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Abstract

:

Autotaxin (ATX) is the only enzyme of the ecto-nucleotide pyrophosphatase/phosphodiesterase (ENPP2) family with lysophospholipase D (lysoPLD) activity, which is mainly responsible for the hydrolysis of extracellular lysophosphatidylcholine (LPC) into lysophosphatidic acid (LPA). LPA can induce various responses, such as cell proliferation, migration, and cytokine production, through six G protein-coupled receptors (LPA1-6). This signaling pathway is associated with metabolic and inflammatory disorder, and inhibiting this pathway has a positive effect on the treatment of related diseases, while ATX, as an important role in the production of LPA, has been shown to be associated with the occurrence and metastasis of tumors, fibrosis and cardiovascular diseases. From mimics of ATX natural lipid substrates to the rational design of small molecule inhibitors, ATX inhibitors have made rapid progress in structural diversity and design over the past 20 years, and three drugs, GLPG1690, BBT-877, and BLD-0409, have entered clinical trials. In this paper, we will review the structure of ATX inhibitors from the perspective of the transformation of design ideas, discuss the advantages and disadvantages of each inhibitor type, and put forward prospects for the development of ATX inhibitors in the future.
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1. Introduction


Autotaxin (ATX), one of seven members of the ecto-nucleotide pyrophosphatase/phosphodiesterase family (ENPP2) and the only enzyme of the ENPP family with lysophospholipase D (lysoPLD) activity [1]. It was first isolated from A2058 melanoma cells in 1992 and classified as an autocrine motility factor [2], mainly responsible for the hydrolysis of extracellular lysophosphatidylcholine (LPC) which leads to the production of lysophosphatidic acid (LPA) (Figure 1A).



LPA is a bioactive lipid widely distributed in the body; there are two main pathways for its production, PLA1/2-mediated hydrolysis of phosphatidic acid, and ATX-mediated hydrolysis of LPC, which is the dominant pathway [3,4]. The concentration of LPA in plasma is in the range of 100–164 nM, which is 1/1000 of the LPC’s [5], with a half-life of approximately 3 min; LPA is mainly hydrolyzed by membrane-bound lipid phosphate phosphatases (LPPs) and releases inactive monoacylglycerols [6,7]. Under physiological and pathological conditions, LPA can induce various responses such as cell proliferation, migration, and production of cytokines through six G-protein-coupled receptors (LPA1-6). The LPA signaling pathway is associated with metabolic and inflammatory disorder, and its dysregulation often causes fibrosis [8], liver disease [9], inflammation [10], pruritus [11], metabolic syndrome [12] and cancer [13]. Thus, the development of inhibitors against the ATX-LPA axis is an attractive therapeutic strategy for the treatment of related diseases.




2. Structure and Function of ATX


There are a total of five isoforms of ATX already known in mouse and human, which are ATX α, ATX β, ATX γ, ATX δ, and ATX ε [14]. ATX α, isolated from human melanoma cells A2058, contains 915 amino acid residues and was the first subtype to be identified, with less expression in the central nervous system and peripheral tissues [15]. ATX β, 863 amino acid residues long, is the most important subtype, mainly distributed in peripheral tissues and slightly expressed in the central nervous system. In addition to lysoPLD activity, ATX β can also bind to integrins and improve cell proliferation and directional cell motility. These functions are related to the SMB domain, which is mentioned afterwards [16,17,18,19]. ATX δ and ATX ε are the most widespread and stable forms of all ATX subtypes, were originally cloned from ATX β and ATX α, and exist in many organisms, from fish to mammals [20]. In 2011, the crystal structures of ATX in humans and mice were identified [21]. The crystal structures showed that ATX mainly contained two somatomedin B (SMB)-like domains on the same side (N-terminal) (SMB1 and SMB2), nuclease-like domain (NUC) at the other end (C-terminal) and catalytic phosphodiesterase domain (PDE) in the middle; the active site catalyzing the hydrolysis of LPC was located at the center of PDE (Figure 1B). It has been shown that SMB1 and SMB2 are important for catalytic activity, and it is speculated that they are also involved in the subsequent release of LPA [22]. Analysis of the structure of the PDE active site shows that it forms a T-type binding site (Figure 1C), which contains a catalytic site containing two zinc ions and a hydrophobic pocket which is connected to the catalytic site through a hydrophilic shallow groove. The acid head of the substrate of ATX interacts with the two zinc ions, the hydrophilic glycerol part accommodates the shallow groove part and the tail is located on the hydrophobic pocket. On the other side there is a tunnel leading to the PDE [21], which is both hydrophobic and hydrophilic, and can bind steroids [23] and LPA [22,24]. Recent studies have shown that the active ATX can carry LPA to bind on the surface of secreted exosomes [25], and it can be further speculated that ATX bound to LPA binds on the cell surface and subsequently releases LPA to activate LPARs. But molecular dynamics simulations [24] suggest that LPA binding is an independent event in the allosteric tunnel of ATX and does not necessarily mean that the LPA produced by LPC hydrolysis excretes ATX through the tunnel.




3. The Potential of ATX as a Drug Target


ATX itself can be a biomarker for many diseases, such as pancreatic cancer [26], Graves’ disease [27], glaucoma [28], acute and chronic liver failure [29], calcific aortic valve stenosis (CAVS) [30], and more. We have mentioned the idea of treating of related diseases by blocking ATX-LPA axis above. Recently, many studies have shown that inhibiting ATX can have a promising therapeutic effect on many diseases, such as the growth and metastasis of various tumors such as oral squamous cell carcinoma (OSCC) [31] and breast cancer [32], peritoneal spread in patients with pancreatic ductal adenocarcinoma (PDAC) [33], cardiovascular disease [34], fibrosis of organs such as kidney, heart and lung [35,36], and central nervous system disease [37,38]. It has been shown that ATX is essential for the development of embryos. ATX may be the only way to produce LPA in the early stage of development [39]. ATX homozygous knockout (KO) embryos die in utero on average at day 9.5 with vascular and neural tube defects [40]. In adult life, ATX is mainly expressed by adipose tissue, reproductive organs and the central nervous system, and a lack of ATX activity leading to lower LPA levels can cause pruritus [41]. Inducible depletion of about 80% of ATX in adult mice does not cause any serious phenotypic defects [42]. It can be assumed that ATX is a rather safe target for various diseases, but it needs more research, as to date there is no information known for humans. This review will summarize ATX inhibitors from the perspective of their developmental history and design ideas.




4. ATX Inhibitors Based on Lipid Analogues


Before Hausmann et al. solved the crystal structure of ATX in 2011, the development of ATX inhibitors was limited by the lack of full understanding of the three-dimensional structure of ATX and of the structural diversity of existing ATX inhibitors. There were two main strategies for the development of ATX inhibitors; first, targeting the common active sites of the NPP family known at that time, namely, structures composed of central divalent cations and serine, threonine, or cysteine residues around them [43,44], while the second was mimicking the ATX substrates LPC/LPA or sphingosylphosphorylcholine/sphingosine 1-phosphate (SPC/S1P) based on natural physiological products such as amino acid derivatives, fatty alcohol phosphate (FAP), darmstoff, or sphingosine 1-phosphate (S1P) and so on [45] to produce competitive inhibition.



The former is mainly a series of metal chelators that bind to zinc ions in the active site of ATX, thereby inhibiting its activity, such as EDTA. In 2005, Timothy et al. found that L-histidine (1) (compound 1–11 in Table 1) at a concentration that is not harmful to cells can inhibit the motility stimulation of ATX on two tumor cell lines from human melanoma (A2058) and human ovarian cancer (SKOV-3). This inhibition can be eliminated by adding excessive zinc ions, which is a non-competitive inhibition. It was the first inhibitor with certain selectivity compared to potent non-specific metal inhibitors; however, the lack of potency and instability in vivo affected its subsequent development [46].



