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Imbalance between regulatory and effector T lymphocytes contributes to loss of immunotolerance and plays a permissive role in the initiation, perpetuation, and progression of chronic inflammatory diseases and autoimmune disorders. Regulatory/effector cell balance is governed by the CD39 ectonucleotidase, the prototype member of the NTPDase family that hydrolyzes ATP and ADP into AMP, subsequently converted into adenosine by CD73. Generation of adenosine impacts T-cell function as it contributes to the mechanism of suppression of Tregs and confers regulatory properties to pathogenic Th17-cells. CD39 cell distribution, mechanism of regulation and impact on inflammatory and regulatory signaling pathways are also discussed here. Innovative therapeutic strategies to boost CD39 levels and activity by either administering soluble ADPases or interfering with CD39 inhibitory signals are reviewed. Restoration of CD39 levels and function has enormous translational and clinical implications and should be regarded as an additional form of treatment to be deployed in the chronic inflammatory setting. The key role of CD39 in immunoregulation in the context of Crohn's disease, one of the most frequent manifestations of inflammatory bowel disease, and autoimmune hepatitis, an autoimmune disorder of the liver, is reviewed and discussed here.
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INTRODUCTION

After release in the extracellular space, adenosine triphosphate (ATP), a mediator of multiple inflammatory processes, is hydrolyzed to adenosine diphosphate (ADP) and adenosine monophosphate (AMP), subsequently converted into immunosuppressive adenosine. Hydrolysis of ATP and other ectonucleotides into AMP and adenosine is catalyzed by ectonucleotidase enzymes that include the ecto-nucleoside-triphosphate diphosphohydrolases (ENTPDases), the ecto-5′-nucleotidase (NT5E)/CD73, the ectonucleotide-pyrophosphate phosphodiesterases, NAD glycohydrolyses, CD38/NADase, alkaline phosphatase, adenylate kinase, the nucleoside diphosphate kinase, and the ecto-F1-F0 ATP synthases (Moser et al., 2001). The ENTPDase family includes eight enzymes: ENTPD1/CD39 that converts ATP and ADP into AMP; ENTPDase 3 and 8, which preferentially catalyze ATP; and ENTPDase 2 that hydrolyzes ATP only (Kukulski et al., 2015); all these are located on the cell surface. ENTPDases 4-6 have intracellular location, whereas ENTPDases 5 and 6 are secreted upon heterologous expression.

This review will focus on ENTPDase1/CD39, the ENTPDase family prototype, which is expressed on the vasculature and on innate and adaptive immune cell subsets. Due to the ectonucleotidase activity that enables hydrolysis of pro-inflammatory ATP to ultimately generate adenosine, CD39 is regarded as a key modulator of the immune system, contributing to the balance between regulatory and effector lymphocytes in physiological conditions. Among immune cells, CD39 is largely expressed on B cells and monocytes/macrophages, followed by CD4 lymphocytes and, to a lesser extent, NK and CD8 cells. We will review and discuss the pivotal role of this ectoenzyme in governing regulatory and effector T cell responses in inflammatory and autoimmune conditions, including Crohn's disease and autoimmune hepatitis (AIH). Signaling pathways involved in CD39 regulation and induction in different immune cell types are also reviewed and discussed.



