomers. Detailed interaction at the dimer interface. Interfacial residues are shown as sticks. (b) Surface
representation of the STING dimer in a side view, showing the deep crevice across the dimer interface, and the electrostatic surface of the STING dimer
shown in a top view. One molecule is colored in orange and the other in teal, as in (a)

FIGURE 7
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a butterfly with a deep cleft between the two dimers (PDBID: 4EF5, 4EMU, 4F5E, and 4F5W) (Figure 7a). The dimer interface of STING was dominated by hydrophobic interactions with no salt bridges participating in the dimerization. The STING
homodimer interact with each other involving the residues Val155, Leu157, Trp161, and Ile165 in the helix α1, and the
Ala270, Met271, and Ala277 near the linker region between the helices α1 and α3. In addition, there were two direct hydrogen
bonds between the side chain phenolic groups of the Tyr164 and the Tyr274 (Figure 7).
In the ligand-bound STING complex, c-diGMP, was anchored to the protein in the deep cleft between the two wings, by
several hydrogen bond and hydrophobic interactions (PDBID: 4EF4 4EMT, 4F5D, 4F5Y, and 4F9G) (Figure 8a). Four hydrogen bonds existed between the ribosephosphate ring and STING (Figure 8b). In addition, it was observed that binding of c-diGMP to STING did not induce large conformational changes (Figure 8c). The binding site was located at the bottom of the
dimer interface, where c-di-GMP adopted a V-shaped conformation. The contacts with STING dimer occurred through stacking of both guanine bases against the phenolic rings of Tyr167. In addition, the side chain of Asn242 formed a network of
hydrogen bonds with Glu260, Tyr167, and Arg178. These interactions are important for positioning Ser241 and Tyr167 to
interact with the guanine base. The 20 hydroxyl of the ribose interacted directly with the hydroxyl of the Thr263. Other STING
residues were also critical for c-di-GMP binding (Figure 8b). For example, Pro264 was critical for the formation of the binding
surface because it helped the positions Thr263 and Thr267 to interact with c-di-GMP. Gly166 was also critical for c-di-GMP
binding, allowing the nucleotide to approach its binding surface closely and thus permitting the stacking of the guanine ring
on the phenolic ring of the Tyr167.
Among the five STING: c-di-GMP crystal structures, three were of a rare His232 STING isoform that is unresponsive to
cyclic dinucleotides.72,74,75 The two other crystal structures of STING had an arginine residue at position 232.71,72 STING
with Arg232 is responsive to cyclic dinucleotides. Residue 232 lies in the loop region between β-sheet 2 (β2) and β-sheet
3 (β3) that is predicted to cover the binding pocket. In the His232 structures, these loops were considerably disordered. In the
Arg232 structures, the β2-β3 loop was modeled, although the two structures differed in the position of Arg232. Interestingly,

c-di-GMP:STING complex. (a) c-di-GMP binds into the through at the dimer interface. The complex structure of STING CTT with c-di-GMP. cdi-GMP is shown as yellow sticks. The STING dimer is shown in an orientation similar to that showed in Figure 6a. (b) Surface and close-up view of specific
recognition of c-di-GMP by STING and details of hydrogen bonds. The interactions between ribose-phosphate of GMP and waters, as well as c-di-GMP and
T263 from STING monomer. Hydrogen bonds between c-di-GMP and waters are shown as yellow dashed lines and red spheres, respectively. π–π interaction
of c-di-GMP and Y167 is shown as green dashed line. Residues from STING monomer a that interact with c-di-GMP are shown as orange sticks. C-di-GMP
is shown as yellow sticks. (c) Superposition of the STING/c-di-GMP complex with the free STING dimer. The STING protomers in the complex are colored
in light orange and light blue, while those in the free STING are in dark orange and teal

