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Abstract

:

Tryptophanyl-tRNA synthetase (WRS) is an essential enzyme that catalyzes the ligation of tryptophan (Trp) to its cognate tRNAtrp during translation via aminoacylation. Interestingly, WRS also plays physiopathological roles in diseases including sepsis, cancer, and autoimmune and brain diseases and has potential as a pharmacological target and therapeutic. However, WRS is still generally regarded simply as an enzyme that produces Trp in polypeptides; therefore, studies of the pharmacological effects, therapeutic targets, and mechanisms of action of WRS are still at an emerging stage. This review summarizes the involvement of WRS in human diseases. We hope that this will encourage further investigation into WRS as a potential target for drug development in various pathological states including infection, tumorigenesis, and autoimmune and brain diseases.
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1. Introduction


Aminoacyl-tRNA synthetases (ARSs) are essential enzymes that ligate amino acids to cognate tRNAs in protein synthesis. The catalytic activities of ARSs play essential roles in maintaining cell viability; however, they are also versatile and multifunctional proteins regulated by diverse control mechanisms [1,2,3,4]. Several features distinguish eukaryotic ARSs from their prokaryotic homologs. The addition of extra domains and sequence adaptations contribute to cellular functions, including cytokine activity associated with inflammation, apoptosis, angiogenesis, and tumorigenesis in mammalian synthetases [5,6]. This review focuses on the roles of eukaryotic tryptophanyl-tRNA synthetase (WRS) in pathological states and its clinical potential as a pharmacological target.



Elevated levels of WRS are expressed in the bovine pancreas, and its various truncated forms are secreted into bovine pancreatic fluid. Thus, an important role of WRS beyond protein translation has long been suspected [7,8,9]. Eukaryotic WRS exists as a free cytosolic enzyme that self-aggregates to form large homo-oligomers, rather than associate with a multi-tRNA synthetase complex (MSC). This property of WRS has been identified in higher eukaryotes, but not in prokaryotes [10,11].



Evolutionarily, ARSs have added new domains that have no apparent connection with aminoacylation. Human WRS has a unique N-terminal extension domain of about 150 amino acids that is not present in its prokaryotic counterpart. The extension domain is composed of a vertebrate-specific extension of about 50 amino acids, also known as WHEP domain, named after initials of (underlined) WRS, histidyl-tRNA synthetase (HRS), and glutamyl-prolyl-tRNA synthetase (EPRS). WHEP domain includes a specific helix-turn-helix motif and is involved with diverse interactions with other proteins [5,6,12,13,14] (Table 1). Elimination of WHEP domain does not markedly inhibit in vitro aminoacylation activities of several synthetases, indicating that the WHEP domains themselves may provide a non-canonical function unrelated to aminoacylation [15,16].



Among 20 ARSs, EPRS and WRS have similarities, in that they have WHEP domains and are regulated by interferon (IFN)-γ. Human EPRS contains three WHEP domains involved in the formation of the IFN-γ activated inhibitor of translation (GAIT) complex, and controlling the translation of vascular endothelial growth factor A (VEGFA) and ceruloplasmin (Cp) [17,18]. Notably, WRS is the only ARS whose expression is induced by IFN-γ [19,20,21,22,23], the action of which is supposedly mediated by WHEP domain. WRS is also rapidly secreted from immune cells in response to both bacterial and viral infections, suggesting a critical role in inflammatory response. In contrast, other ARSs were not secreted from monocytes upon in vitro microbial infections [24,25].



Full-length WRS (FL-WRS) is alternatively spliced or truncated into mini-WRS (residues 48–471). Proteolytic digestion of WRS by extracellular proteases also produces the N-terminally truncated variants T1-WRS (residues 71–471) and T2-WRS (residues 94–471) [20,22,26]. The expression of these truncated variants is stimulated by IFN-γ, which plays a central regulatory role in anti-angiogenesis [27,28,29].



Understanding of the biological functions of truncated WRS variants in vascular homeostasis [26,30,31,32] as well as the structure and properties of secreted WRS has progressed significantly [11,20,21,24,25,33]. Numerous studies have associated WRS with infection, cancer, autoimmunity, and brain diseases. Considering that WRS is secreted during bacterial and viral infections, it has been recently identified as a promising biomarker in patients with sepsis [34]. This review summarizes the physiopathological roles of WRS that have been reported to date and discusses WRS as a potential therapeutic target for human pathologies, especially infection, cancer, autoimmune, Alzheimer’s disease (AD).




2. WRS as a Biomarker of Immune Response


2.1. WRS Expression in Systemic Inflammatory Response


Defining protein expression profiles in various cell types in tissues and organs is critical for understanding their unique physiological characteristics in humans. Addressing this has a major impact not only on efforts to identify target protein functions, but also for applied medical research into disease management, such as pharmaceutical drug development and biomarker discovery [45,46].



RNA and protein expression data generated by the Human Protein Atlas project indicates that WRS is abundantly expressed in monocytes (http://www.proteinatlas.org/ENSG00000140105-WRS/blood, accessed on 17 December 2020). Monocytes are early responders to pathogens and maintain vascular homeostasis in acute infections [47]. Like proteins that specifically act on monocytes, WRS is abundantly expressed during differentiation from monocytes to monocyte-derived macrophages (MDMs) or dendritic cells (DCs) [48,49]. In addition, microbial infection and IFN-γ stimulation causes monocytes, but not B, T, or natural killer (NK) cells, to produce and secrete WRS [19,24,25]. Classical (CD14+CD16−), intermediate (CD14+CD16+), and non-classical (CD14−CD16+) monocytes have been characterized and relative ratios (%) of monocyte subsets have been determined to aid in understanding the pathogenesis of infectious and other inflammatory disorders. WRS is more heavily expressed in intermediate and non-classical monocytes compared to the classical subset (Figure 1A). At the early stages of infection, FL-WRS is secreted from monocytes and directly binds to TLR4-MD2 complexes on macrophages to activate phagocytosis [24]. Initial FL-WRS secretion is IFN-γ-independent and acts as a warning to prime innate immunity. Similar to these pro-inflammatory functions of FL-WRS, classical monocytes also play a crucial role in phagocytosis during the initial inflammatory response [50].



Non-classical monocytes have been widely viewed as being anti-inflammatory in order to maintain vascular homeostasis. Intermediate and non-classical monocytes gradually increase and expand in infectious diseases such as sepsis, in which they constitute ~50% of all monocytes [47,51,52]. Pathological conditions such as sepsis and septic shock are characterized by the elevated expression of proteases such as fibrin, neutrophil elastase (NE), and matrix metalloproteinases (MMPs), which simultaneously produce the mini-WRS, T1-WRS, and T2-WRS truncated variants [22,26,53,54]. Anti-inflammatory pathways are concurrently activated at this time, leading to the release of anti-inflammatory cytokines that dampen and, ultimately, terminate the inflammatory response. With the gradual increase in intermediate and non-classical monocytes, a secondary increase in WRS expression is supposed to be occurred to maintain homeostasis (Figure 1B). As the truncated variants have anti-inflammatory and antiangiogenic functions [20,26,30], it is critical to distinguish them from FL-WRS and to evaluate their kinetics during the inflammatory phase. Furthermore, understanding the pathological roles of the truncated variants in systemic inflammatory diseases might contribute to their potential as a new therapeutic target.