The original lipid-based ATX inhibitors were discovered when researchers looked for LPA receptor inhibitors. Durgam’s group had previously identified FAP (2) as the smallest pharmacophore interacting with the LPA receptor [47]. In order to discover LPA receptor agonism and antagonists based on FAP, compound 3 was found to have a complete dose-dependent inhibition of ATX (IC50 = 100 nM, LPC) while acting on the LPA receptor at the same time [48]. Compound 4, obtained by further modification, was still a dual inhibitor of ATX (IC50 = 597 nM, LPC) and LPA receptors (LPA3, IC50 = 11 nM) [49]. Miller et al. found that the LPA analogue darmstoff (5) inhibited ATX (IC50 = 97 nM, LPC) while antagonizing LPA3 and activating PPARγ [50]. The subsequent modification of darmstoff revealed that the introduction of a phosphorus atom in the five-membered ring of five could provide better chemical stability while retaining ATX inhibition activity. The final compound 6 (IC50 = 220 nM, LPC), inhibited the activity of B16-F10 melanoma cells in mouse lungs [51,52]. In addition, α-bromomethylphosphate (BrP-LPA, 7) (IC50 = 0.7–1.6 μM, LPC) [53], a synthetic analog of S1P (FTY720-P, 8) (Ki = 0.2 μM, Bis-pNPP) [54], and a tyrosine derivative (9) (73% inhibition of ATX at 1 μM) [58], were developed as lipid-like ATX inhibitors. Among all the lipid-like ATX inhibitors, the most potent compound is S32826 (10) (IC50 = 5.6 nM, LPC) obtained by Ferry et al. during high-throughput screening (HTS) of 13,000 compounds. S32826 had a strong inhibitory effect and selectivity on ATX in vitro. Furthermore, more, plasma ATX activity and the release of LPA had been strongly inhibited by S32826. However, S32826’s kinetic properties and solubility were very poor and could not be applied in vivo. In order to improve the kinetic characteristics of S32826, Jiang [56] et al. and Fisher et al. [55] tried to further modify S32826; however, both failed to successfully perform in vivo experiments. Gupte et al. obtained compound 11 by converting the amide bond into a carbon chain, which decreased the inhibitory potency of ATX (IC50 = 170 nM, LPC); however, the metabolism in vivo was highly stable and could effectively inhibit the invasion of MM1 hepatoma cells [57].



From the development of lipid-like ATX inhibitors we can see that most of these inhibitors have the problems with low potency, poor selectivity or poor pharmaceutical properties. Even S32826, with a single nM level of inhibition, is still undruggable due to its solubility and high molecular weight, which fully illustrates the limitations of these inhibitors.




5. Small Molecule ATX Inhibitors


5.1. First Try


Before the crystal structure of ATX was revealed, most research groups focused on the derivation of natural substrates for the development of ATX inhibitors. In 2008, Saunders et al. performed HTS to find ATX small molecule inhibitors using FS-3 or pNP-TMP as substrates when studying the role of ATX in melanoma cell migration and invasion. They obtained NSC48300 (12) (compounds 12–19 in Table 2) (Ki = 240 nM) with complete ATX inhibition [59]. During the same period, Parrill’s group used virtual screening and inhibitor-based QSAR for the first time to find small molecule inhibitors, then used FS-3 to determine the in vitro ATX inhibition potency of the preliminarily screened compounds. They obtained lead compounds with different structures, such as xanthene (13), phenyldiazenylphenyl (14), and isoindole (15), which had a potency against ATX greater than 50% at a concentration of 10 μM. Many of these structure fragments, such as dihydropyrimidine and piperazine, can be found in high-potency small molecule ATX inhibitors today. Limited by the diversity of structure, low selectivity, and poor druggability of inhibitors at that time, the QSAR process was not smooth. However, the attempt to develop non-lipid inhibitors was very important to demonstrate the druggability of ATX and was a very positive attempt at that time [60]. In 2010, the same group optimized pipemidic acid compound 16 (IC50 = 1.6 μM, FS-3) obtained from virtual screening based on QSAR. They analyzed the selectivity, dose-effect relationship and inhibitory mechanism of and obtained eight compounds with IC50 < 10 μM, of which six were competitive inhibitors with Ki = 700 nM–7.1 μM. Compound 17 had the highest potency in the competitive inhibitors (IC50 = 900 nM, FS-3, Ki = 0.7 μM). Compound 18 was a non-competitive inhibitor (IC50 = 1.5 μM, FS-3), and compound 19 was a mixed inhibitor (IC50 = 1.6 μM, FS-3), but this group did not conduct subsequent optimization and in vivo studies [61].




5.2. Classic Inhibitor


From 2010 to 2011, Harald et al. developed a series of ATX small molecule inhibitors containing boronic acid head and conducted optimization based on ATX structure, of which the most potent compound HA155 (20, compound 20–42 in Table 3) (IC50 = 5.7 nM, LPC) was the first small molecule ATX inhibitor [62,63,64]. Meanwhile, PF8380 (21) (IC50 = 1.7 nM, LPC), developed by Pfizer, was the most potent small molecule inhibitor of ATX. With the crystal structure of ATX and the co-crystal structure of small molecule inhibitors such as HA155 and PF8380 in complex with ATX solved [21], it was found that the binding of these two types of compounds to ATX possessed a similar mode; that is, they possessed (a) acidic groups, such as boric acid, carboxylic acid, phosphoric acid or other heterocyclic rings containing nitrogen, oxygen, sulfur, which could bind to zinc ions or amino acid residues such as threonine Thr209 (mATX, Thr210 in hATX) at the catalytic site, (b) a hydrophobic tail which could bind to the lipophilic pocket composed of amino acid residues such as Phe210, Leu213, Ala217, Phe273, and Ala304, and (c) a core spacer guiding the overall molecular orientation. The ATX inhibitors composed of these three parts became the most classic structure, and this binding mode with ATX was called the type I binding mode (Figure 2A). Many research groups optimized and designed other inhibitors according to the binding mode of HA155 and PF8380. Next, this review will summarize the common structures of the three parts in this type of inhibitor.



5.2.1. Head Anchored at the Active Site


The most classic acid head is boronic acid. In 2010, Harald et al. obtained the thiazolidinedione derivative HA51 (22) (IC50 = 1.07 μM) when using CPF4 for HTS. The synthesis of HA series compounds can be seen in Scheme 1 [62]. Inspired by the interaction between the boronic acid group in the proteasome inhibitor bortezomib and threonine hydroxyl oxygen in the proteasome HA51, carboxylic acids were changed to boronic acid to obtain HA130 (23) (IC50 = 28 nM, LPC). The co-crystal structure indicated that boronic acid in HA130 interacted with Thr209 [21], thus improving the potency compared with carboxylic acid derivatives. The intravenous administration of HA130 (1 nmol/g) to mice rapidly decreased plasma LPA concentration and dose-dependently inhibited ATX-mediated migration of A2058 human melanoma cells. However, it had very poor metabolic stability (t1/2 < 5 min) [62,63]. Subsequent ATX structure-based optimization of this series of compounds by this group revealed that boronic acid in the para position in HA130 could improve potency; that is, HA155 (20) (IC50 = 5.7 nM, LPC). The co-crystal structure indicated that HA155 interacted with Thr209, Asp311, His359 and His474 at the active site and 4F-Bn guided by thiazolidinediones interacted with Leu213 and Phe274 at the hydrophobic pocket. However, the in vivo stability of HA155 was still very low, possibly due to potential Michael receptors in this series of compounds [64]. In 2013, Mitsuyasu et al. performed HTS on 81,600 compounds using the highly sensitive and specific fluorescent probe TG-mTMP developed by this group to obtain the hit compound 24 (IC50 = 180 nM, TG-mTMP). The co-crystal of 24 and ATX indicated that 24 formed a hydrogen bond between the nitrogen atom of the thiazole ring and Trp275 without interacting with the zinc ions and Thr209 in the active site, and the tail did not fully penetrate into the hydrophobic pocket. The optimization was to target the zinc ions and Thr209 and extend into the pocket in order to obtain a tighter binding to ATX. Finally, 2BoA (25) (IC50 = 580 nM, TG-mTMP), 3BoA (26) (IC50 = 13 nM, TG-mTMP), and 4BoA (27) (IC50 = 22 nM, TG-mTMP) were obtained, showing that the position of the boronic acid substituent directly affected whether the inhibitor interacted with the catalytic center. The synthesis of BoA series compounds is similar to the HA series compounds. ATX-induced cell motility assay was performed using MDAMB-231 cells, all three compounds inhibited cell motility in a dose-dependent manner, and mouse plasma LPA levels decreased to almost zero after 10 min of administration (4 mg/kg) of 3BoA [65]. Recently, Kraljic et al. used benzoxaboroles to replace boric acid. The annular tension made the boron atom have a stronger Lewis acid activity and facilitate the binding to Thr209. At the same time, Kraljic et al. switched the corespacer of HA155 to a more stable and rigid fragment to improve ADME properties, through which Compound 28 (IC50 = 130 nM, LPC) was obtained. Although the potency of 28 was decreased compared with HA155 (IC50 = 88 nM, LPC), the solubility was 30 times higher than HA155 (30–100 μM), and the metabolic stability of liver microsomes was improved (62%/85%, percentage of hepatic blood flow% LBF, mATX/hATX) [66]. Boronic acid structures are also present in many other ATX inhibitor patents, such as carbazole compound SW-A3 (29) (IC50 = 33.8 nM, FS-3).