CHEMICAL STRUCTURE AND IMMUNE CELL DISTRIBUTION

CD39 was initially purified as soluble ATP diphosphohydrolase (apyrase) from potato tubers (Handa and Guidotti, 1996); subsequently, ATP diphosphohydrolases were isolated from porcine pancreas and bovine aorta and found sharing sequence homology with CD39 cDNA, obtained from human endothelial cells. CD39 is present in different variants, deriving from differential splicing (Kaczmarek et al., 1996). Akin to other NTPDases, CD39 is composed of five highly conserved sequence domains, which are involved in the formation of the active site and in the catalysis of extracellular nucleotides. CD39 is anchored to the cell membrane through two transmembrane domains, which are essential to maintain the catalytic activity as well as the specificity for the substrate (Grinthal and Guidotti, 2002, 2006). The ectoenzyme undergoes functional modifications, which are key in conferring catalytic activity; these include glycosylation and, in the case of the N-terminal intracytoplasmic domain, palmitoylation that enables association with the lipid rafts (Kittel et al., 1999; Koziak et al., 2000; Papanikolaou et al., 2005). We have recently shown that CD39 co-localizes with lipid raft markers like caveolin 1 and flotillin 2 in LPS-primed macrophages exposed to ATP (Savio et al., 2020). CD39 is constitutively expressed by various cells of the immune system, chiefly mature B cells (Zacca et al., 2020), monocytes/macrophages, as well as in subsets of CD4 (Clayton et al., 2011), NK cells, and CD8 lymphocytes (Clayton et al., 2011) (Figure 1). CD39 is also present on epidermal dendritic cells, where it protects against skin inflammation (Mizumoto et al., 2002). CD39 expression is enhanced by various factors, as reviewed and discussed in the next section.
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FIGURE 1. CD39 expression in lympho-mononuclear cells. CD39 is mainly expressed by B cells, monocytes/macrophages, and various T cell subsets, chiefly T regulatory type 1 (Tr1) cells, regulatory T cells (Tregs), and suppressor Th17 (supTh17) cells. Lower levels of expression are noted in NK subsets and CD8 lymphocytes.


Levels of CD39 expression and activity in regulatory and effector cell subsets govern immunohomeostasis; alterations of CD39 might therefore impact Treg and effector cell functionality and, ultimately, disease outcomes like in Crohn's disease and AIH. CD39 is expressed by subsets of CD4 cells, including memory lymphocytes (Zhou et al., 2009) that display a Th1/Th2 and Th17 immunophenotype (Zhou et al., 2009). These findings obtained in the murine setting were also echoed by investigations in human samples, where CD39 was found in CD4 cells with effector memory phenotype (Dwyer et al., 2010). CD39 expression increases with age in CD4 cells that undergo metabolic stress and apoptosis (Fang et al., 2016).

Th17 cells, another effector subset involved in Crohn's disease and AIH liver damage, can also express CD39. There is evidence by others and us that CD39+ Th17 cells represent a subpopulation of effector lymphocytes endowed with regulatory/immunosuppressive properties (Chalmin et al., 2012; Longhi et al., 2014). These “suppressor” Th17 cells (supTh17) express both CD39 and CD73 and suppress CD4 T cell effector function through the generation of adenosine. However, due to decreased A2A receptor levels, supTh17 are less responsive to autoregulation mediated by adenosine (Longhi et al., 2014). Generation of Th17 cells in the presence of interleukin (IL)-6 and transforming growth factor beta (TGF-β) results in CD39 upregulation, at variance with differentiation obtained in the presence of IL-6, IL-1β, and IL-23 that is not associated with CD39 upregulation (Chalmin et al., 2012). STAT-3, a transcription factor that regulates Th17 cell differentiation, activates a negative feedback loop that limits the formation of Th17 cells by upregulating CD39 (Purvis et al., 2014). Expression of CD39 by tumor-infiltrating Th17 cells is accompanied by concomitant expression of both RORγt and Foxp3, secretion of Th17-related cytokines, and ability to suppress CD4 and CD8 T cell activation. Tumor infiltration of these cells is related to poor clinical outcome in the context of breast cancer (Thibaudin et al., 2016). In contrast with these findings in the tumor setting, the presence of CD39 in Th17 cells modulates inflammation in human visceral adipose tissue in obese patients (Pandolfi et al., 2016). A role for CD39 in limiting Th17 cell effector potential has been corroborated by the findings of Morianos et al., who reported that both CD39 and CD73 are required for activin-A-induced suppression of pathogenic Th17 cells in experimental autoimmune encephalomyelitis (Morianos et al., 2020). Mechanistically, activin-A regulates hypoxia-inducible factor-1alpha (HIF-1α), which is linked with Th17 cell pro-inflammatory properties (Morianos et al., 2020).