FIGURE 8
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the former STING–c-di-GMP structure differs the most from the other four structures. It is suggested that the loop between β2
and β3 is highly flexible and that the binding of c-di-GMP induces changes in the conformation of the critical arginine that are
important for downstream signaling. However, the structures do not provide insight into why the arginine in the β2-β3 loop is
required for signaling only in response to cyclic dinucleotides, but not in response to DNA.
The endogenous ligand of STING is c-GMP-AMP (cGAMP). cGAMP is a hybrid cyclic dinucleotide that contains a
guanosine unit and an adenosine unit joined by two phosphates in a macrocycle (Figure 9). Specifically, cGAS catalyzes
the synthesis of cGAMP from ATP and GTP in the presence of DNA. cGAMP then acts as a second messenger that binds
to and activates STING. Although the exact nature of cGAMP is not determined, it results from phosphodiester linkages
between GMP and AMP. cGAMP molecule contains unprecedented mixed phosphodiester bonds resulting in different isomers that have impact in STING affinity.76–79 Its two phosphate groups connect the two nucleosides from the 20 and 50 positions of the guanosine with the 30 and 50 positions of the adenosine. Represented as 20 30 -cGAMP, this asymmetric ligand
binds to the symmetric dimer of STING with an affinity significantly higher than its isomers 20 20 -cGAMP, 30 20 -cGAMP,
and 30 30 -cGAMP.
Several X-ray structures of STING and cGAMP complex have been resolved (PDBID: 4KSY, 4LOH and 5BQX)
pointing the mechanism behind STING activation, as well as, providing understanding on the different affinities of
cGAMP isomers. Zhang et al.79 reported the first X-ray structure with 1.9-Å resolution, being followed by Gao et al.78 at
2.3 Å, and the Shi et al.80 at 2.0-Å resolution. Overall, the solved structures show a STING homodimer forming a
butterfly-shaped dimer (Figure 10a). The cGAMP molecule sits at the two-fold axis, with the cyclic sugar-phosphate
backbone at the base and the purine rings pointing upward in a parallel alignment. Comparing with the apo-STING, the
complex exhibited several differences in both the structure of the monomer and the arrangement of the dimer, creating a
deeper pocket between the two protomers to hold cGAMP (Figure 10c). The cGAMP binding site was covered by a lid
of four-stranded antiparallel β-sheet and the connecting loops formed by the residues 219–249, from each of the two protomers. The interdomain interactions within the lid involved several polar contacts, Lys224, Gly234, Lys236, Asp237,
and Tyr245 (Figure 10b).
Concerning the cGAMP isomers, crystal structures of STING complexed with 20 30 -cGAMP or 30 20 - cGAMP were nearly
identical. Both cGAMP molecules sited at the same position of the binding pocket, forming the same interactions, suggesting
similar affinity for STING (Figure 10d). However, several studies reported different affinities over the different cGAMP isomers, in which 20 3’-cGAMP revealed to be a potent inducer of IFN-β due to a higher affinity (Kd 4.59 nM) for STING. Shi
et al.80 showed that 20 30 -cGAMP, but not its linkage isomers, adopted an organized free-ligand conformation that resembles
the STING-bound conformation and pays low energy costs in changing into the active conformation to bind to STING. Current structural studies typically focus on protein–ligand interactions. However, in this case, entropic factors of the free ligands
provided large difference in binding affinities, even with the same protein–ligand interactions.
Comparing with the c-di-GMP bound structure, cGAMP sits deeper in the STING dimeric interface. In addition, the two
wings of the butterfly are closer to each other in the STING:cGAMP structure due to the closed arrangement of the two
STING protomers. The binding pocket showed that cGAMP established extensive polar and hydrophobic interactions. The
purine base groups of cGAMP interact with four aromatic residues, Tyr 240 and Tyr167 of the two protomers. The free 30 -

STING ligands. cGAMP is the endogenous ligand and contains unprecedented mixed phosphodiester bonds resulting in different isomers. Small
molecule DMXAA (28) mSTING inhibitor

FIGURE 9
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cGAMP:STING complex. (a) Overall structure of STING CTT bound to the cGAS product. STING forms a dimer and is colored in orange and
teal. (b) cGAMP in yellow sticks binds at a deeper pocket and drags the STING dimer closer to each other, compared to c-di-GMP-bound STING. The base
groups of cGAMP are roughly parallel to each other and to four aromatic rings of the Y residues. The bottom ribose ring and the upper purine base groups of
cGAMP are coordinated by extensive polar contacts. Hydrogen bonds between c-di-GMP and waters are shown as yellow dashed lines. π–π interaction of cdi-GMP and Y167 is shown as green dashed line. (c) Structural comparison of the apo- and cGAMP-bound forms of STING. The apo-STING dimer is
colored in dark orange and teal, and it is superimposed against cGAMP-bound STING dimer colored in light orange and light blue. Conformational changes
in STING upon cGAMP binding are observed. (d) Superposition of 30 20 -cGAMP (yellow sticks) and 20 30 -cGAMP (dark blue sticks) bound to STING