2.2. WRS as a Prognostic Biomarker in Sepsis


Sepsis is characterized by an overwhelming systemic inflammatory reaction to microbial infection that can lead to severe sepsis and septic shock [55]. Early recognition of sepsis is critical for timely and effective intervention [56]. However, biomarkers that reflect the severity of infection in patients with sepsis have not yet been identified. Although C-reactive protein (CRP) is a traditional biomarker that is elevated in inflammatory states, it has low specificity for diagnosing sepsis [57].



Consistent with previous findings of abundant WRS secretion upon microbial infection in vitro and in vivo [24,25], high levels of WRS are detected in the serum of critically ill patients with sepsis. Choi et al. recently reported that WRS has clinical value for detecting sepsis and predicting mortality among critically ill patients with sepsis. The areas under the receiver operating characteristic curves (AUROCs) for sepsis discrimination with WRS, procalcitonin (PCT), CRP, and IL-6 are 0.864, 0.727, 0.625, and 0.651, respectively [34], indicating that WRS has better predictive value than other clinical factors of sepsis (Figure 2A).



Moreover, existing diagnostic markers of sepsis were only able to detect bacterial sepsis. Among several markers of inflammation and sepsis, PCT is used to identify bacterial infections, but also has the disadvantage of not identifying viral infections. [58,59]. Besides higher sensitivity towards sepsis discrimination of WRS, another advantage of WRS is that it can be used to diagnose sepsis regardless of whether the causal infection is bacterial, fungal, or viral.



Furthermore, biomarkers are needed that can accurately predict mortality due to severe sepsis and septic shock. PCT and CRP levels do not provide statistically significant prediction of 28-day mortality in sepsis patients; however, WRS is significantly associated with 28-day overall mortality among patients with sepsis in intensive care units [34]. Based on these clinical results, WRS secretion at early infection stages is crucial in the recognition and phagocytosis of microbes, which are the main roles of classical monocytes. Sepsis gradually worsens and WRS, which is synthesized de novo and secreted upon IFN-γ activation, is likely to function similarly to non-classical monocytes that are involved in pathophysiology associated with anti-inflammatory response and blood vessel remodeling. Secreted WRS is a sensitive and accurate biomarker not only for discriminating sepsis but also for predicting mortality among critically ill patients.





3. WRS as a Therapeutic Target in Cancer


3.1. WRS as a Target for Anti-Angiogenic Therapy


Several ARSs have been identified as secretory cytokines that control angiogenesis and immune responses in the tumor microenvironment. Fragments of the closely related mammalian tyrosyl-tRNA synthetase (YRS) and WRS are known to regulate angiogenesis [60]. Native FL-WRS does not affect angiogenic signaling; however, mini-WRS, T1-WRS, and T2-WRS, are all angiostatic factors [26,30,32,60,61]. Expression of the truncated WRS variants, like that of many angiostatic factors, is induced by IFN-γ. In particular, T2-WRS has proven potently antiangiogenic in several cell-based assays of vascular endothelial growth factor (VEGF)-induced Matrigel angiogenesis in vitro and in vivo. T2-WRS is a potent inhibitor of retinal angiogenesis in neonatal mice, where it localizes to retinal blood vessels [30]. Moreover, the inhibitory activity of T2-WRS in endothelial cells (ECs) in vitro abrogates cellular responses to flow-induced fluid shear stress, including endothelial nitric-oxide synthase (eNOS), extracellular signal-regulated kinase (ERK1/2), and Akt activation [31]. The eight-residue D382-TIEEHR-Q389 sequence, which is located within the tRNA anticodon-binding (TAB) domain, plays a crucial role in the angiostatic activity of the truncated variants. This implies that WRS uses the same domain for both antiangiogenic receptor binding and classical protein synthesis [2,61].



Vascular endothelial (VE)-cadherin is a calcium-dependent adhesion molecule that is selectively expressed at EC intercellular junctions and is essential for normal vascular development. T2-WRS binds at EC intercellular junctions and VE-cadherin has been identified as a receptor for T2-WRS. The binding of T2-WRS to human umbilical vein ECs (HUVECs) inhibits VEGF-induced ERK activation and EC migration [32]. Adam et al. suggested that human WRS manifests antiangiogenic activity only when a eukaryote-specific N-terminal extension is removed, due to steric hindrance that blocks Trp2 and Trp4 of VE-cadherin from accessing the active site pocket [62]. T2-WRS contains a Rossmann fold nucleotide-binding domain that is conserved throughout all prokaryotic and eukaryotic WRSs. FL-WRS, mini-WRS, and T1-WRS variants retain aminoacylation activity, whereas T2-WRS does not [30]. Thus, T2-WRS may apparently be produced only to inhibit angiogenesis without contributing to aminoacylation (Figure 2B and Table 2). Proteases including fibrin, NE, and MMPs are abundant in tumor microenvironments or at sites of infection, where they produce T2-WRS by cleaving the N-terminus. This could explain why WRS secreted by IFN-γ activation is truncated to T2-WRS, and its role in inhibiting angiogenesis is of great importance in clinical approaches targeting WRS.




3.2. Implications of Angiostaic WRS in Cancer Metastasis


ARS expression profiles can be a useful prognostic tool for cancers, as they correlate with overall patient survival in each cancer type. WRS is dysregulated in different cancers, including ovarian, cervical, colorectal, oral squamous cell carcinoma (OSCC), uveal melanoma (UM) and pancreatic cancers [63,64,65,66,67,68]. In ovarian cancer, WRS protein levels were up-regulated in highly malignant clear cell adenocarcinoma when compared with mucinous ovarian adenocarcinoma [63]. The expression level of WRS is increased in cervical carcinoma tissue when compared with normal tissue [64]. WRS is overexpressed in OSCC tissues when compared with adjacent normal tissues. Importantly, WRS levels are significantly higher in tumor cells from metastatic lymph nodes than in primary tumor sites [65,69]. Bioinformatics analysis based on Gene Expression Omnibus (GEO) database showed that WRS expression in UM metastatic cancer was significantly higher than that in non-metastatic group. Kaplan-Meier analysis based on The Cancer Genome Atlas (TCGA) database showed that high WRS expression was associated with lower survival [66]. Most cancer-associated mortality is due to tumor cell metastasis to other organs. WRS is expressed abundantly in patients who did not relapse after surgery for triple-negative breast cancer (TNBC), when compared with those who did [70]. Moreover, low WRS expression is associated with an increased risk of lymph node metastasis and reduced survival among patients with colon cancer [68].



Tumor cells metastasize via lymphatic or hematogenous dissemination. Although lymphatic metastasis can occur via extant vessels, evidence supports the notion that metastasis is significantly improved when lymphatic vessel density increases due to lymphangiogenesis. For example, VEGF-C stimulates the growth of lymphatic endothelium and is overexpressed in breast cancer cells. Stimulation by VEGF-A and -C is also associated with lymphatic vessel formation and sentinel node metastasis [71,72,73]. WRS are overexpressed at stages of cancer metastasis and T2-WRS has a potent inhibitory effect against VEGF-induced vessel formation. However, whether the angiostatic activity of T2-WRS is associated with lymphangiogenesis during metastatic progression remains unknown.