Apart from boronic acids, phosphoric and carboxylic acid heads, which are widely contained in lipid-like inhibitors, are also used in small molecule inhibitors. Examples include phenylthiazole inhibitor 30 (IC50 = 2.19 nM, FS-3), with a phosphoric head developed by Balupuri et al. Ono Pharmaceutical Co. Ltd. obtained a hit compound 31 during HTS on an internal compound library. It was considered to lack a polar group compared with the ATX substrate LPC, so a carboxyl group with a linker of different lengths was introduced into the acetyl part and the phenyl ring. Compound 31 was optimized to obtain compound 32 (IC50 = 17 nM); however, 32 had poor inhibitory potency on ATX in plasma (IC50 = 0.26 μM), presumably due to its high plasma protein binding rate. Therefore, the rigidity around the carboxyl group was increased and isomerization was eliminated instead of eliminating the complexity of clinical studies. Finally, compound 33 was obtained (IC50 = 10 nM/55 nM, hATX/plasma assay). In vivo studies showed that compound 33 could enhance the anti-tumor effect of paclitaxel in mouse models of breast cancer cell lines [67]. Recently, inspired by the structure of S32826, Nikolaou et al. introduced isotaximic acid, a zinc ion-binding group, to 33. Starting with hydroxamic acid containing 4-aminophenylacetic acid residues, they obtained compound 34 (IC50 = 60 nM, LPC) after SAR studies on linker length, necessity of isotaximic acid, and amino acid substitution in the 4-aminophenylacetic acid part. Molecular docking results showed that hydroxamic acid interacted with Asn230, Tyr306 and Thr209. After intraperitoneal injection (35 ng/mL) of 34 to a mouse model of bleomycin-induced pulmonary inflammation and fibrosis (C57BL/6) for 15 days, no significant toxicity was observed during the experiment, and a high concentration of 34 was also detected in mouse plasma after 6 h of administration [68].



In addition to the common acidic groups mentioned above, heterocyclic compounds with certain acidity and alkalinity such as tetrazolium (a bioelectron isostere of carboxylic acid), triazole, imidazole and benzoxazolone can also bind to the active site. Jones explored the SAR of heterocyclic groups of aminopyrimidines binding to zinc ions and then proposed a possible relationship between the pKa value of the binding groups and binding ability; that is, for acidic heterocycles, in order to maximize binding ability, the heterocycles are deprotonated only when bound to zinc ions, and will impose a higher desolvation penalty if preionized (i.e., too acidic, e.g., pKa < ~7.4), and will be unable to be deprotonated at physiological PH if pKa is too high (e.g., pKa > ~11). Correspondingly, there is no obvious increase in the binding energy of the system when the ideal basic binding group can bind to zinc ions, that is to say, it is mainly in the state of electrical properties (pKa < ~8) at physiological PH. Of course, it is not conducive to binding to zinc ions if the pKa is too low [71]. In addition to expanding the optional range of head structure, the common acidic groups are more conducive to regulating the overall lipid and water distribution coefficient of the molecule. Therefore, many ATX inhibitors have this type of structure, which will be mentioned in the subsequent introduction.



In summary, the main function of the head part is to interact with zinc ions and amino acid residues such as Thr209 at the active site in order to improve the binding efficacy of inhibitors with ATX. However, as such, excessive interaction with zinc ions may have a risk of off-target action, and reduce the selectivity of inhibitors. Of course, this also provides a certain opportunity. For example, leukotriene A4 hydrolase (LTAH) inhibitor 35, recently reported, also has isotaximic acid, with some similarity to the structure of compound 34; 35 can also reduce the inflammatory response in the early stage of IPF in terms of pharmacological effects [69], indicating that ATX inhibitors can be considered to develop dual or multiple inhibitory functions, thereby improving efficacy for a certain disease.




5.2.2. Tail Anchored at the Hydrophobic Pocket


We have previously mentioned the structure of the ATX hydrophobic pocket, and it is easy to speculate that the tail needs to have some hydrophobicity. The most classical tail structure is the 3, 5-dichlorobenzyl group in PF8380 (21); PF8380 (IC50 = 1.7/101 nM, LPC/plasma assay, the synthesis route of PF8380 is shown in Scheme 2 [21]) was discovered by Pfizer during the development of new anti-inflammatory drugs in which the benzoxazolone head interacts with a zinc ion and is close to Thr209, while the hydrophobic tail has hydrophobic interactions with Leu213, Phe273 and Phe274. At an oral dose of 100 mg/kg, the plasma ATX inhibitor can reach 95%, and the human total EC50 value is about 0.08 μM, which can dose-dependently reduce hyperalgesia. It was the first ATX inhibitor to reduce the concentration of LPA in the body and has good kinetic characteristics, with an effect similar to that of the non-steroidal anti-inflammatory drug Naproxen [74]. Other studies have shown that PF-8380 attenuates leukomycin-induced pulmonary fibrosis and attenuates cardiac dysfunction and inflammatory response induced by a high-fat diet in mice [75]. In 2017, Kuttruff et al. showed in the study that PF8380 had poor metabolic stability in liver microsomes and an excessive inhibitory effect on hERG (IC50 = 480 nM). In order to solve these problems, this group changed the piperazine core in PF8380 and finally obtained BI2545 (36) (IC50 = 2.2/29 nM, LPC/plasma assay) after SAR optimization of linker, head and tail. From the structural point of view, BI2545 still used the 3, 5-substituted benzene ring as the tail, and molecular docking also indicated that its binding mode was similar to that of PF8380. In vivo experiments showed that BI2545 had good stability in human and mouse liver microsomes, good oral availability and low plasma clearance in mice, and the clearance rate of LPA could reach more than 90%. In addition to this, the classical structure of PF8380 tail is also used in phenylthiazole, compound 30 [70].



In addition to the hydrophobic tail structures of various substituted benzene rings, 2-indanamine is also a commonly used structure. This structure (37) [71] was used in the development of PF8380 analogues by Eli Lilly in 2016. The key to the selection of the classical inhibitor tail structure is to form hydrophobic interactions with the corresponding amino acid residues at the hydrophobic pocket. Since the focus is often placed on the core spacer in the design process of the ATX inhibitor core structure in order to improve the druggability of the molecule, the above simpler hydrophobic tail structure is often used in order to provide a modification space for the core spacer. Of course, the type of tail or the choice of various substituent positions and types on the aromatic ring should take the orientation and physicochemical properties of the overall molecular structure into account.




5.2.3. Core Spacer


Compared with head and tail, the core spacer is a key aspect in the design of ATX inhibitors. The study of this part has a very important impact on the novelty of drug structure, the rigidity of its structure, the improvement of binding efficacy and the overall orientation of the molecule and its interaction with ATX. Different research groups commonly use HTS screening to obtain a better advantage structure or pharmacophore and, combining the cocrystal structure of PF8380 or HA155 with ATX, select the appropriate head and tail to extend the molecule so as to achieve the best pose. The main modification site of many ATX inhibitors also lies in this.