FIGURE 10

hydroxyl of GMP points to two Ser162 residues from the lower part of the pocket (Figure 10b). The guanine base directly
interacts with the Glu260, Thr263, and Val239. These unique polar contacts explain why 20 3’-cGAMP is a specific and highaffinity ligand for STING.
Subsequent studies reported by Gao et al.78 focused the role of the xanthenone derivative 5,6-dimethylxanthenone4-acetic acid 28 (DMXAA) (Figure 9) on both murine and human STING proteins (PDBID: 4LOL and 4QXO). DMXAA
was identified as a small molecule exhibiting immune modulatory activities through the induction of cytokines, also disrupting the tumor vascularization in multiple mouse models.81 However, DMXAA failed in human phase III trials.82 Later,
it was demonstrated that DMXAA-IFN-β production by murine macrophages was dependent on STING, suggesting that
murine STING was the protein targeted by DMXAA.83 Despite the high sequence identity between murine and human proteins (68% amino acid identity and 81% similarity) (Figure 11c),77 DMXAA activates murine STING, but has no effect on
human STING.84,85 The resolution of both murine and human STING:DMXAA complexes led to structural analyses that
exposed the differences between the two complexes. The X-ray structure of murine STING:DMXAA complex (4LOL)
revealed two small molecules bound within the cleft of mSTING forming a network of intermolecular hydrogen bonds
involving Arg237, Ser161, Thr262, and Thr266. In addition, methyl groups formed intermolecular contacts with Lys169
and Ile234 (Figure 11b). The binding pocket adopted a “closed” conformation. Structural analysis of the homologous
human complex together with biophysical and cellular assays showed that the lid residue at position 230 (229 in mSTING)
was the basis for the mSTING selectivity of DMXAA. Structural and functional results also displayed strategies to restore
an efficient hSTING response to DMXAA, based on the binding-pocket S162A and Q266I mutations. The screen of smallmolecule libraries using high-throughput approaches and mass-spectroscopy-based detection assays to identify potential
candidates with scaffolds distinct from DMXAA that target hSTING were performed. However, novel DMXAA derivatives
targeting hSTING were not yet reported.
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DMXAA:STING complex and STING activation. (a) The crystal structure of two molecules of DMXAA bound to murine STING.
(b) Intermolecular contacts in the complex of DMXAA bound to murine STING. The two bound DMXAA molecules are shown in light green color, with
individual murine STING subunits in the symmetrical dimer shown in dark orange and teal. The intermolecular contacts to the polar and nonpolar edges of
the DMXAA by the murine STING subunits are shown in two alternate views. (c) Superposition of the DMXAA-bound structure of murine STING (light
orange and light blue) and the DMXAA-bound structure of human STING (dark orange and teal). (d) The structural basis of IRF-3 recruitment by STING.
Residues of the pLxIS motif are represented by orange sticks. Close-up view of the STING/IRF-3 complex. IRF-3 is shown by light blue ribbons

FIGURE 11

The exact molecular mechanism underlying STING activation, and TBK1 and IRF3 recruitment are still a question in
debate. In terms of the mechanism, STING contains the conserved motif, pLxIS (in which p represents the hydrophilic residue, x represents any residue, and S represents the phosphorylation site), that is phosphorylated by TBK1 or mediates the
recruitment of IRF-3 to the signaling complexes.86 The induced proximity between TBK1 and IRF-3 results in IRF-3 phosphorylation and activation.86 To elucidate the structural bases of IRF-3 recruitment by phosphorylated STING (pSTING),
Zhao et al.87 resolved the crystal structure of STING complex with the IRF-3 C-terminal domain (PDBID: 5JEJ).
The structural data revealed the oligomerization of STING at the endoplasmic reticulum surface spanning two patches
of positively charged residues (Arg285, His288, His290, and Lys313, interacts with pSer366) and a large hydrophobic
groove. The pLxIS motif interacts with IRF-3 through electrostatic interactions, hydrogen bonds, and hydrophobic interactions (Figure 11d). Additionally, binding assay shows that Ser366 is critical for IRF-3 recruitment, since its mutation abolishes IRF-3 binding by STING. The Arg285 and Lys313 are also critical for Ser366 recognition. The hydrophobic
interactions between IRF-3 and the STING residues Pro361, Leu363, and I365, are also critical for IFN-β induction. Taken
together, the data revealed to this structure provided a critical insight into the mechanism of IRF-3 recruitment and activation of the innate immunity.
The key role of STING in innate immune sensing of tumors led to the development of deliberate stimulation. Thus,
STING agonists have emerged as novel candidate treatments in cancer immunotherapy. However, the lack of structure–
function studies has limited the development of effective STING agonists. Herein, we summarized the so far dispersed
information regarding the structure and function analyses reported for STING. These structure–function studies revealed
that cyclic-dinucleotides are the direct natural ligands of STING and exposed the lack of clinical effectiveness of
DMXAA. In addition, the understating of structural mechanisms behind IFN-β induction may guide the rational design
of new STING agonists. This approach could expand the fraction of patients potentially benefitting from cancer
immunotherapies.
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4 | IN DO L EAM IN E 2 ,3-D IO X YG EN AS E1
4.1 | IDO1 in cancer
Dioxygenase enzymes, as indoleamine 2,3-dioxygenase1 (IDO1), IDO2 and tryptophan dioxygenase (TDO) are immunomodulatory proteins with great potential as targets for cancer immunotherapy. However, most of the studies reported so far are
focused on IDO1 enzyme. Since IDO2 is lagging behind, only IDO1 features are herein discussed in detail.
T-cells require adequate tryptophan (Trp) levels for cell proliferation and survival. IDO1 is the enzyme that mediates Trp
depletion, resulting in T-cell tolerance and lack of effector function, therefore helping the tumor to evade host immunity (82).
Pro-inflammatory mediators, such as endotoxin and interferon-γ (IFN-γ), induce IDO1 expression in antigen-presenting cells
(APCs) and endothelial cells, which dampens the host immune response.88
Although not being an ICR in the classical sense, the overexpression of IDO1 plays an important role in downregulating
antitumor immunity.89 IDO1 is a monomeric heme enzyme with 403 amino acids folded in two distinct domains (Figure 12a).
IDO1 interface is formed by a combination of hydrophobic interactions, salt bridges and hydrogen bonds that catabolize the
breakdown of Trp to kynurenine by incorporating molecular oxygen.90 Therefore, it could be expected an effective immune
response against tumors triggered by IDO1 inhibitors, through the depletion of Trp.88
Recently, a dramatic increase has been observed in the development of drugs targeting IDO1 enzyme, both in academia
and pharmaceutical companies. This is due to the intensive work on structural studies using crystallographic analysis, as well
as CADD following a structure-based IDO1 inhibitors design campaigns.91–93