The truncated variants are antagonistic in the control of angiogenesis and immune stimulation and has potential as a therapeutic target for cancer. In contrast, FL-WRS shows the opposite function compared to the truncated variants, suggesting that caution is needed when interpreting the relationship between FL-WRS and its truncated variants. Furthermore, the targets of each truncated WRS variant need to be validated and their effectiveness as an immuno-oncology target should be confirmed.





4. Pathological Role of WRS in Alzheimer’s Disease


Alzheimer’s disease (AD) is an age-dependent neurodegenerative disorder and the most common cause of dementia [74]. It is characterized by neurofibrillary tangles (NFTs) composed of paired helical filaments and extracellular senile plaques containing aggregated amyloid fibrils and non-amyloid components in the brain [71]. Neither an effective treatment nor a biochemical drug for AD is currently available.



Neuronal cell death triggers the release of cytoplasmic proteins, some of which interact with Amyloid-β (Aβ). Specifically, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has been shown to interact with neurodegenerative disease-related proteins including β-amyloid precursor protein (AβPP). Aβ induces disulfide bond formation and aggregation of GAPDH, possibly due to the formation of neurotoxic aggregates in AD [75,76,77,78]. The amount of GAPDH disulfide bonding is increased in detergent-insoluble extracts from patients with AD when compared with age-matched controls [79]. Interestingly, bovine WRS forms complexes with GAPDH. This complex formation between WRS and GAPDH i) does not influence aminoacylation activity and ii) predominantly involves the dispensable N-terminal domain of WRS [72]. The tendency of mammalian WRS to self-aggregate has been observed by electron microscopy, small-angle X-ray scattering, and biochemical experiments [10,73,74]. Oligomeric WRS is found in cytotoxic fibrils and extracellular plaque-like WRS aggregates detected in AD have features similar to extracellular senile plaques and NFTs (Figure 2C). Electron microscopy has shown intensive fibril formation with a synthetic N-terminal peptide of WRS, corresponding to residues Ser32 to Tyr50, whereas fewer and less organized fibrils were formed by the C-terminal peptide (Glu414 to Val437) [11].



Tryptamine is an inhibitor that competes with Trp for binding to the WRS active site [75]. The expression of WRS is decreased in the cytoplasm and elevated in the detergent-insoluble “cytoskeleton” fraction of tryptamine-treated human neuronal cells. Moreover, about three-fold higher WRS immunogold reactivity was associated with NFTs than with the cytoplasm of tryptamine-treated human neuronal cells [74]. Paley et al. reported in tryptamine-treated cells that WRS is secreted into the extracellular space as either a free protein or within vesicles extending from the cytoplasm and then pinched off from the plasma membrane. Extracellular vesicles fuse in congophilic WRS+ plaques in tryptamine-treated cultures and in the brain in AD. Prominent WRS immunoreactivity is associated with plasma and the vesicle membranes of satellites and degenerated neurons in the brain with AD [76]. Biochemically purified bovine WRS is highly susceptible to aggregation [10] and recombinant human WRS and N-terminal synthetic peptides self-assemble in fibrils [11]. These findings provide a new perspective on the versatility of WRS functions and indicate that WRS is involved in the pathology of AD. Therefore, further studies are needed to clarify the relationship between human WRS and AD and to investigate whether WRS could be a novel therapeutic target, in particular by focusing on anti-WRS therapy to prevent or hinder the clinical progression of AD.




5. Immunological Role of WRS in Trp Metabolism


5.1. Increased Trp Production by WRS in Cancer Cell


Tryptophan (Trp) is an essential amino acid that is important for cell survival and proliferation. Indoleamin-2,3-dioxygenase (IDO) is the initial and rate-limiting enzyme for Trp degradation through the kynurenine pathway (KP). Trp catabolism suppresses antitumor immune responses in pathological states such as cancer [80,81]. IFN-γ enhances expression of IDO as well as WRS. Both IDO and WRS are involved in regulating the immune response by modulating Trp metabolism. IFN-γ induces WRS to increase Trp uptake into cells through a process that has high affinity and selectivity for Trp [82]. Consistent with this, Adam et al. reported that Trp depletion mediated by IDO1 and tryptophan-2,3-dioxygenase (TDO2) upregulates WRS expression to increase Trp production in cancer cells. Due to WRS mediated-Trp synthesis, cancer cells are thought to maintain protein synthesis and proliferate despite low Trp levels [83]. The depletion of Trp induced by IDO up-regulation results in specifically inhibited T cell proliferation, thus facilitating tumor escape from immune surveillance. Additionally, increased WRS expression and WRS-mediated Trp production directly facilitate cancer cell proliferation and survival, implying that both IDO and WRS are associated with immune evasion by cancer cells. A new approach to controlling Trp production by WRS might therefore resolve the redundancy of Trp metabolites in cancer immunotherapy. However, rather than pathological role of WRS acting on cancer itself, the involvement and regulation of WRS in tolerogenic immune response and autoinflammatory disease are prominent topics of interest in the context of therapeutics.




5.2. Implications of Increased WRS in Tolerogenic Immune Response


Under healthy conditions, Trp-degrading activity is abundant in the lungs, intestines, and particularly in placental tissues [84]. Notably, WRS transcripts are also abundantly expressed in placenta and lung tissues, mostly known as immune privileged sites (https://www.proteinatlas.org/ENSG00000140105-WARS/tissue, accessed on 17 December 2020). The importance of Trp depletion in the placenta is emphasized in maintaining immune privilege to create an environment that suppresses T cell activity and defends itself against rejection [85,86]. The expression of IDO1 and TDO2 is positively correlated with WRS, which in turn is significantly correlated with the expression of T cell markers. Recombinant soluble cytotoxic T lymphocyte antigen-4 (CTLA-4-Fc) is clinically effective for suppressing T cell activation in autoimmune diseases such as rheumatoid arthritis (RA). The expression of IDO and WRS in immune cells, such as DCs and CD4+ T cells is increased by CTLA-4-Fc. Notably, CD8+ T cells from CTLA-4-Fc-treated peripheral blood mononuclear cells (PBMCs) express increased levels of WRS but not IDO, suggesting that WRS-mediated regulation and IDO are involved in the immune tolerance mechanism of CTLA-4 [87]. Overexpression of WRS in T cells from patients with RA is apparently related to the pathogenesis of this disease. Although IDO is overexpressed in DCs in the synovial joints of patients with RA, IDO+ DCs do not have sufficient immunosuppressive ability when WRS is overexpressed in T cells [88,89,90]. The activity of IDO is decreased, whereas WRS expression is increased in T cells from patients with immune thrombocytopenia (ITP) [91] and Graves’ disease [92], which are autoimmune disorders that result in platelet destruction and hyperthyroidism, respectively.



The question remains as to whether WRS, which is specifically overexpressed in T cells in patients with autoimmune diseases, indirectly affects Trp metabolism or whether WRS is a cause of autoimmune diseases as a result of its direct involvement in the immune tolerance of T cells. Ongoing clinical trials have shown that IDO inhibitors are well tolerated in cancer, systemic diseases, and central nervous system disorders targeting the pathogenic KP. Nonetheless, results using monotherapy have been somewhat limited and need an additional emerging target to overcome IDO redundancy. Increased WRS expression is likely to act as a pathological factor, not only in the tumor microenvironment, but also in Trp metabolism in autoimmune diseases such as RA. The identification of WRS as a biomarker and the development of selective WRS inhibitors might help improve therapeutic outcomes when combined with IDO inhibitors.