In 2016, Eli Lilly yielded a hit compound 37 through HTS with a tetrahydropyrimidine structure (IC50 = 520/1070 nM, LPC/plasma assay), and the co-crystal structure of 37 with ATX showed that the pyrimidine part bound to the pocket and had π-π interactions with Phe273, N and NH had hydrogen-bond interactions with Trp275 and Phe273, and the scaffold had π-π interactions with Tyr306. The extension to active site was performed on 37, and the benzoxazolone structure was introduced to obtain 38 (IC50 = 2.5/42 nM, LPC/plasma assay); however, 38 had problems such as poor solubility, high metabolism in liver microsomes, and poor PK value in rats, which hindered further development. Triazole and imidazole were considered to replace benzoxazolone to bind to Zn2+ and the length and type of linker were optimized, and compound 39 was finally obtained (IC50 ≤ 1.7/2.2 nM, LPC/plasma assay; the synthesis route of 39 is shown in Scheme 3 [71]). The co-crystal structure indicated that 39 interacted with Asp171, Asp311, His315 and His474 in the active site in addition to zinc ions, similar to PF8380, as well as with Leu213, Phe273, Phe274, Trp275 at the pocket. Compound 39 has a good PK/PD relationship and can be used to study the role of ATX in osteoarthritis pain [71]. Gerokonstantis et al. used the advantage scaffold 2-pyrrolidone that appears in many drugs (piracetam, doxapram, etc.) as a core in order to perform SAR analysis on carboxylic acids, esters, sulfonamides, boric acids, etc. on the basis of S-pyroglutamic acid to obtain 2-pyrrolidone, compound 40 (IC50 = 35 nM, LPC), and pyrrolidine, compound 41 (IC50 = 800 nM, LPC);compound 40 interacted with Thr209 and Asn230, with binding energies similar to HA155 [72]. In addition, phenylthiazole compounds also have many different physiological activities, such as anticancer and antifungal activities. Balupuri et al. used 4-phenylthiazole as a core to connect a phosphate head with a piperidine tail in PF8380 to obtain compound 30 (IC50 = 2.19 nM, FS-3), which also has high potency in human plasma (IC50 = 14.99 nM, plasma assay) [76]. In order to make this series of compounds have better druggability, the group subsequently continued to optimize compound 30. Since the linker of this compound did not significantly interact with ATX, it was decided to modify this part first, finally obtaining compound 42 (IC50 = 1.23/2.18 nM, FS-3/bis-pNPP), which showed strong anticancer effects in liver cancer and melanoma cell lines (EC50 = 7.90 and 1.30 nM) in cell experiments. In vivo experiments showed that 42 showed very promising kinetic characteristics after intravenous injection in rats, and metabolism was also stable in human and rat liver microsomes [73]; however, the highly polar and highly charged characteristics of phosphate groups were not suitable for oral administration and could be further modified.



In summary, such classical inhibitor types have clear methods of design and high binding efficacy now that the three-dimensional structure of ATX crystals is disclosed, and include the very potent HA155 and PF8380.Unfortunately, no inhibitor of this type successfully reached the level of clinical experiments. It is assumed that there may be some off-target effect by acting on the active site; also, such compounds often contain acidic groups, and their physicochemical properties are difficult to control in terms of druggability. Of course, it is more likely that our understanding of the ATX-LPA axis is simply not complete; in the physiological processes related to ATX, the downstream pathological reactions caused by LPA decomposing LPC account for only a small part of LPA pathogenesis, and other functions of ATX such as transport of LPA to LPAR may also be very important; thus, it is very important to deeply understand the functions of each part of the ATX PDE domain for the further development of ATX inhibitors.






6. Allosteric Inhibitors


When the co-crystal structure of ATX and ligand was solved, the main idea of the binding mode of ATX inhibitor to ATX was to occupy the same site as LPC, resulting in the above classic inhibitor, which was also a type I inhibitor. The main ways of discovering new inhibitors are rational optimization, brand-new design based on ATX structure and existing inhibitors, or structural modification of the resulting hit compound using HTS. During this process, it was found that some of the screened compounds with inhibitory effects and ability to bind to ATX were not at the orthosteric site (type I inhibitors), but possessed a new binding mode, that is, away from the active site, and formed uncompetitive inhibition only at the hydrophobic pocket (type II) or at the tunnel (type III) located at the allosteric site (Figure 2B,C). Inhibitors located in the pocket can hinder the binding of LPC to ATX, and inhibitors located in the tunnel can hinder the release and transport of LPA produced by ATX hydrolysis. It can be speculated that these binding modes can more widely inhibit the effect of ATX, and due to the distance from the active site containing zinc ions, selective inhibitors can be obtained.



In 2013, when HTS was performed by Fells et al., 43 (compound 43–62 in Table 4) (IC50 = 43.6 nM, LPC), 44 (IC50 = 57.6 nM, LPC) and 45 (IC50 = 78.2 nM, LPC) were obtained by primary screening with FS-3 as substrate and rescreening with pNP-TMP and ADMAN-LPC. When the artificial substrate was used for screening, it was found that 43 and 44 did not block the hydrolysis of pNP-TMP and produced false negative results, but inhibited the hydrolysis of FS-3, while 45 inhibited the hydrolysis of both FS-3 and pNP-TMP. In order to explore the reasons for this, 43, 44, 45 and pNP-TMP were molecularly docked with ATX, and the results showed that pNP-TMP bound to the catalytic site of ATX; 43 penetrated into the hydrophobic pocket, and the morpholine ring was located at the entrance of the tunnel; 44 penetrated into the pocket and tunnel; and 45 occupied with the tunnel and catalytic site, which explained why 43 and 44 had false negative results. Cell experiments showed that all three inhibited the invasion of melanoma A2058 cell line, with an EC50 of 118.79, 153.05, and 85.35 nM, respectively; intravenous injection of 43 into C57BL/6 mice also inhibited the metastasis of melanoma cells B16-F10 in vivo, demonstrating that this compound bound to the hydrophobic pocket can also play a blocking role [77]. Although this group did not perform co-crystal structure analysis of inhibitor and ATX, this is the first reported inhibitor away from the catalytic site. Subsequent SAR analysis of 43 (IC50 = 117 nM, FS-3) by this group yielded compound 46 (IC50 = 21 nM, FS-3) with competitive inhibitor Ki = 8.4 nM. Molecular docking results showed that it was similar to 43. Phenylsulfonamide had π-π interactions with Phe211, Tyr307 and Phe275, of which Phe275 was very important in its binding to ATX through its effect on Phe275 mutants [78]. Due to the lack of high potency and in vivo stability of 43 and 46, 47  (the synthesis route of 47 is showed in Scheme 4 [79]) was synthesized by this group in 2017. This compound is a dual inhibitor of ATX and LPA1, with IC50 of 9 nM and 14 μM, respectively, and can inhibit the invasion of A2058 in a dose-dependent manner (EC50 = 528 nM) [79]. Recently, in order to improve the potency of this series of compounds in dual inhibition of ATX and LPAR, and therefore overcome LPA-mediated resistance to chemotherapy and radiotherapy, this group used 47 and ATX and LPA1′s dual inhibitor, BrP-LPA (IC50 = 800/273 nM, ATX/LPAR1), as well as ATX and LPA1′s structures to conduct QSAR. They analyzed the interaction site between LPAR1 and its inhibitors, then docked 46 with LPAR1 and modified 47 to obtain compounds 48 and 49. Unfortunately, these two compounds did not inhibit LPAR1; however, it was a positive attempt to develop new inhibitors with QSAR using ATX inhibitors [80].