4.2 | IDO1: Structural analyses
The first crystal structures disclosed for IDO1 were reported by Sugimoto et al.94 Among those, the 4-phenylimidazole 33
(4PI) bound form of IDO1 (PDBID: 2D0T) was the structure reported with 3.4 Å resolution, while the cyanide bound form of
this enzyme (PDBID: 2D0U) was disclosed with the highest resolution of 2.3 Å.
These crystal structures provided important structural insights into the receptor binding pockets.94 Authors identified two
distinct binding pockets. One pocket is in the distal heme site (pocket A) connected to a second pocket (pocket B), which is
toward the entrance of the active site (Figure 12b). The pocket A includes the residues: Tyr126, Cys129, Val130, Phe163,
Phe164, Ser167, Leu234, Gly262, Ser263, and Ala 264. The pocket B comprises fewer residues: Phe226, Arg231, Ser235,
Ile354, and Leu384. Comparing cyanide and 4PI (31) bound form of IDO1, 4PI (31) is bound deeply inside the binding site
with its phenyl ring occupying the hydrophobic pocket A, being the imidazole coordinated with heme iron (Figure 13a). The
pocket B is filled with buffer molecules (2-(N-cyclohexylamino) ethane sulfonic acid (CHES)) (Figure 13a). Active site flexibility of IDO1 is pointed out by different ways to access to the pocket A on cyanide and 4PI (33) IDO1 complexes.

Structure of IDO1 (PDBID: 2D0U). (a) Ribbon representation of the overall structure of human IDO1. The small (teal) and large (dark blue)
domains connected by helices L, K, and N (green) and big loop (green) are represented. The 19 helices A-S are determined based on the primary sequence.
(b) Surface and active site of IDO1 are represented. Pocket A (yellow) is the deepest pocket distal to heme group (green) connected to pocket B (salmon)

FIGURE 12
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IDO1:PI:Amg complexes. (a) Structure of IDO1/4PI (PDBID: 2D0T). 4PI (31) (yellow) occupy only the pocket A (yellow). (b) Structure of
IDO1/Amg-1 (PDBID: 4PK5). Amg-1 (32) (orange) is a larger molecule and can occupy both pockets of IDO1. Interaction of 4PI and Amg1 with IDO1 are
displayed in red dashes