6. Conclusions and Perspectives


The various features that distinguish eukaryotic WRS from prokaryotic WRS or other ARSs suggest that WRS has evolutionarily acquired diverse functions that are closely associated with human disease. Human WRS (hWRS) shows great potential as a suitable drug target, having non-canonical functions that underlie its physiopathological roles in human diseases, including infection, cancer, and neurodegenerative diseases (Figure 2). Upon infection, hWRS is promptly secreted from monocytes for the priming of innate immunity [24]. Secretory hFL-WRS acted as a therapeutic immune-stimulatory agent and showed a promising potential as a novel biomarker for diagnosis of sepsis [34]. Moreover, alternatively spliced and truncated variants, including mini-WRS, T1-WRS, and T2-WRS, exhibit anti-angiogenic and anti-inflammatory properties. Each truncated WRS variant is likely to exert its own specific biochemical effect for the maintenance of homeostasis in pathological states. hWRS, together with oligomerized plaques, contributed to the pathogenesis of Alzheimer’s disease.



The hWRS research field has extended from basic research to antibody and diagnostic development. However, the development of hWRS-targeted therapeutics remains a challenge. Above all, sensitive analytical methods are required to distinguish each WRS variant, owing to their different mechanism of action and pathological roles. Subsequently, the therapeutic effects acting on the hWRS target sites can be easily and accurately monitored. Achieving this goal will lead a progressive development in the field of hWRS-targeted therapeutics. Currently, JW Bioscience, a company, is actively developing WRS diagnostic kits for sepsis and the products are undergoing clinical trials. Although significant progress has been made in the research on hWRS as a therapeutic target, a qualitative study is required to determine the unknown features of ARS variants in various diseases.







Author Contributions


Y.H.A. and S.-C.O. wrote the paper. S.Z. and T.-D.K. reviewed and edited the manuscript before submission. All authors have read and agreed to the published version of the manuscript.




Funding


This work supported by “R&D Convergence Program” of the National Research Council of Science and Technology (NST) grant (CAP-18-02-KRIBB) and KRIBB Research Initiative Program by the Korea Government.




Acknowledgments


I sincerely thank Je-In Youn and Sang Jun Ha for their valuable advices in preparing this review.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yao, P.; Fox, P.L. Aminoacyl-tRNA synthetases in medicine and disease. EMBO Mol. Med. 2013, 5, 332–343. [Google Scholar] [CrossRef]

	



Kim, S.; You, S.; Hwang, D. Aminoacyl-tRNA synthetases and tumorigenesis: More than housekeeping. Nat. Rev. Cancer 2011, 11, 708–718. [Google Scholar] [CrossRef]

	



Fuchs, S.A.; Schene, I.F.; Kok, G.; Jansen, J.M.; Nikkels, P.G.J.; van Gassen, K.L.I.; Terheggen-Lagro, S.W.J.; van der Crabben, S.N.; Hoeks, S.E.; Niers, L.E.M.; et al. Aminoacyl-tRNA synthetase deficiencies in search of common themes. Genet. Med. 2019, 21, 319–330. [Google Scholar] [CrossRef]

	



Lee, S.W.; Cho, B.H.; Park, S.G.; Kim, S. Aminoacyl-tRNA synthetase complexes: Beyond translation. J. Cell Sci. 2004, 117, 3725–3734. [Google Scholar] [CrossRef]

	



Kwon, N.H.; Fox, P.L.; Kim, S. Aminoacyl-tRNA synthetases as therapeutic targets. Nat. Rev. Drug Discov. 2019, 18, 629–650. [Google Scholar] [CrossRef]

	



Guo, M.; Schimmel, P.; Yang, X.L. Functional expansion of human tRNA synthetases achieved by structural inventions. FEBS Lett. 2010, 584, 434–442. [Google Scholar] [CrossRef] [PubMed]

	



Kisselev, L.L.; Favorova, O.O.; Kovaleva, G.K. Tryptophanyl-tRNA synthetase from beef pancreas. Methods Enzymol. 1979, 59, 234–257. [Google Scholar] [PubMed]

	



Sallafranque, M.L.; Garret, M.; Benedetto, J.P.; Fournier, M.; Labouesse, B.; Bonnet, J. Tryptophanyl-tRNA synthetase is a major soluble protein species in bovine pancreas. Biochim. Biophys. Acta 1986, 882, 192–199. [Google Scholar] [CrossRef]

	



Favorova, O.O.; Zargarova, T.A.; Rukosuyev, V.S.; Beresten, S.F.; Kisselev, L.L. Molecular and cellular studies of tryptophanyl-tRNA synthetases using monoclonal antibodies. Remarkable variations in the content of tryptophanyl-tRNA synthetase in the pancreas of different mammals. Eur. J. Biochem. 1989, 184, 583–588. [Google Scholar] [CrossRef]

	



Tuzikov, F.V.; Tuzikova, N.A.; Vavilin, V.I.; Zinov’ev, V.V.; Malygin, E.G.; Favorova, O.O.; Zargarova, T.A.; Sudomoina, M.A.; Kiselev, L.L. Aggregation of tryptophanyl-tRNA synthetase depending on temperature. Study by a low-angle scatter x-ray method. Mol. Biol. 1991, 25, 740–751. [Google Scholar]

	



Paley, E.L.; Smelyanski, L.; Malinovskii, V.; Subbarayan, P.R.; Berdichevsky, Y.; Posternak, N.; Gershoni, J.M.; Sokolova, O.; Denisova, G. Mapping and molecular characterization of novel monoclonal antibodies to conformational epitopes on NH2 and COOH termini of mammalian tryptophanyl-tRNA synthetase reveal link of the epitopes to aggregation and Alzheimer’s disease. Mol. Immunol. 2007, 44, 541–557. [Google Scholar] [CrossRef] [PubMed]

	



Guo, M.; Yang, X.L. Architecture and metamorphosis. Top. Curr. Chem. 2014, 344, 89–118. [Google Scholar] [PubMed]

	



Jin, M. Unique roles of tryptophanyl-tRNA synthetase in immune control and its therapeutic implications. Exp. Mol. Med. 2019, 51, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Hyeon, D.Y.; Kim, J.H.; Ahn, T.J.; Cho, Y.; Hwang, D.; Kim, S. Evolution of the multi-tRNA synthetase complex and its role in cancer. J. Biol. Chem. 2019, 294, 5340–5351. [Google Scholar] [CrossRef]

	



Ray, P.S.; Sullivan, J.C.; Jia, J.; Francis, J.; Finnerty, J.R.; Fox, P.L. Evolution of function of a fused metazoan tRNA synthetase. Mol. Biol. Evol. 2011, 28, 437–447. [Google Scholar] [CrossRef] [PubMed]

	