The first ATX inhibitor with a new binding mode possessing a cocrystal structure was a PAT series of compounds developed by PharmAkea in 2015. They performed HTS using FS-3 and found four indole derivatives, PAT-078 (50) (IC50 = 472 nM, LPC), PAT-494 (51) (IC50 = 20 nM, LPC), PAT-352 (52) (IC50 = 26 nM, LPC), and PAT-347 (53) (IC50 = 0.3 nM, LPC). The cocrystal structure showed that PAT-078 occupied the hydrophobic pocket, the vinyl nitrile moiety interacted with Tyr307 to form p-p and H-bonds with Phe275 amide; PAT-494 partially occupied the tunnel entrance, the acetonylurea moiety interacted with Tyr307 to form π–π and H-bonds with Phe275 amide; PAT-352 had two binding modes with ATX, one extending to the catalytic site, and the other extending to the tunnel; and benzoic acid partially has π–π interactions with Phe249 but also with Lys248, Trp254, and Trp260. As for why molecules bound to the tunnel inhibit the catalytic effect of ATX, the authors gave the explanation that this inhibitor does not affect the cleavage of LPC, but prevents the generated LPA from exiting the enzyme through hydrophobic channels, thereby preventing the binding of ATX to the next protein [81]. PharmAkea also obtained two other compounds with the same indole ring, PAT-505 (54) (IC50 = 2 nM, LPC) and PAT-048 (55) (IC50 = 1.1 nM, LPC), which were also very potent in human plasma, with IC50 of 9.7 nM and 8.9 nM, respectively; however, PAT-048 was ineffective in a bleomycin-induced pulmonary fibrosis model. PAT-505 showed antifibrotic effects in a mouse model of NASH with favorable PK/PD properties, and the co-crystal structure showed that PAT-505 bound in a similar pattern to PAT-347 and interacted with Lys248, Phe249, His251, Trp254, Trp260 and Phe274 [82]. Miller et al. analyzed the SAR of 56 (IC50 < 300 nM, LPC) of PharmAkea PAT series compounds in 2017, including chlorine substitution at the 6-position of the indole ring, indole N substitution, and thiopyridinecarboxylic acid substitution. Finally, the optimized compound 57 (IC50 = 81 nM, LPC) was obtained, with good water solubility and excellent LLE [83].



After the discovery of the above benzene sulfonamide and PAT series compounds, more and more attention has been paid to whether compounds bind to the pocket or tunnel. In 2016, Shah et al. performed HTS of 87,865 compounds using FS-3, followed by rescreening with LPC to obtain hit compound 58 (IC50 = 473 nM, LPC). After SAR analysis and optimization of benzene ring, linker and pyrimidine pyridine core, compound CRT0273750 (59) (IC50 = 1/14 nM, LPC/plasma assay) was obtained. The molecular docking results showed that 59 went deep into the pocket and bound to the tunnel edge, interacting with Leu213, Phe248, Trp254, Phe273/274 and Trp275. The properties of 59 were also very good; the oral bioavailability in mice was 41%, and the half-life reached 5.4 h in SD rats. Pharmacological experiments showed that this compound inhibited the migration of 4T1 cells, and also inhibited the 18:1 LPA level in human plasma in vitro and in vivo samples from MDA-MV-231-luc tumor mice [84]. In 2017, Pantsar et al. used the co-crystal structures of mATX with HA155 and PF8380 as models to perform virtual screening of 2.7 million compounds, and then used ewATX (hen egg white) to determine 26 potential compounds and found that two compounds possessing 2, 4-dihydropyrano [2, 3-c] pyrazole scaffold had ATX inhibitory activity. The preliminary SAR showed that the presence of benzene ring on the pyrazole ring was important and only the S conformation was active; thus the substitution, mainly on the benzene ring, was modified to obtain compound 60 (ewATX/hATX IC50 = 87/134 nM, LPC). The molecular docking results showed that 60 binds to the pocket and was verified with the artificial substrate pNP-TMP. The results demonstrated that 60 could not completely inhibit the effect of pNP-TMP. In vitro cell experiments showed that 60 inhibited the migration of melanoma cells A2058 induced by ATX, but had no effect on migration induced by LPA. In addition to developing new inhibitors, this group is interested in expanding the use of ewATX. The amino acid sequences of human and henENPP2 have 83% identity, and from the pocket amino acid residues only Leu260 is replaced by Ile260; therefore, ewATX has a pocket highly similar to hATX and can be used as an initial screening test for ATX inhibitor discovery. Final validation with the results of hATX showed that the active compounds showed only a small difference (mean 2.68%) in the degree of ewATX and hATX inhibition, except for the four outliers [85].



In addition to synthetic ATX inhibitors, Keune et al. found there was steroid binding to the tunnel when studying the catalytic mechanism of ATX. Subsequent studies showed that 7HCS (61, 7-α-cholesterol) did not inhibit the hydrolysis of ATX; however, TUDCA (tauroursodeoxycholic acid) (62) and UDCA (urosodeoxycholic acid) could inhibit ATX activity, with IC50 of 10.4 and 8.8 μM (LPC), respectively. Molecular docking showed that TUDCA formed a hydrogen bond with Trp260 and had hydrophobic interaction with Trp254 and Phe274. The group speculated that UDCA may cause pruritus caused by cholestasis by interfering with the ATX-LPA axis [23].



These small molecule structures expand the diversity of ATX inhibitors and provide ample tools for introgression studies of the ATX catalytic site, pocket, and tunnel functions.




7. GLPG1690-Based ATX Inhibitors


GLPG1690 (63) (compound 63–83 in Table 5; the synthesis route of GLPG1690 is shown in Scheme 5 [86]), an ATX inhibitor developed by Galapagos for the treatment of IPF in 2014, was the first ATX inhibitor to enter clinical trials, thus showing the advantages of its structure and good kinetic properties. In 2017, its development process was revealed. Galapagos performed HTS screening of an internal library of molecules using FS-3 as a substrate to obtain a hit compound series possessing the same structure as 64, which was analyzed by SAR to obtain compound 65 (IC50 = 27/22 nM, LPC/plasma assay); the co-crystal structure indicated that 65 formed hydrogen bonds with Trp260 and had hydrophobic interactions with Phe250, 260, 275 and Trp254. However, 65 has limited oral exposure in mice, inhibits hERG channels (IC50 = 2.9 μM), and has a time-dependent inhibitory effect on cytochrome P450 in human liver, which is not conducive to clinical development [87]. To ameliorate these issues, they considered adding a methyl group to the scaffold to prevent oxidation and replacing piperidine with piperazine to reduce inhibition of hERG, resulting in GLPG1690, with an IC50 of 131, 418, 542, 242 nM and 15 μM for LPC, mouse plasma, rat plasma, human plasma, and hERG, respectively. The co-crystal structure indicates that the key is in the tunnel with the N atom of piperazine forming a hydrogen bond with Trp255, the acetyl chain with Trp261, and the tail forming a phenyl ring interaction with Phe274 [87]. This mode of action with pocket and tunnel becomes another new binding mode (Figure 2D); due to the success of GLPG1690 in clinical trials the advancement of this binding mode is also illustrated to some extent, and many subsequent groups are also developing new ATX inhibitors based on the mode of GLPG1690.



There are often two ways to develop such compounds. The advantage scaffold obtained by HTS screening is simulated and modified based on the pose of GLPG1690 in ATX. The other is to combine the hydrophobic tail part of type I inhibitor with the inhibitor acting on tunnel to obtain a binding mode similar to GLPG1690. Keune’s group, which found that TUDCA could bind to ATX tunnel, hybridized TUDCA with PF8380 to obtain compound 66 (IC50 = 20 nM, LPC), which was a competitive inhibitor (Ki = 6 nM), and the co-crystal structure with rATX indicated that 66 formed hydrogen bonds with Tyr81 and Trp260 at the channel, and formed π-π stacking with Trp274 and Phe273 at the hydrophobic pocket. In vivo experiments showed that after intravenous injection in mice (10 mg/kg), the degree of effect in vivo was similar to that of PF8380, and LPA levels could still be regulated 8 h after administration [88].