FIGURE 13

The subsequent studies were reported by Tojo et al.95 in 2014, where two structures of IDO1 complexed to Amg-1 (34)
(PDBID: 4PK5, 2.79 Å) and an imidazothiazole inhibitor (PDBID: 4PK6, 3.45 Å) were resolved. These structures presented
larger ligands bound to IDO1 occupying both pockets (A and B) (Figure 13b). This study showed the high side-chains and
backbone flexibility of IDO1, which lead to different active site conformations characterized by a larger pocket A
and different shape and size for pocket B.95,96
Most of the IDO1 structures described so far comprise its conjugation with weak inhibitors (micromolar range). More
recently, Peng et al.97 disclosed several structures of IDO1 with NLG919 analogues 29-32 (Figure 14a), and those were used
for a SAR study, with 2.1–2.7 Å resolution. These were the first structures of IDO1 complexes to be resolved with potent
inhibitors (PDBID: 5EK2, 5EK3, 5EK4, and 5ETW). The obtained crystal structures revealed that the imidazoleisoindole
derivatives (Figure 14a) were able to occupy both pockets (A and B), coordinating with the heme iron atom through the imidazole nitrogen and establishing hydrophobic interactions with Tyr126, Cys129, Val130, Phe163, Phe164, Gly262, Ala264,
Phe226, Arg231, Ile354, and Leu384.
Interestingly, inhibitor 31 forms an extensive hydrogen bond network with IDO1. Hydrogen bonds network include the
7-propionic acid group of the heme and the NH group of Ala264, as well as an intramolecular hydrogen bond within 31,
between the isoindole nitrogen and the hydroxyl group. The SAR studies demonstrated that this hydrogen bond network is
preponderant, establishing a distinct feature in this complex that was not observed in the other IDO1 complex structures
(Figure 14b and e).
The crystal structures resolved provide essential structural insights concerning the active sites of IDO1, identifying several
residue interactions crucial for the design of active inhibitors (Tyr126, Cys129, Val130, Phe163, Phe164, Phe226, Arg231,
Ala260, Gly261, Gly262, Ser263, Ala264, Ile354, and Leu384).
The IDO1 structure in complex with hydroxylamidine compound 35 (PDBID: 5XE1, 3.2 Å) was reported by Wu, Xu,
Liu, Ding, and Xu.98 Inhibitor 35 (Figure 15a) is an analogue of IDO1 inhibitor, currently in phase II clinical trials. The differences of hydroxyamidine compounds 35 and 40, are that the latter contains 3-Br instead of 3-Cl and an additional aminoethylsulfamide moiety.99 The crystal structure showed that the analogue 40 only occupies the pocket A of IDO1. The authors suggest that 35 should occupy both pockets based on the additional aminoethyl-sulfamide moiety. This study enforces the previous work reported by Peng et al.97 The addition of a halogen leads to bond interaction with the sulfur atom of Cys129, which
plays a unique role in the high inhibitory activity (Figure 15a). Moreover, they showed that 40 coordinates to heme iron
through oxime nitrogen, which contributes to intramolecular hydrogen bond network formation. In previously reported structures, all the inhibitors bound to the heme iron through a nitrogen atom in the imidazole moiety (Figure 15a).
Recently, Crosignani et al.100 from Pfizer reported the discovery and development of a new and selective IDO1 inhibitor
(Figure 15c). Among a library of thousands of compounds, the most promising for subsequent optimization was compound 36
(IC50 1.8 μM). Of the two enantiomers of 36, only one presented significant activity on IDO1 in the enzymatic assay. SAR
studies clearly showed that the succinimide moiety could not be modified without significant drops in activity. Similarly, the
indole moiety also showed that some parts of the molecule were not free for substitution. However, substitution on positions
C5 and C6 of the indole ring revealed to be beneficial generating the derivative 36.
X-ray structure of 36 and IDO1 complex was resolved with 2.3 Å resolution (PDBID: 5WHR) revealing a new binding
mode to IDO1. Succinimide ring of 16 sits parallel to the heme group and no direct coordination to iron is observed
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NLG919 analogues. (a) Imidazoleisoindole derivatives 29–32. Inhibitor 31 (cyan) with IC50 of 19 nM. Flourine removal resulted in 32
(magenta) and two-fold decrease in IC50 (38 nM). Other modification resulted in 29 (purple) (279 nM) and 32 (dark blue) that completely lost activity
(> 10 μM). (b) IDO1/24 complex. Pockets A (yellow) and B (pink) of IDO1 are occupied by 31 (cyan) that is coordinated with heme group (green) by
intramolecular hydrogen bonding with the isoindole nitrogen imidazoleisoindole group. (c) Replacement of the hydroxyl group with carbonyl group
(22) (purple) resulted in a 14-fold decrease in IDO1 inhibitory activity, compared to its hydroxyl analogue 12. (d) When a fluoro group was removed in the
imidazoleisoindole to generate 30 (magenta), it showed two-fold decrease in the inhibition of IDO1 compared to 31. 30 could also make the coordinated
covalent bond with the heme iron. (e) Replacement of the five-membered imidazoleisoindole ring of 30 with a six-membered, generate 32 (dark blue),
resulting in almost complete loss of activity. Hydrogen bonds and π–H bonds are colored in red dash lines
FIGURE 14

IDO1/inhibitors complexes. (a) IDO1/hydroxylamidine complex (PDBID: 5XE1). Interaction of IDO1 pockets A (yellow sticks) and B
(salmon sticks) residues with 35 (orange). The green dash line indicates π–π stack, and the yellow dash line indicates hydrogen bond interaction. Fluorine and
chlorine atoms are colored green and light blue, respectively. (b) Key hydrogen bond interactions. IDO1/Aminotriazole derivative complex. Pocket A residues
in yellow sticks and pocket B salmon sticks and the ligand, 17, is drawn in cyan. Interactions between aminitriazole 34 (cyan) and the two pockets of IDO1
are depicted in yellow dashes. (c) Pyrrolidine derivative complex (PDBID: 5WHR). The ligand 33 is drawn in orange sticks. IDO1 binding pocket
representation (pocket A residues in yellow sticks and pocket B residues in salmon sticks)