Cahuzac, B.; Berthonneau, E.; Birlirakis, N.; Guittet, E.; Mirande, M. A recurrent RNA-binding domain is appended to eukaryotic aminoacyl-tRNA synthetases. EMBO J. 2000, 19, 445–452. [Google Scholar] [CrossRef] [PubMed]

	



Jia, J.; Arif, A.; Ray, P.S.; Fox, P.L. WHEP domains direct noncanonical function of glutamyl-Prolyl tRNA synthetase in translational control of gene expression. Mol. Cell 2008, 29, 679–690. [Google Scholar] [CrossRef] [PubMed]

	



Mukhopadhyay, R.; Jia, J.; Arif, A.; Ray, P.S.; Fox, P.L. The GAIT system: A gatekeeper of inflammatory gene expression. Trends Biochem. Sci. 2009, 34, 324–331. [Google Scholar] [CrossRef]

	



Fleckner, J.; Martensen, P.M.; Tolstrup, A.B.; Kjeldgaard, N.O.; Justesen, J. Differential regulation of the human, interferon inducible tryptophanyl-tRNA synthetase by various cytokines in cell lines. Cytokine 1995, 7, 70–77. [Google Scholar] [CrossRef]

	



Jobin, P.G.; Solis, N.; Machado, Y.; Bell, P.A.; Kwon, N.H.; Kim, S.; Overall, C.M.; Butler, G.S. Matrix metalloproteinases inactivate the proinflammatory functions of secreted moonlighting tryptophanyl-tRNA synthetase. J. Biol. Chem. 2019, 294, 12866–12879. [Google Scholar] [CrossRef]

	



Kang, I.; Lee, B.C.; Lee, J.Y.; Kim, J.J.; Lee, S.E.; Shin, N.; Choi, S.W.; Kang, K.S. Interferon-gamma-mediated secretion of tryptophanyl-tRNA synthetases has a role in protection of human umbilical cord blood-derived mesenchymal stem cells against experimental colitis. BMB Rep. 2019, 52, 318–323. [Google Scholar] [CrossRef] [PubMed]

	



Kapoor, M.; Zhou, Q.; Otero, F.; Myers, C.A.; Bates, A.; Belani, R.; Liu, J.; Luo, J.K.; Tzima, E.; Zhang, D.E.; et al. Evidence for annexin II-S100A10 complex and plasmin in mobilization of cytokine activity of human TrpRS. J. Biol. Chem. 2008, 283, 2070–2077. [Google Scholar] [CrossRef] [PubMed]

	



Kisselev, L.; Frolova, L.; Haenni, A.L. Interferon inducibility of mammalian tryptophanyl-tRNA synthetase: New perspectives. Trends Biochem. Sci. 1993, 18, 263–267. [Google Scholar] [CrossRef]

	



Ahn, Y.H.; Park, S.; Choi, J.J.; Park, B.K.; Rhee, K.H.; Kang, E.; Ahn, S.; Lee, C.H.; Lee, J.S.; Inn, K.S.; et al. Secreted tryptophanyl-tRNA synthetase as a primary defence system against infection. Nat. Microbiol. 2016, 2, 16191. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.C.; Lee, E.S.; Uddin, M.B.; Kim, T.H.; Kim, J.H.; Chathuranga, K.; Chathuranga, W.A.G.; Jin, M.; Kim, S.; Kim, C.J.; et al. Released Tryptophanyl-tRNA Synthetase Stimulates Innate Immune Responses against Viral Infection. J. Virol. 2019, 93, e01291-18. [Google Scholar] [CrossRef] [PubMed]

	



Wakasugi, K.; Slike, B.M.; Hood, J.; Otani, A.; Ewalt, K.L.; Friedlander, M.; Cheresh, D.A.; Schimmel, P. A human aminoacyl-tRNA synthetase as a regulator of angiogenesis. Proc. Natl. Acad. Sci. USA 2002, 99, 173–177. [Google Scholar] [CrossRef] [PubMed]

	



Tolstrup, A.B.; Bejder, A.; Fleckner, J.; Justesen, J. Transcriptional regulation of the interferon-gamma-inducible tryptophanyl-tRNA synthetase includes alternative splicing. J. Biol. Chem. 1995, 270, 397–403. [Google Scholar] [CrossRef]

	



Turpaev, K.T.; Zakhariev, V.M.; Sokolova, I.V.; Narovlyansky, A.N.; Amchenkova, A.M.; Justesen, J.; Frolova, L.Y. Alternative processing of the tryptophanyl-tRNA synthetase mRNA from interferon-treated human cells. Eur. J. Biochem. 1996, 240, 732–737. [Google Scholar] [CrossRef]

	



Lindner, D.J. Interferons as antiangiogenic agents. Curr Oncol. Rep. 2002, 4, 510–514. [Google Scholar] [CrossRef]

	



Otani, A.; Slike, B.M.; Dorrell, M.I.; Hood, J.; Kinder, K.; Ewalt, K.L.; Cheresh, D.; Schimmel, P.; Friedlander, M. A fragment of human TrpRS as a potent antagonist of ocular angiogenesis. Proc. Natl. Acad. Sci. USA 2002, 99, 178–183. [Google Scholar] [CrossRef]

	



Tzima, E.; Reader, J.S.; Irani-Tehrani, M.; Ewalt, K.L.; Schwartz, M.A.; Schimmel, P. Biologically active fragment of a human tRNA synthetase inhibits fluid shear stress-activated responses of endothelial cells. Proc. Natl. Acad. Sci. USA 2003, 100, 14903–14907. [Google Scholar] [CrossRef] [PubMed]

	



Tzima, E.; Reader, J.S.; Irani-Tehrani, M.; Ewalt, K.L.; Schwartz, M.A.; Schimmel, P. VE-cadherin links tRNA synthetase cytokine to anti-angiogenic function. J. Biol. Chem. 2005, 280, 2405–2408. [Google Scholar] [CrossRef] [PubMed]

	



Paley, E.L.; Denisova, G.; Sokolova, O.; Posternak, N.; Wang, X.; Brownell, A.L. Tryptamine induces tryptophanyl-tRNA synthetase-mediated neurodegeneration with neurofibrillary tangles in human cell and mouse models. Neuromolecular. Med. 2007, 9, 55–82. [Google Scholar] [CrossRef]

	



Choi, J.S.; Yoon, B.R.; Shin, J.H.; Lee, S.H.; Leem, A.Y.; Park, M.S.; Kim, Y.S.; Chung, K.S. Clinical value of full-length tryptophanyl-tRNA synthetase for sepsis detection in critically ill patients-A retrospective clinical assessment. Int. J. Infect. Dis. 2020, 97, 260–266. [Google Scholar] [CrossRef] [PubMed]

	



Arif, A.; Jia, J.; Mukhopadhyay, R.; Willard, B.; Kinter, M.; Fox, P.L. Two-site phosphorylation of EPRS coordinates multimodal regulation of noncanonical translational control activity. Mol. Cell 2009, 35, 164–180. [Google Scholar] [CrossRef]

	



Yao, P.; Potdar, A.A.; Arif, A.; Ray, P.S.; Mukhopadhyay, R.; Willard, B.; Xu, Y.; Yan, J.; Saidel, G.M.; Fox, P.L. Coding region polyadenylation generates a truncated tRNA synthetase that counters translation repression. Cell 2012, 149, 88–100. [Google Scholar] [CrossRef]