Zhai et al. had previously developed EGFR inhibitors with a tetrahydropyrimidine scaffold. Based on the above-mentioned Eli Lilly and Pfizer developed structure (compound 40), they developed EGFR and ATX dual inhibitors on this tetrahydropyrimidine scaffold considering the key role of EGFR in lung fibrosis caused by lung cancer, and obtained compounds 67 (IC50 = 38.4/42.3 nM, ATX/EGFR) and 68 (IC50 = 29.1/24.2 nM, ATX/EGFR). The molecular docking results indicated that compound 67 formed two hydrogen bonds with Ala218 and Trp276, specifically, the tetrahydropyrimidine scaffold attached to Leu214, Phe274 and Tyr307 through hydrophobic interactions, while forming hydrophobic interactions with the hydrophobic pocket. Cell experiments have shown that 68 has an effect on cardiac fibroblasts (CFs) and RAW264.7 macrophages and can be used as a potential dual inhibitor of EGFR and ATX in the treatment of pulmonary fibrosis caused by lung cancer [89]. Subsequently, this group optimized 68 for SAR and obtained compound 69 (IC50 = 24.2 nM, LPC) and 70 (IC50 = 15.3 nM, LPC) with a similar scaffold to GLPG1690, both of which had similar binding modes to 68. Cell experiments showed that 69 had a greater advantage in CFs, with a maximum inhibition rate of 81.5%, and 70 had a significant advantage in hepatic stellate cells (HSCs), with a maximum inhibition rate of 83.7%, which is worthy of further evaluation for cardiac and pulmonary fibrosis, respectively [90]. After understanding the great potential of ATX as a drug target Zhai’s group recently performed HTS using FS-3 as a substrate to obtain indole compound 71 as hit compound (IC50 = 740 nM, FS-3). First, they considered the use of acylhydrazine as a linker to guide the aromatic ring deep into the pocket, but it did not achieve the ideal effect. Then, followed by amide reversal to form a carbamate linker, hydroxyl-containing piperazine and piperidine were introduced, and finally compounds 72 (IC50 = 1.01 nM, FS-3) and 73 (IC50 = 0.43 nM, FS-3) were obtained. Comparison with the co-crystal structure of GLPG1690 revealed that the carbamate linker ideally bridges the indole scaffold and aromatic groups to the hydrophobic pocket and forms a necessary H-bond with the Phe274 residue (carbamate−NH in 73). At the same time, the hydroxyl-containing piperidine occupies part of the tunnel well, and the hydroxyl group in 73 also forms an additional H-bond with the Gly256 residue. Using GLPG1690 as a control, 72 and 73 were evaluated in a BLM-induced lung fibrosis model, both of which were potentially protective for the model, and 73 was more protective than GLPG1690 in vitro [91]. At the same time, this group also designed compounds 74 (IC50 = 2.1 nM, FS-3) and 75 (IC50 = 1.9 nM, FS-3) by hybridization with the phenylthiazole moiety of GLPG1690 using acylhydrazine as a linker, both of which inhibited the proliferation of breast cancer cells MCF-7 and MDA-MB-231 cells [92], as well as 76 (IC50 = 2.3 nM, FS-3), using urea as a linker [93].



Kawaguchi et al. used TG-mTMP, developed by their group as a probe, performed HTS on compounds bound to pocket and tunnel to obtain hit compound 77 (IC50 = 4.2 nM, TG-mTMP); the co-crystal structure indicated that 77 bound to the hydrophobic pocket with its carbonyl group forming a hydrogen bond with the main-chain amide group of Trp275, with the ethyl acetate part interacting with the hydrophobic channel formed by Phe210, Tyr214, Trp254, Trp260, and Phe274. However, the mouse plasma ATX of 77 had a poor inhibitory effect, and it was speculated that 77 was unstable in plasma (77 was inactivated after hydrolysis into a carboxyl group). In order to improve the problem, SAR analysis of the imidazolopyrimidinone scaffold, benzene ring substitution and ethyl acetate site showed that the substitution of a hydrophobic structure at position 8 on the imidazolopyrimidinone scaffold was very important for its ATX inhibitory effect, because this scaffold will form an enol structure in solution and cannot form a hydrogen bond with Trp275. Adding a hydrophobic structure at position 8 can fix it in the form of ketone and interact with Trp275. Finally, metabolically stable compounds 78 and 79 were obtained; 79 could dose-dependently inhibit cell motility in ATX-induced cell motility assay in MDA-MB-231 cells, with an IC50 of 30 nM. In vivo experiments in mice showed that LPA rapidly decreased within 15 min after injection of 78 and 79 and remained at a low level for 3 h [94].



In recent years, due to the accumulation of a large number of structurally diverse ATX inhibitors, we can also use other data analysis methods such as virtual screening and QSAR for the development of new ATX inhibitors in addition to HTS. Banerleadjee et al. established and validated 14 pharmacophore models using the receptor ligand complex of GLPG1690 and lead compound 64, and then used this pharmacophore model for virtual screening to obtain nine compounds with similar binding modes to GLPG1690 [80]. Ren et al. used the co-crystal structure of ATX and HA-155 as the molecular model to perform virtual screening of 144,000 compounds in the HitFinder database and in vitro enzymatic screening to obtain KM03601 and SCR01013 with a certain potency. On the same basis, analogue screening was performed to obtain six new inhibitors, KM-14, KM-24, KM-26, KM-28, SC-41 and SC-49, of which KM28 (80) (IC50 = 1.8 μM, LPC) and SC-49 (81) (IC50 = 10.2 μM, LPC) were the best, which is worthy of further optimization with novelty in structure [95]. Lee et al. analyzed the topological water networks (TWNs) of ATX binding sites and provided new auxiliary ideas for the design of ATX [96]. Of course, there are also cases where the results do not match our expectations when performing ATX inhibitor designs. For example, when Thomson performed HTS with FS-3 based on PF-8380, 82 (IC50 = 9.6 nM, FS-3) with cinnamic acid structure was obtained, but its rat and human microsomal clearance rates were high (510 and 230 μL/min/mg, respectively). To improve the problem, SAR analysis was performed, and finally 83 (IC50 = 8 nM, LPC) was obtained; the clearance rate in rat liver microsomes was 15 μL/min/mg. The authors originally designed on the basis of a type I inhibitor, assuming that the tetrazolium moiety penetrates deep into the Catalytic site; however, the crystal structure suggests that piperazine guides the benzyl group into the tunnel and that the cinnamic acid moiety is located in the hydrophobic pocket [97]. This suggests that we are not able to take the designed compounds for granted and should fully study them, which will also aid in obtaining a deeper understanding of the structure and function of ATX.



In summary, from the results of current relevant studies and clinical trials, type IV inhibitors similar to GLPG1690 seem to be most promising in the development of ATX inhibitors, because such inhibitors can not only block the binding of LPC in the hydrophobic pocket of ATX but also block the function of the ATX tunnel part. That is to say, they can more comprehensively inhibit the function of ATX, and many new inhibitors are now continuously designed based on this. Of course, we cannot simply determine which type of inhibitor is better, and more experimental results are needed to prove which binding mode is more preferred. However, the clinical trials for GLPG-1690 have been recently discontinued in February 2021 due to issues with its safety and potency.