FIGURE 15
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(Figure 15c). In addition, the indole NH interacts with side chain of Ser167, while the succinimide NH hydrogen bonds to the
heme carboxylic acid. The two carbonyls interact to the main chain NH of Ala264 and Thr379. Additional interactions seem
to occur due to the fact that several aromatic groups (Tyr126, Phe163, Phe164) are well positioned to establish π–π interactions with the indole aromatic core. Other lipophilic residues also are in close contact with the indole group (Leu234, Val130,
Cys129) (Figure 15c).
Clearly, 3-(5-Fluoro-1H- indol-3-yl)pyrrolidine-2,5-dione 6 (36) appeared as a novel class of IDO1 inhibitors, showing a
different binding mode compared to other reported IDO1 inhibitors. Although it has moderate IDO1 enzyme inhibition, it
seems to be a highly efficient compound (good ligand efficiency). Despite its small size, it is driven by its tight packing within
the enzyme, as well as, the high density of hydrogen bonds formed with IDO1.
Crystal structures resolved so far are focused on IDO1/inhibitor complexes. Recently, Yeh et al.101 reported a detailed
study resolving the first IDO1/substrate complex structure (PDBID: 5WMW and 5WMU) with 3.0 and 2.4 Å resolution. The
substrate Trp binds in the distal heme pocket, which is enclosed by two loops, and covered by a small helix from the small
domain (Figure 16a). Trp occupies both pockets (A and B), the indole group pocket A, and ammonium and carboxylate
groups extend into the pocket B. Some interactions play a critical role in substrate binding and recognition. The water mediated H-bond of indoleamine group with Ser167 and the ionic pairing of carboxylate group with Arg231.
The search for new ligand-binding sites has lagged behind, and all IDO1 inhibitors target the reported active site. Yeh
et al. used 3-indole ethanol (IED) to explore additional inhibition site(s) based on the earlier studies that suggest that IED promotes enzyme activity by occupying a hypothesized second Trp-binding site. Two crystal structures of the IDO1/Trp complex
in presence of excess IDE were resolved (PDBID: 5WMX and 5WMV) with 2.7 and 2.6 Å resolution. This confirmed the
earlier studies.
IDE is located on top of a hydrophobic base constituted by Leu207, Leu339, Ala210, Leu342, and Phe214 (Figure 16b).
The interactions observed are π-stacking of the indole ring with heme, and an H-bond of OH group with the 6-propionate
group.
This study also focused the IDO1/Epacadostat complex. The crystal structure was resolved with 2.5 Å resolution (PDBID:
5WN8). Results proved that 18 coordinates to heme group via an unusual oxygen atom of the hydroxyamidine group, as docking calculations already showed99 (Figure 16c).
Epacadostat occupies both pockets. In the pocket A the hydrophobic residues Phe163, Leu234, Phe164, Val130, Tyr126,
and Ser167 enclose benzene group. Also Br and F atoms sit next to Cys129, pointing to a fluorine–sulfur contact that is
known to stabilize protein–inhibitor interactions. The furazan group, which is stabilized by Phe163, Leu234, and Phe226, and
the sulfamide group maintained by Arg231 occupy the pocket B. The coordination bond is stabilized by an H-bond with
Ala264, as well as two intramolecular H-bonds within the inhibitor (Figure 16c). Based on the crystal structures of two distinct
inhibitors in clinical trials, new strategies can be established to generate IDO1 inhibitors.
A last study was reported by Westcott et al.102 where they have identified novel series of IDO1 inhibitors based on a
4-amino-1,2,3-triazole core (37) by a HTS campaign (Figure 15b). The structural elucidation was determined using the X-ray
structure of the complex (PDBID: 6F0A). The inhibitor is bound in the active site of the enzyme by the 1-nitrogen of the triazole ring and the iron of the heme group. A potential hydrogen-bond between the 4-amino group of the inhibitor and Ser
167 may exist. Halogen interaction is also observed between the chloro-phenyl group and a hydrophobic pocket at the top of
the active site (Figure 15b).
Besides the new inhibitor series described and the structural characterization, other questions are raised concerning the
inhibitor's potency. The aminotriazole (37) was tested in biochemical (IC50 11.3 μM) and cellular (IC50 0.023 μM) assays presenting distinct results. The authors hypothesized that this difference is based on the formation of a tight ferrous
IDO1-aminotriazole complex, suggesting that other parameters are influencing assays' results.
4.3 | Structure-based drug design for IDO1 inhibitors
All the crystal structures obtained thus far enabled the in silico structure-based design of IDO1 inhibitors. Multiple CADD
techniques have been already explored to develop and optimize IDO1 inhibitors and in some cases, with success. Molecular
dynamics, molecular docking and pharmacophore modeling studies are some of the methodologies already reported.103
However, docking studies using IDO1 face several challenges as highlighted by Röhring.91 Namely, the flexibility and the