	



Cho, H.Y.; Maeng, S.J.; Cho, H.J.; Choi, Y.S.; Chung, J.M.; Lee, S.; Kim, H.K.; Kim, J.H.; Eom, C.Y.; Kim, Y.G.; et al. Assembly of Multi-tRNA Synthetase Complex via Heterotetrameric Glutathione Transferase-homology Domains. J. Biol Chem 2015, 290, 29313–29328. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, N.H.; Kang, T.; Lee, J.Y.; Kim, H.H.; Kim, H.R.; Hong, J.; Oh, Y.S.; Han, J.M.; Ku, M.J.; Lee, S.Y.; et al. Dual role of methionyl-tRNA synthetase in the regulation of translation and tumor suppressor activity of aminoacyl-tRNA synthetase-interacting multifunctional protein-3. Proc. Natl. Acad. Sci. USA 2011, 108, 19635–19640. [Google Scholar] [CrossRef]

	



Lee, J.Y.; Kim, D.G.; Kim, B.G.; Yang, W.S.; Hong, J.; Kang, T.; Oh, Y.S.; Kim, K.R.; Han, B.W.; Hwang, B.J.; et al. Promiscuous methionyl-tRNA synthetase mediates adaptive mistranslation to protect cells against oxidative stress. J. Cell Sci. 2014, 127, 4234–4245. [Google Scholar] [CrossRef]

	



Xu, Z.; Wei, Z.; Zhou, J.J.; Ye, F.; Lo, W.S.; Wang, F.; Lau, C.F.; Wu, J.; Nangle, L.A.; Chiang, K.P.; et al. Internally deleted human tRNA synthetase suggests evolutionary pressure for repurposing. Structure 2012, 20, 1470–1477. [Google Scholar] [CrossRef]

	



Zhou, J.J.; Wang, F.; Xu, Z.; Lo, W.S.; Lau, C.F.; Chiang, K.P.; Nangle, L.A.; Ashlock, M.A.; Mendlein, J.D.; Yang, X.L.; et al. Secreted histidyl-tRNA synthetase splice variants elaborate major epitopes for autoantibodies in inflammatory myositis. J. Biol. Chem. 2014, 289, 19269–19275. [Google Scholar] [CrossRef]

	



Guo, M.; Yang, X.L.; Schimmel, P. New functions of aminoacyl-tRNA synthetases beyond translation. Nat. Rev. Mol. Cell Biol. 2010, 11, 668–674. [Google Scholar] [CrossRef] [PubMed]

	



Park, M.C.; Kang, T.; Jin, D.; Han, J.M.; Kim, S.B.; Park, Y.J.; Cho, K.; Park, Y.W.; Guo, M.; He, W.; et al. Secreted human glycyl-tRNA synthetase implicated in defense against ERK-activated tumorigenesis. Proc. Natl. Acad Sci. USA 2012, 109, E640–E647. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.R.; Kim, H.J.; Yang, S.R.; Park, C.H.; Lee, H.Y.; Hong, I.S. A novel endogenous damage signal, glycyl tRNA synthetase, activates multiple beneficial functions of mesenchymal stem cells. Cell Death Differ. 2018, 25, 2023–2036. [Google Scholar] [CrossRef]

	



Fagerberg, L.; Hallstrom, B.M.; Oksvold, P.; Kampf, C.; Djureinovic, D.; Odeberg, J.; Habuka, M.; Tahmasebpoor, S.; Danielsson, A.; Edlund, K.; et al. Analysis of the human tissue-specific expression by genome-wide integration of transcriptomics and antibody-based proteomics. Mol. Cell Proteomics 2014, 13, 397–406. [Google Scholar] [CrossRef]

	



Ravenhill, B.J.; Soday, L.; Houghton, J.; Antrobus, R.; Weekes, M.P. Comprehensive cell surface proteomics defines markers of classical, intermediate and non-classical monocytes. Sci. Rep. 2020, 10, 4560. [Google Scholar] [CrossRef]

	



Narasimhan, P.B.; Marcovecchio, P.; Hamers, A.A.J.; Hedrick, C.C. Nonclassical Monocytes in Health and Disease. Annu Rev. Immunol. 2019, 37, 439–456. [Google Scholar] [CrossRef]

	



Krause, S.W.; Rehli, M.; Kreutz, M.; Schwarzfischer, L.; Paulauskis, J.D.; Andreesen, R. Differential screening identifies genetic markers of monocyte to macrophage maturation. J. Leukoc Biol. 1996, 60, 540–545. [Google Scholar] [CrossRef]

	



Matsunaga, T.; Ishida, T.; Takekawa, M.; Nishimura, S.; Adachi, M.; Imai, K. Analysis of gene expression during maturation of immature dendritic cells derived from peripheral blood monocytes. Scand. J. Immunol. 2002, 56, 593–601. [Google Scholar] [CrossRef]

	



Shi, C.; Pamer, E.G. Monocyte recruitment during infection and inflammation. Nat. Rev. Immunol. 2011, 11, 762–774. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, R.; Kanti Barman, P.; Kumar Thatoi, P.; Tripathy, R.; Kumar Das, B.; Ravindran, B. Non-Classical monocytes display inflammatory features: Validation in Sepsis and Systemic Lupus Erythematous. Sci. Rep. 2015, 5, 13886. [Google Scholar] [CrossRef] [PubMed]

	



Fingerle, G.; Pforte, A.; Passlick, B.; Blumenstein, M.; Strobel, M.; Ziegler-Heitbrock, H.W. The novel subset of CD14+/CD16+ blood monocytes is expanded in sepsis patients. Blood 1993, 82, 3170–3176. [Google Scholar] [CrossRef]

	



Tanaka, H.; Sugimoto, H.; Yoshioka, T.; Sugimoto, T. Role of granulocyte elastase in tissue injury in patients with septic shock complicated by multiple-organ failure. Ann. Surg. 1991, 213, 81–85. [Google Scholar] [CrossRef] [PubMed]

	



Pacher, R.; Redl, H.; Frass, M.; Petzl, D.H.; Schuster, E.; Woloszczuk, W. Relationship between neopterin and granulocyte elastase plasma levels and the severity of multiple organ failure. Crit. Care Med. 1989, 17, 221–226. [Google Scholar] [CrossRef]

	



Van der Poll, T.; Opal, S.M. Host-pathogen interactions in sepsis. Lancet Infect. Dis. 2008, 8, 32–43. [Google Scholar] [CrossRef]

	



Husabo, G.; Nilsen, R.M.; Flaatten, H.; Solligard, E.; Frich, J.C.; Bondevik, G.T.; Braut, G.S.; Walshe, K.; Harthug, S.; Hovlid, E. Early diagnosis of sepsis in emergency departments, time to treatment, and association with mortality: An observational study. PLoS ONE 2020, 15, e0227652. [Google Scholar] [CrossRef]

	



Kargaltseva, N.M.; Kotcherovets, V.I.; Mironov, A.Y.; Borisova, O.Y.; Burbello, A.T. Inflammation markers and bloodstream infection (review of literature). Klin. Lab. Diagn. 2019, 64, 435–442. [Google Scholar] [CrossRef]

	