8. Perspectives and Conclusions


Of all the ATX inhibitors, there is as yet no drug successfully approved by the FDA on the market, and the only drugs currently entering clinical trials are GLPG-1690 (phase III), for the treatment of IPF, BBT-877 (phase I), recently from Boehringer Ingelheim, and BLD-0409, developed by Blade Therapeutics for the treatment of NASH; the structure and binding mode of the latter two have not been disclosed. However, in more than a decade of research on the structure and function of ATX, the accumulation of a variety of ATX inhibitors coupled with computer-assisted designing will certainly accelerate the development of new drugs. We believe that in future design of ATX inhibitors, more attention should be paid to the improvement of the in vitro and in vivo potency of inhibitors and the optimization of their kinetic properties and the other functions of ATX, as well as to the development of dual or multiple inhibitors and of irreversible inhibitors. For example, in LPA-mediated diseases, the common idea is to block the production of LPA or to block downstream signaling. However, using only ATX type I inhibitors may not achieve high potency in blocking the LPA pathway produced by the ATX pathway in vivo. Researchers can also focus on the transport function of the ATX tunnel and develop allosteric site inhibitors to block the transport of LPA to its receptor while blocking the production of LPA, so as to achieve better in vivo effect. In the above, we mentioned the extensive effects of ATX in diseases and complex interactions with multiple other pathways. We can see that in some diseases, ATX can cause the development of a disease together with many other targets. For example, in LPA-mediated diseases, we can develop multiple inhibitors of ATX, PLA and PPARs. In IPF response, we can develop dual inhibitors of ATX and inflammation targets. These possibilities are partly due to the flexibility of the ligand binding site of ATX. It has been mentioned earlier that loss of ATX in adult mice does not cause any severe phenotypic defects, indicating that most ATX activity is dispensable in adult life; thus, the development of irreversible inhibitors to enhance the inhibitory effect could also be considered.
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Figure 1. Conversion of LPC into LPA by ATX and overall structure of ATX. (A). ATX hydrolyzes lysophosphatidylcholine (LPC) to lysophosphatidic acid (LPA). (B). Surface representation of the ATX structure and domains (ID 2XR9). Somatomedin B-like domain 1 (SMB1) in orange; SMB2 in brown; Catalytic Domain in cyan; Nuclease-like Domain in violet; L1 in red; L2 in green. (C). The key residues and tripartite interacting site in the T-shaped binding pocket of ATX. 
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Figure 2. Classification of the reported representative ATX inhibitor types based on binding modes. Left: Schematic diagrams of the binding modes with 3D structures of ATX inhibitor; Right: 2D structures of ATX inhibitor. (A). PF-8380, type I, (ID 5L0K); (B). PAT-078, type II, (ID 4ZG6); (C). TUDCA, type III (ID 5DLW); (D). GLPG-1690, type IV, (ID 5MHP). 
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Scheme 1. Synthesis of HA series compounds. Reagents and conditions: (i) KOH, DMSO, RT.; (ii) NaH, DMF, RT.; (iii) piperidine, EtOH, reflux. 
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Scheme 2. Synthesis of PF8380. Reagents and conditions: (i) AlCl3, DMF, RT.; (ii) Et3N, DCM, RT.; (iii) 4N HCl, dioxane, CH3CN, RT.; (iv) 1, 1′-carbonyldilmidazole, DCM, RT. 
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Scheme 3. Synthesis of 39. Reagents and conditions: (i) iPr2EtN, NMP, 80 °C; (ii) 5N HCl, THF, 50 °C; (iii) 2-chloroacetyl chloride, Et3N, DCM, RT.; (iv) 3-butyn-1-ol, NaH, THF, 0 °C; (v) CuSO4 5H2O, L-sodium ascorbate, TMSN3, DMF, H2O, 90 °C. 
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Scheme 4. Synthesis of 47. Reagents and conditions: (i) ClSO3H, reflux; (ii) morpholine, Et3N, RT; (iii) (a) SOCl2, DMF (cat.); (b) substituted-aniline pyridine, RT. 
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Scheme 5. Synthesis of GLPG1690. Reagents and conditions: (i) (a) EtCHO, benzotriazole, toluene, RT., then KCN, EtOH, RT. to 80 °C; (b) AcCl, EtOH, RT. (c) HCO2H, 80 °C; (ii) (a) K2CO3, MeI, acetone, 80 °C, (b) HCl, MeOH, 80 °C; (iii) (a) pyridine, thiourea, iodine, EtOH, 70 °C to RT.; (b) CuCl2, tBuONO, MeCN, RT; (iv) (a) NaH, THF, reflux; (b) GLPG-2′, 40 °C to reflux (v) (a) Boc-piperazine, tBuONa, Pd2dba3, JohnPhos, toluene, 115 °C; (b) HCl, MeOH, RT.; (vi) chloroacetyl chloride, K2CO3, H2O, DCM, RT.; (vii) GLPG-2′’, K2CO3, MeCN, reflux. 






Scheme 5. Synthesis of GLPG1690. Reagents and conditions: (i) (a) EtCHO, benzotriazole, toluene, RT., then KCN, EtOH, RT. to 80 °C; (b) AcCl, EtOH, RT. (c) HCO2H, 80 °C; (ii) (a) K2CO3, MeI, acetone, 80 °C, (b) HCl, MeOH, 80 °C; (iii) (a) pyridine, thiourea, iodine, EtOH, 70 °C to RT.; (b) CuCl2, tBuONO, MeCN, RT; (iv) (a) NaH, THF, reflux; (b) GLPG-2′, 40 °C to reflux (v) (a) Boc-piperazine, tBuONa, Pd2dba3, JohnPhos, toluene, 115 °C; (b) HCl, MeOH, RT.; (vi) chloroacetyl chloride, K2CO3, H2O, DCM, RT.; (vii) GLPG-2′’, K2CO3, MeCN, reflux.



[image: Pharmaceuticals 14 01203 sch005]







[image: Table] 





Table 1. Compound 1–11.






Table 1. Compound 1–11.





	No.
	Structure
	Assay
	Biological Data
	Reference





	1
	 [image: Pharmaceuticals 14 01203 i001]
	N.D.
	N.D.
	[46]



	2
	 [image: Pharmaceuticals 14 01203 i002]
	N.D.
	N.D.
	[47]



	3
	 [image: Pharmaceuticals 14 01203 i003]
	LPC assay
	IC50 = 100 nM,
	[48]



	4
	 [image: Pharmaceuticals 14 01203 i004]
	LPC assay
	IC50 = 597 nM
	[49]



	5
	 [image: Pharmaceuticals 14 01203 i005]
	LPC assay
	IC50 = 97 nM
	[50]



	6
	 [image: Pharmaceuticals 14 01203 i006]
	LPC assay
	IC50 = 220 nM
	[51,52]



	7
	 [image: Pharmaceuticals 14 01203 i007]
	LPC assay
	IC50 = 0.7–1.6 μM
	[53]



	8
	 [image: Pharmaceuticals 14 01203 i008]
	bis-pNPP assay
	Ki = 0.2 μM
	[54]



	9
	 [image: Pharmaceuticals 14 01203 i009]
	LPC assay
	73% inhibition of ATX at 1 μM
	[55]



	10
	 [image: Pharmaceuticals 14 01203 i010]
	LPC assay
	IC50 = 5.6 nM
	[56]



	11
	 [image: Pharmaceuticals 14 01203 i011]
	LPC assay
	IC50 = 170 nM
	[57]
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Table 2. Compound 12–19.






Table 2. Compound 12–19.





	
No.

	
Structure

	
Assay

	
Biological Data

	
Reference






	
12

	
 [image: Pharmaceuticals 14 01203 i012]

	
FS-3 assay

	
Ki = 240 nM

	
[59]




	
13

	
 [image: Pharmaceuticals 14 01203 i013]

	
FS-3 assay

pNP-TMP assay

	
>50% inhibition of ATX at 10 μM

	
[60]




	
14

	
 [image: Pharmaceuticals 14 01203 i014]

	
FS-3 assay

pNP-TMP assay

	
>50% inhibition of ATX at 10 μM




	
15

	
 [image: Pharmaceuticals 14 01203 i015]

	
FS-3 assay

pNP-TMP assay

	
>50% inhibition of ATX at 10 μM




	
16

	
 [image: Pharmaceuticals 14 01203 i016]

	
FS-3 assay

	
IC50 = 1.6 μM

	
[61]




	
17

	
 [image: Pharmaceuticals 14 01203 i017]

	
FS-3 assay

	
IC50 = 900 nM

Ki = 0.7 μM




	
18

	
 [image: Pharmaceuticals 14 01203 i018]

	
FS-3 assay

	
IC50 = 1.5 μM




	
19

	
 [image: Pharmaceuticals 14 01203 i019]

	
FS-3 assay

	
IC50 = 1.6 μM
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Table 3. Compound 20–42.






Table 3. Compound 20–42.





	
No.

	
Structure

	
Assay

	
Biological Data

	
Reference






	
20

	
 [image: Pharmaceuticals 14 01203 i020]

	
LPC assay

	
IC50 = 5.7 nM

	
[62]




	
21

	
 [image: Pharmaceuticals 14 01203 i021]

	
LPC assay

	
IC50 = 1.7 nM

	
[21]




	
22

	
 [image: Pharmaceuticals 14 01203 i022]

	
CPF4 assay

	
IC50 = 1.07 μM




	
23

	
 [image: Pharmaceuticals 14 01203 i023]

	
LPC assay

	
IC50 = 28 nM




	
24

	
 [image: Pharmaceuticals 14 01203 i024]

	
TG-mTMP assay

	
IC50 = 180 nM

	
[65]




	
25

	
 [image: Pharmaceuticals 14 01203 i025]

	
TG-mTMP assay

	
IC50 = 580 nM




	
26

	
 [image: Pharmaceuticals 14 01203 i026]

	
TG-mTMP assay

	
IC50 = 13 nM




	
27

	
 [image: Pharmaceuticals 14 01203 i027]

	
TG-mTMP assay

	
IC50 = 22 nM




	
28

	
 [image: Pharmaceuticals 14 01203 i028]

	
LPC assay

	
IC50 = 130 nM

	
[66]




	
29

	
 [image: Pharmaceuticals 14 01203 i029]

	
FS-3 assay

	
IC50 = 33.8 nM

	
CN107266356




	
30

	
 [image: Pharmaceuticals 14 01203 i030]

	
FS-3 assay

	
IC50 = 2.19 nM

	
[67]




	
31

	
 [image: Pharmaceuticals 14 01203 i031]

	
N.D.