presence of heme iron in the active site. Compounds predicted to bind at the entrance of the active site by docking studies,104
using X-ray structure 2D0T disclosed by Sugimoto et al.,94 later proved to actually bind in a completely different manner,
requiring a larger pocket A. This was demonstrated by the crystallographic structure reported by Tojo et al.95 In fact, the presence of the heme iron in the active site, which can interact with ligands by forming covalent bonds, led to the development of
a special Morse-like metal binding potential.105 The strong dependence of IDO1 from the electronic nature of the iron-binding
group is difficult to describe consistently in any computational approach due to the lack of correct forcefield parameters for
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IDO1/substrate, IDO1/IDE and IDO1/epacadostat complexes. (a) Crystal structure of the IDO1-Trp complex. Binding mode of Trp (yellow
sticks). Trp binds in the distal heme (green) pocket A (yellow) and occupy the pocket B (salmon). The Trp interacts with the protein and heme, via various
hydrophobic and polar interactions as represented by yellow dashes. (b) New small molecule binding site in IDO1. Crystal structure of the IDO1-Trp complex
in a mixed ligand state, where active site and the new site are occupied by Trp and IDE (cyan), respectively. The hydrophobic residues forming the base of the
binding pocket are shown as magenta sticks, while pockets A and B are shown in yellow and salmon sticks. IED-IDO1 protein interactions are represented in
yellow dashes. (c) Binding mode of epacadostat (33) to IDO1. Protein surface is represented in blue, pocket A in yellow and pocket B salmon stick
representation. The ligand is drawn in pink and the heme in green stick representation. IDO1 surface-binding pocket representation. The interactions between
epacadostat (magenta sticks) and the two pockets of IDO1 (pocket A and pocket B), as well as the intramolecular H-bonds are represented by the yellow
dashes
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the iron. This sensitivity was highlighted by bioisosteric replacements of the imidazole ring in 4PI by other nitrogencontaining five-membered rings, leading to inhibitory activity with deviations of several orders of magnitude.91 Together with
docking, molecular dynamics was used to better understand the reaction mechanism of IDO1, as well as, to interpret docking
results.106 For example, the study performed by Rohrig et al. (2015) demonstrated that miconazole only fits in the enlarged
IDO1 active site after molecular dynamics simulations.107
Though in silico design has significantly contributed to the development of IDO1 inhibitors, conflicting binding modes
have been reported, pointing out the problem of the validity of those predicted binding modes. High flexibility of IDO1, in
part, is explained by the presence of a highly conserved sequence Ala260, Gly261, Gly262, Ser263, Ala264, and Gly265 that
provides conformational flexibility in several proteins. Thus, IDO1, exhibiting this sequence, leads to several active site conformations due to a very flexible binding pocket. Caution is thus necessary to interpret docking results, considering the protein
flexibility and heme interactions.
Structure-based design of new IDO1 inhibitors, so far, has been mainly based on the 4PI-bound X-ray structure described
in 2006, condition that has been changing by the increasing number of new available structures. Together with inhibitors'
bound structures, the crystal structure of substrate bound state, recently resolved, brings an opportunity to develop new rationales on the development of IDO1 inhibitors. Therefore, even though great efforts have been made to develop IDO1 inhibitors
using structure-based design, high throughput screening (HTS)108–111 and natural product screening112–116 are still ongoing
and successfully yielded different active scaffolds.117
Even though intensive research has been devoted to the development of IDO1 inhibitors, only a few compounds are in
phases 1 and 2 of clinical trials (Figure 17). To successfully achieve IDO1 inhibitors, the strategies adopted rely on HTS or
structure-based campaigns. Hydroxyamidine (33) (INCB024360, epacadostat) by Incyte Corporation and PF-06840003
(29) by Pfizer were obtained by HTS.118,119 Indoximod (31) and the imidazole NLG919 (32) by NewLink Genetics120
achieved by structure-based design using the structure of IDO1 complex with 4PI. More recently, in phase 1, Bristol MyersSquibb developed the cyclohexaneacetamide (BMS-986205) (34).121
4.4 | 4-1BB
4-1BB, also known CD137 or TNF receptor superfamily member 9, is involved in co-stimulatory signals for T-cells.122 The
T-cell co-stimulatory receptor 4-1BB is induced when T-cells receive antigen-specific signals. These 4-1BB-mediated signals
have been shown to induce a novel subpopulation of T cells that have strong anticancer and anti-autoimmune effects.123