Bossink, A.W.; Groeneveld, A.B.; Thijs, L.G. Prediction of microbial infection and mortality in medical patients with fever: Plasma procalcitonin, neutrophilic elastase-alpha1-antitrypsin, and lactoferrin compared with clinical variables. Clin. Infect. Dis. 1999, 29, 398–407. [Google Scholar] [CrossRef]

	



Ryoo, S.M.; Han, K.S.; Ahn, S.; Shin, T.G.; Hwang, S.Y.; Chung, S.P.; Hwang, Y.J.; Park, Y.S.; Jo, Y.H.; Chang, H.L.; et al. The usefulness of C-reactive protein and procalcitonin to predict prognosis in septic shock patients: A multicenter prospective registry-based observational study. Sci. Rep. 2019, 9, 6579. [Google Scholar] [CrossRef]

	



Tzima, E.; Schimmel, P. Inhibition of tumor angiogenesis by a natural fragment of a tRNA synthetase. Trends Biochem. Sci. 2006, 31, 7–10. [Google Scholar] [CrossRef] [PubMed]

	



Kise, Y.; Lee, S.W.; Park, S.G.; Fukai, S.; Sengoku, T.; Ishii, R.; Yokoyama, S.; Kim, S.; Nureki, O. A short peptide insertion crucial for angiostatic activity of human tryptophanyl-tRNA synthetase. Nat. Struct. Mol. Biol. 2004, 11, 149–156. [Google Scholar] [CrossRef]

	



Zhou, Q.; Kapoor, M.; Guo, M.; Belani, R.; Xu, X.; Kiosses, W.B.; Hanan, M.; Park, C.; Armour, E.; Do, M.H.; et al. Orthogonal use of a human tRNA synthetase active site to achieve multifunctionality. Nat. Struct. Mol. Biol. 2010, 17, 57–61. [Google Scholar] [CrossRef]

	



Morita, A.; Miyagi, E.; Yasumitsu, H.; Kawasaki, H.; Hirano, H.; Hirahara, F. Proteomic search for potential diagnostic markers and therapeutic targets for ovarian clear cell adenocarcinoma. Proteomics 2006, 6, 5880–5890. [Google Scholar] [CrossRef]

	



Arnouk, H.; Merkley, M.A.; Podolsky, R.H.; Stoppler, H.; Santos, C.; Alvarez, M.; Mariategui, J.; Ferris, D.; Lee, J.R.; Dynan, W.S. Characterization of Molecular Markers Indicative of Cervical Cancer Progression. Proteom. Clin. Appl. 2009, 3, 516–527. [Google Scholar] [CrossRef]

	



Lee, C.W.; Chang, K.P.; Chen, Y.Y.; Liang, Y.; Hsueh, C.; Yu, J.S.; Chang, Y.S.; Yu, C.J. Overexpressed tryptophanyl-tRNA synthetase, an angiostatic protein, enhances oral cancer cell invasiveness. Oncotarget 2015, 6, 21979–21992. [Google Scholar] [CrossRef]

	



Yang, P.P.; Yu, X.H.; Zhou, J. Tryptophanyl-tRNA synthetase (WARS) expression in uveal melanoma-Possible contributor during uveal melanoma progression. Biosci. Biotechnol. Biochem. 2020, 84, 471–480. [Google Scholar] [CrossRef] [PubMed]

	



Lu, S.; Wang, L.J.; Lombardo, K.; Kwak, Y.; Kim, W.H.; Resnick, M.B. Expression of Indoleamine 2, 3-dioxygenase 1 (IDO1) and Tryptophanyl-tRNA Synthetase (WARS) in Gastric Cancer Molecular Subtypes. Appl. Immunohistochem. Mol. Morphol. 2020, 28, 360–368. [Google Scholar] [CrossRef]

	



Ghanipour, A.; Jirstrom, K.; Ponten, F.; Glimelius, B.; Pahlman, L.; Birgisson, H. The prognostic significance of tryptophanyl-tRNA synthetase in colorectal cancer. Cancer Epidemiol. Biomark. Prev. 2009, 18, 2949–2956. [Google Scholar] [CrossRef]

	



Chi, L.M.; Lee, C.W.; Chang, K.P.; Hao, S.P.; Lee, H.M.; Liang, Y.; Hsueh, C.; Yu, C.J.; Lee, I.N.; Chang, Y.J.; et al. Enhanced interferon signaling pathway in oral cancer revealed by quantitative proteome analysis of microdissected specimens using 16O/18O labeling and integrated two-dimensional LC-ESI-MALDI tandem MS. Mol. Cell Proteom. 2009, 8, 1453–1474. [Google Scholar] [CrossRef] [PubMed]

	



Campone, M.; Valo, I.; Jezequel, P.; Moreau, M.; Boissard, A.; Campion, L.; Loussouarn, D.; Verriele, V.; Coqueret, O.; Guette, C. Prediction of Recurrence and Survival for Triple-Negative Breast Cancer (TNBC) by a Protein Signature in Tissue Samples. Mol. Cell Proteom. 2015, 14, 2936–2946. [Google Scholar] [CrossRef] [PubMed]

	



Rahman, M.; Mohammed, S. Breast cancer metastasis and the lymphatic system. Oncol. Lett. 2015, 10, 1233–1239. [Google Scholar] [CrossRef] [PubMed]

	



Colleoni, M.; Rotmensz, N.; Maisonneuve, P.; Sonzogni, A.; Pruneri, G.; Casadio, C.; Luini, A.; Veronesi, P.; Intra, M.; Galimberti, V.; et al. Prognostic role of the extent of peritumoral vascular invasion in operable breast cancer. Ann. Oncol. 2007, 18, 1632–1640. [Google Scholar] [CrossRef]

	



Hirakawa, S.; Brown, L.F.; Kodama, S.; Paavonen, K.; Alitalo, K.; Detmar, M. VEGF-C-induced lymphangiogenesis in sentinel lymph nodes promotes tumor metastasis to distant sites. Blood 2007, 109, 1010–1017. [Google Scholar] [CrossRef] [PubMed]

	



Perl, D.P. Neuropathology of Alzheimer’s disease. Mt. Sinai J. Med. 2010, 77, 32–42. [Google Scholar] [CrossRef]

	



Li, Y.; Nowotny, P.; Holmans, P.; Smemo, S.; Kauwe, J.S.; Hinrichs, A.L.; Tacey, K.; Doil, L.; van Luchene, R.; Garcia, V.; et al. Association of late-onset Alzheimer’s disease with genetic variation in multiple members of the GAPD gene family. Proc. Natl. Acad. Sci. USA 2004, 101, 15688–15693. [Google Scholar] [CrossRef]

	



Sirover, M.A. On the functional diversity of glyceraldehyde-3-phosphate dehydrogenase: Biochemical mechanisms and regulatory control. Biochim. Biophys. Acta 2011, 1810, 741–751. [Google Scholar] [CrossRef]

	



Tamaoka, A.; Endoh, R.; Shoji, S.; Takahashi, H.; Hirokawa, K.; Teplow, D.B.; Selkoe, D.J.; Mori, H. Antibodies to amyloid beta protein (A beta) crossreact with glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Neurobiol. Aging 1996, 17, 405–414. [Google Scholar] [CrossRef]