	
N.D.




	
32

	
 [image: Pharmaceuticals 14 01203 i032]

	
LPC assay

Plasma assay

	
IC50 = 17 nM

IC50 = 0.26 μM




	
33

	
 [image: Pharmaceuticals 14 01203 i033]

	
LPC assay

Plasma assay

	
IC50 = 10 nM

IC50 = 55 nM




	
34

	
 [image: Pharmaceuticals 14 01203 i034]

	
LPC assay

	
IC50 = 60 nM

	
[68]




	
35

	
 [image: Pharmaceuticals 14 01203 i035]

	
N.D.

	
N.D.

	
[69]




	
36

	
 [image: Pharmaceuticals 14 01203 i036]

	
LPC assay

Plasma assay

	
IC50 = 2.2 nM

IC50 = 29 nM

	
[70]




	
37

	
 [image: Pharmaceuticals 14 01203 i037]

	
LPC assay

Plasma assay

	
IC50 = 520 nM

IC50 = 1070 nM

	
[71]




	
38

	
 [image: Pharmaceuticals 14 01203 i038]

	
LPC assay

Plasma assay

	
IC50 = 2.5 nM

IC50 = 42 nM




	
39

	
 [image: Pharmaceuticals 14 01203 i039]

	
LPC assay

Plasma assay

	
IC50 ≤ 1.7 nM

IC50 ≤ 2.2 nM




	
40

	
 [image: Pharmaceuticals 14 01203 i040]

	
LPC assay

	
IC50 = 35 nM

	
[72]




	
41

	
 [image: Pharmaceuticals 14 01203 i041]

	
LPC assay

	
IC50 = 800 nM




	
42

	
 [image: Pharmaceuticals 14 01203 i042]

	
FS-3 assay

bis-nNPP assay

	
IC50 = 1.23 nM

IC50 = 2.18 nM

	
[73]
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Table 4. Compound 43–62.






Table 4. Compound 43–62.





	
No.

	
Structure

	
Assay

	
Biological Data

	
Reference






	
43

	
 [image: Pharmaceuticals 14 01203 i043]

	
LPC assay

	
IC50 = 43.6 nM

	
[77]




	
44

	
 [image: Pharmaceuticals 14 01203 i044]

	
LPC assay

	
IC50 = 57.6 nM




	
45

	
 [image: Pharmaceuticals 14 01203 i045]

	
LPC assay

	
IC50 = 78.6 nM




	
46

	
 [image: Pharmaceuticals 14 01203 i046]

	
FS-3 assay

	
IC50 = 21 nM

	
[78]




	
47

	
 [image: Pharmaceuticals 14 01203 i047]

	
FS-3 assay

	
IC50 = 9 nM

	
[79]




	
48

	
 [image: Pharmaceuticals 14 01203 i048]

	
FS-3 assay

	
IC50 = 219 nM

	
[80]




	
49

	
 [image: Pharmaceuticals 14 01203 i049]

	
FS-3 assay

	
IC50 = 218 nM




	
50

	
 [image: Pharmaceuticals 14 01203 i050]

	
LPC assay

	
IC50 = 472 nM

	
[81]




	
51

	
 [image: Pharmaceuticals 14 01203 i051]

	
LPC assay

	
IC50 = 20 nM




	
52

	
 [image: Pharmaceuticals 14 01203 i052]

	
LPC assay

	
IC50 = 26 nM




	
53

	
 [image: Pharmaceuticals 14 01203 i053]

	
LPC assay

	
IC50 = 0.3 nM




	
54

	
 [image: Pharmaceuticals 14 01203 i054]

	
LPC assay

Plasma assay

	
IC50 = 2 nM

IC50 = 9.7 nM

	
[82]




	
55

	
 [image: Pharmaceuticals 14 01203 i055]

	
LPC assay

Plasma assay

	
IC50 = 1.1 nM

IC50 = 8.9 nM




	
56

	
 [image: Pharmaceuticals 14 01203 i056]

	
LPC assay

	
IC50 < 300 nM

	
[83]




	
57

	
 [image: Pharmaceuticals 14 01203 i057]

	
LPC assay

	
IC50 = 81 nM




	
58

	
 [image: Pharmaceuticals 14 01203 i058]

	
LPC assay

	
IC50 = 473 nM

	
[84]




	
59

	
 [image: Pharmaceuticals 14 01203 i059]

	
LPC assay

Plasma assay

	
IC50 = 1 nM

IC50 = 14 nM




	
60

	
 [image: Pharmaceuticals 14 01203 i060]

	
LPC assay(ewATX)

LPC assay(hATX)

	
IC50 = 87 nM

IC50 = 134 nM

	
[84]




	
61

	
 [image: Pharmaceuticals 14 01203 i061]

	
LPC assay

	
IC50 = 10.4 μM

	
[23]




	
62

	
 [image: Pharmaceuticals 14 01203 i062]

	
LPC assay

	
IC50 = 8.8 μM











[image: Table] 





Table 5. Compound 63–83.






Table 5. Compound 63–83.





	
No.

	
Structure

	
Assay

	
Biological Data

	
Reference






	
63

	
 [image: Pharmaceuticals 14 01203 i063]

	
LPC assay

Mice plasma assay

rat plasma assay

human plasma

assay

	
IC50 = 131 nM

IC50 = 418 μM

IC50 = 542 nM

IC50 = 242 μM

	
[86]




	
64

	
 [image: Pharmaceuticals 14 01203 i064]

	
N.D.

	
N.D.

	
[87]




	
65

	
 [image: Pharmaceuticals 14 01203 i065]

	
LPC assay

Plasma assay

	
IC50 = 27 nM

IC50 = 22 μM




	
66

	
 [image: Pharmaceuticals 14 01203 i066]

	
LPC assay

	
IC50 = 20 nM

	
[88]




	
67

	
 [image: Pharmaceuticals 14 01203 i067]

	
FS-3 assay

	
IC50 = 38.4 nM

	
[89]




	
68

	
 [image: Pharmaceuticals 14 01203 i068]

	
FS-3 assay

	
IC50 = 29.1 nM




	
69

	
 [image: Pharmaceuticals 14 01203 i069]

	
LPC assay

	
IC50 =24.2 nM

	
[90]




	
70

	
 [image: Pharmaceuticals 14 01203 i070]

	
LPC assay

	
IC50 = 15.3 nM




	
71

	
 [image: Pharmaceuticals 14 01203 i071]

	
FS-3 assay

	
IC50 = 740 nM

	
[91]




	
72

	
 [image: Pharmaceuticals 14 01203 i072]

	
FS-3 assay

	
IC50 = 1.01 nM




	
73

	
 [image: Pharmaceuticals 14 01203 i073]

	
FS-3 assay

	
IC50 = 0.43 nM




	
74

	
 [image: Pharmaceuticals 14 01203 i074]

	
FS-3 assay

	
IC50 = 2.1 nM

	
[92]




	
75

	
 [image: Pharmaceuticals 14 01203 i075]

	
FS-3 assay

	
IC50 = 1.9 nM




	
76

	
 [image: Pharmaceuticals 14 01203 i076]

	
FS-3 assay

	
IC50 = 2.3 nM

	
[93]




	
77

	
 [image: Pharmaceuticals 14 01203 i077]

	
TG-mTMP assay

	
IC50 = 4.2 nM

	
[94]




	
78

	
 [image: Pharmaceuticals 14 01203 i078]

	
N.D.

	
N.D.




	
79

	
 [image: Pharmaceuticals 14 01203 i079]

	
N.D.

	
N.D.




	
80

	
 [image: Pharmaceuticals 14 01203 i080]

	
LPC assay

	
IC50 = 1.8 uM

	
[95]




	
81

	
 [image: Pharmaceuticals 14 01203 i081]

	
LPC assay

	
IC50 = 10.2 μM




	
82

	
 [image: Pharmaceuticals 14 01203 i082]

	
FS-3 assay

	
IC50 = 9.6 nM

	
[96]




	
83

	
 [image: Pharmaceuticals 14 01203 i083]

	
LPC assay

	
IC50 = 8 nM
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