IDO1 inhibitors. Epacadostat 40 started clinical testing in 2014 and is currently in phase II of clinical trials being the most advanced IDO1
inhibitor. Indoximod 38 started clinical testing in 2008 and is currently in phase I of clinical trials. In 2014, NLG919 39 started clinical testing and it is in
phase I of clinical trials. Also 41 as initiated clinical trials. The clinical evaluation that is occurring use the molecules as only therapeutic or in combination
with others

FIGURE 17
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Concerning 4-1BB, this is a type 1 transmembrane glycoprotein with 255 aa in length composed by an extracellular
domain (residues 24-186), a transmembrane domain (residues 187-213) and a cytoplasmic domain (residues 214-255).
4-1BB binds to its ligand 4-1BBL, a molecule of the TNF family. To date, 4-1BBL remains the only intracellular ligand
known for 4-1BB, although the extracellular domain binds also to fibronectin and to galectin-9. 4-1BBL is induced on APC,
such as DC, macrophages, and B cells.124
4-1BBL, is a type 2 glycoprotein with 254 aa in length whose extracellular TNF homology domains (THD) form noncovalent trimers (Figure 18a and c). 4-1BBL is composed of a cytoplasmic domain (residues 1–25), a transmembrane domain (residues 26–48), and an extracellular domain (residues 49–254). The extracellular domain can be further divided into the tail
region (residues 49–92) and the THD (residues 93–254).
The 4-1BBL-4-1BB pathway co-stimulates T cells to carry out effector functions, such as the eradication of established
tumors and the broadening of T-cell responses.
Structural insights of the 4-1BBL-4-1BB pathway are very limited. However, Won et al. resolved the crystallographic
structure of 4-1BBL (2.3 Å resolution), providing structural insights of this TNF family member.125
The 4-1BBL extracellular domain of each monomer forms α-β sheet structure, known as a β jelly-roll fold. The structure of
4-1BBL trimer has the appearance of a three-fold symmetric, three-bladed propeller (Figure 18c). The subunits of 4-1BBL interact
with each other involving 14 residues, both hydrophobic and aromatic, namely Gln89, Val140, Leu203, His205, Val240, Thr241,
Pro242, and Pro245 of one monomer, and Gln94, Phe92, Leu115, Tyr142, Phe144, Phe197, and Phe199 of the other monomer. The
major differences between 4-1BBL and the other TNF family members lie in the relative orientations of the N and C termini along
with the positions of the flexible loops. The N and C termini of 4-1BBL extend from the inner and outer sheets on opposite sides of
the molecule, whereas those of other TNF family members are located near to each other, on the same side of the molecule.125
4-1BBL trimeric ligand interacts in a 3:3 stoichiometry, such that the 4-1BB binds at the trimer interface of the ligands.
Although the crystal structure of the 4-1BB-4-1BBL complex is not resolved, a model of the complex was also generated by
Won et al. using a homology model of 4-1BB obtained with the SWISS-Model server. According to the model, the three residues of 4-1BBL, Lys127, Gln227, and Gln230 should be in close proximity to 4-1BB.125 Mutagenesis studies demonstrated
that a single mutation of Lys127 and Gln227 to alanine caused 170- and 80-fold decrease in binding affinity, respectively. As
the Lys127 (A'B loop) and Gln227 (H strand) are in an exposed surface away from the trimerization interface, the mutations
are likely to have a direct effect on receptor binding rather than interfering with trimerization. The mutagenesis studies showed
that the long A'B loop of 4-1BBL is preponderant for receptor binding.
A deeper characterization of the crystal structure of the 4-1BB-4-1BBL complex would reveal the precise epitopes of the
antibodies and the molecular mechanisms underlying the ligand recognition. This would further add into 4-1BB stimulation,
leading to novel 4-1BB-4-1BBL-targeted therapeutic options.

4-1BBL structures (PDBID: 2X29). (a) Ribbon representation of 4-1BBL (green). The structure shows a two-layered jellyroll β-sandwich
topology similar to the canonical structure of the other TNF family members. The inner and outer sheets of the jelly-roll β-sandwich are composed of A'HCF
and ABGDE, respectively. (b) The residues involved in the hydrophobic interactions are: Gln89, Val140, Leu203, His205, Val240, Thr241, Pro242, and
Pro245 in one protomer (green) and Gln94, Phe92, Leu115, Tyr142, Phe144, Phe197, and Phe199 in the adjacent protomer (green). (c) Ribbon representation
of 4-1BBL trimer. 4-1BBL forms a three-fold symmetric assembly resembling a three-bladed propeller. The interactions between 4-1BBL subunits in the
trimer are primarily mediated by hydrophobic interactions between the C-terminal tail of one subunit and the A'B loop and the A’, C, and F strands of the
adjacent subunit
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Currently, 4-1BB-targeted therapeutic options rely on two monoclonal antibodies that are in clinical trials, Utomilumab®
(Pfizer) in phase 1 and Urelumab® (Bristol-Myers Squibb) in phase 2. These monoclonal antibodies are being tested to induce
a potent anti-tumor immune-mediated destruction by targeting the extracellular domain of the 4-1BB receptor. Preliminary
results demonstrate auspicious clinical responses; however, some toxicity has been associated.

5 | CON CLU SION
Cancer immunotherapy is undoubtedly an enormous success that had revolutionized cancer treatments. However, the efficacy
circumvents to specific subsets of cancer patients and the induction of severe immune-related adverse effects lead to the pursuit of new safer and more effective strategies. The target of additional ICRs and the regulation of the function of other components in the tumor microenvironment by small molecules have been hypothesized. Even though, it is fundamental to better
understand the mechanisms underlying the stimulation of an antitumor immune response by a targeting molecule at the
cellular, but also molecular levels. This deeper structure–function knowledge will allow not only the rational development of
promising immune modulatory candidates with optimal on-target interactions, but will also prompt the discovery and validation of additional targets and/or reveal the best candidates for combinatorial strategies aiming at synergistic outcomes between
multiple immune-related pathways and proteins. In this overview, we explored the structure–function relationships available
for emerging regulators of immune and tumor microenvironment players (A2AR, STING, IDO1 and 4-1BB), opening new
avenues for the unique role that computational tools can have on the faster and optimized design of effective, but also safe
targeted cancer immunotherapies.
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