	



Wang, Q.; Woltjer, R.L.; Cimino, P.J.; Pan, C.; Montine, K.S.; Zhang, J.; Montine, T.J. Proteomic analysis of neurofibrillary tangles in Alzheimer disease identifies GAPDH as a detergent-insoluble paired helical filament tau binding protein. FASEB J. 2005, 19, 869–871. [Google Scholar] [CrossRef]

	



Cumming, R.C.; Schubert, D. Amyloid-beta induces disulfide bonding and aggregation of GAPDH in Alzheimer’s disease. FASEB J. 2005, 19, 2060–2062. [Google Scholar] [CrossRef] [PubMed]

	



McGaha, T.L.; Huang, L.; Lemos, H.; Metz, R.; Mautino, M.; Prendergast, G.C.; Mellor, A.L. Amino acid catabolism: A pivotal regulator of innate and adaptive immunity. Immunol. Rev. 2012, 249, 135–157. [Google Scholar] [CrossRef]

	



Zhai, L.; Bell, A.; Ladomersky, E.; Lauing, K.L.; Bollu, L.; Sosman, J.A.; Zhang, B.; Wu, J.D.; Miller, S.D.; Meeks, J.J.; et al. Immunosuppressive IDO in Cancer: Mechanisms of Action, Animal Models, and Targeting Strategies. Front. Immunol. 2020, 11, 1185. [Google Scholar] [CrossRef] [PubMed]

	



Miyanokoshi, M.; Yokosawa, T.; Wakasugi, K. Tryptophanyl-tRNA synthetase mediates high-affinity tryptophan uptake into human cells. J. Biol. Chem. 2018, 293, 8428–8438. [Google Scholar] [CrossRef]

	



Adam, I.; Dewi, D.L.; Mooiweer, J.; Sadik, A.; Mohapatra, S.R.; Berdel, B.; Keil, M.; Sonner, J.K.; Thedieck, K.; Rose, A.J.; et al. Upregulation of tryptophanyl-tRNA synthethase adapts human cancer cells to nutritional stress caused by tryptophan degradation. Oncoimmunology 2018, 7, e1486353. [Google Scholar] [CrossRef]

	



Yamazaki, F.; Kuroiwa, T.; Takikawa, O.; Kido, R. Human indolylamine 2,3-dioxygenase. Its tissue distribution, and characterization of the placental enzyme. Biochem. J. 1985, 230, 635–638. [Google Scholar] [CrossRef]

	



Platten, M.; Wick, W.; Van den Eynde, B.J. Tryptophan catabolism in cancer: Beyond IDO and tryptophan depletion. Cancer Res. 2012, 72, 5435–5440. [Google Scholar] [CrossRef]

	



Sedlmayr, P.; Blaschitz, A.; Stocker, R. The role of placental tryptophan catabolism. Front. Immunol. 2014, 5, 230. [Google Scholar] [CrossRef]

	



Boasso, A.; Herbeuval, J.P.; Hardy, A.W.; Winkler, C.; Shearer, G.M. Regulation of indoleamine 2,3-dioxygenase and tryptophanyl-tRNA-synthetase by CTLA-4-Fc in human CD4+ T cells. Blood 2005, 105, 1574–1581. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Jun, L.; Shiyong, C.; Li, H.; Zhu, M.; Shen, B. Increased TTS expression in patients with rheumatoid arthritis. Clin. Exp. Med. 2015, 15, 25–30. [Google Scholar] [CrossRef]

	



Zhu, L.; Ji, F.; Wang, Y.; Zhang, Y.; Liu, Q.; Zhang, J.Z.; Matsushima, K.; Cao, Q.; Zhang, Y. Synovial autoreactive T cells in rheumatoid arthritis resist IDO-mediated inhibition. J. Immunol. 2006, 177, 8226–8233. [Google Scholar] [CrossRef] [PubMed]

	



Massalska, M.; Kuca-Warnawin, E.; Janicka, I.; Plebanczyk, M.; Pawlak, D.; Dallos, T.; Olwert, A.; Radzikowska, A.; Maldyk, P.; Kontny, E.; et al. Survival of lymphocytes is not restricted by IDO-expressing fibroblast from rheumatoid arthritis patients. Immunopharmacol. Immunotoxicol. 2019, 41, 214–223. [Google Scholar] [CrossRef]

	



Wang, C.Y.; Shi, Y.; Min, Y.N.; Zhu, X.J.; Guo, C.S.; Peng, J.; Dong, X.Y.; Qin, P.; Sun, J.Z.; Hou, M. Decreased IDO activity and increased TTS expression break immune tolerance in patients with immune thrombocytopenia. J. Clin. Immunol. 2011, 31, 643–649. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Mao, C.; Zhao, Z.; Gu, Q.; Jin, M.; Xiao, Y.; Jiang, X.; Zhao, Y.; Zhang, Y.; Ning, G. Increased TTS abrogates IDO-mediated CD4(+) T cells suppression in patients with Graves’ disease. Endocrine 2009, 36, 119–125. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 04523 g001 550] 





Figure 1. WRS as a biomarker of immune response during infection. (A) Expression levels of WRS transcripts in various blood cell types. The expression of WRS is enhanced in intermediate and non-classical monocytes. (B) Kinetics of WRS and three monocyte subsets (classical, intermediate, and non-classical) in inflammatory responses caused by infection. The secretion of WRS increased consistently with an increase in the numbers of intermediate and non-classical monocytes. 
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Figure 2. Non-canonical physiopathological roles of WRS. (A) Secreted WRS as a sepsis biomarker. Secreted WRS is a potential biomarker not only for the early detection of sepsis but also for predicting 28-day mortality. (B) Different angiostatic activities of each WRS variant in angiogenesis. Mini-, T1-, and T2-WRS have antiangiogenic effects that may be related to metastasis in tumor microenvironments. (C) Intracellular oligomerized WRS with NFTs and extracellular plaque-like WRS, along with Aβ plaques, are detected in AD. 
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Table 1. Schematic structure of ARSs containing WHEP domain. EPRS and MRS are components of the multi-tRNA synthetase complex (MSC) and the cell regulatory activities are controlled by specific phosphorylation [5,35,36,37,38,39]. WRS, HRS, and GRS exist in a free form and are induced under various pathological conditions [12,40,41,42,43,44]. The regulatory activities of WRS are controlled by proteolytic cleavage. The secreted WRS are cleaved and produce WRS variants such mini-, T1- and T2-WRS. GST, Glutathione S-transferase; CD, catalytic domain; ERS, glutamyl-tRNA synthetase; PRS, prolyl-tRNA synthetase; EPRS, glutamyl-prolyl-tRNA synthetase; MRS, methionyl-tRNS synthetase; HRS, histidyl-tRNA synthetase; GRS, glycyl-tRNA synthetase.
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Table 2. Schematic structure and angiostatic activity of human WRS variants. The Rossmann fold (RF) and anticodon binding domain (ABD) are well conserved in all WRS variants. The eukaryotic-specific extension (ESE) is common in eukaryotic WRS. Human full-length (FL)-WRS has a vertebrate-specific extension (VSE), also known as WHEP domain. The aminoacylation or angiostatic activities of WRS variants are indicated in +/−.
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