In early studies, expression of CD39 by CD8 cells identified a subset of cytotoxic cells that mediate allo-cytotoxic T lymphocyte or NK-like reactivity (Gouttefangeas et al., 1992). In subsequent investigations, CD39 was reported marking CD8 T cell exhaustion, as shown in a mouse model of chronic lymphocytic choriomeningitis virus infection (Gupta et al., 2015). These findings were echoed by another study from Canale and colleagues, indicating that high levels of CD39 in tumor-infiltrating CD8 cells were associated with features of exhaustion and inhibition of IFN-γ production by responder cells (Canale et al., 2018). Interestingly, in colorectal and lung cancers, the absence of CD39 on CD8 T lymphocytes defines a population that lacks features of chronic antigen stimulation at the tumor site, these cells being regarded as bystanders (Simoni et al., 2018). In a recent study, deficiency of Ffar 2 favored tumorigenesis by impacting gut barrier integrity, and this was associated with the presence of phenotypically exhausted CD8 T cells that expressed CD39 and other co-inhibitory molecules (Lavoie et al., 2020). In contrast, CD103+CD39+ tumor-infiltrating CD8 cells display a distinct TCR repertoire and kill tumor cells in a MHC-class-I-dependent manner via IFN-γ secretion, therefore playing an active role in the control of tumor growth (Duhen et al., 2018). Whether in this setting adenosine enhances the inflammatory response, as previously reported (Ouyang et al., 2013), remains unclear. CD39 is also upregulated on CD8 T cells during induction of peripheral tolerance in vivo, this being associated with the release of IL-12 and IL-10 (Noble et al., 2016). In a model of sclerosing cholangitis and biliary fibrosis, genetic deletion of Cd39 exacerbates liver injury, fibrosis, and ductular reaction in multidrug-resistant-protein-2 (Mdr2)−/− mice and is associated with an increase in hepatic CD8 T cells; this phenotype can be reproduced upon administration of αβATP into CD39-sufficient Mdr2−/− mice, further supporting the immunomodulatory role of CD39 in cytotoxic CD8 cells (Peng et al., 2017).

In several studies, presence of CD39 in murine and human Tregs has been linked with the suppressive function of these cells (Borsellino et al., 2007; Deaglio et al., 2007; Mandapathil et al., 2010). In humans, CD4+CD25highCD39+ and CD4+CD25highCD39− cells can both suppress IFN-γ production by responders, whereas only CD4+CD25highCD39+ cells control IL-17 production by effector CD4. These cells are impaired in the peripheral blood of patients with multiple sclerosis (Fletcher et al., 2009) and pustular psoriasis (Han et al., 2018). CD39+ Tregs can limit CD62L shedding in T cells that, consequently, remain in the lymph nodes; this phenomenon results in defective sensitization in contact hypersensitivity reactions (Mahnke et al., 2017). In the setting of hepatic metastatic cancer, developed upon portal vein infusion of luciferase-expressing melanoma B16/F10 and MCA38 colon cancer cells, expression of CD39 on Tregs inhibits NK cell activity, therefore playing a permissive role in metastasis growth (Sun et al., 2010). In the autoimmune setting, products from commensal bacteria can modulate the migration of Tregs to the central nervous system via CD39 regulation, further corroborating the immunomodulatory role of this ectonucleotidase in the control of inflammatory processes (Wang et al., 2014). In sepsis-associated encephalopathy, CD39 limits excessive cytokine production in the brain (Savio et al., 2017a). Importantly, Tregs obtained from rheumatoid arthritis patients unresponsive to methotrexate express low levels of CD39 and, consequently, generate less adenosine and display reduced suppressor ability compared with Tregs isolated from methotrexate responders (Peres et al., 2015); this suggests a link between methotrexate unresponsiveness and low CD39 levels. This CD39 defect results from impairment of TGF-β signaling (Peres et al., 2018) due to reduced TGF-βR2 and CREB1 and decreased SMAD2 and CREB phosphorylation in Tregs. The role of TGF-β in CD39 upregulation by Tregs was found to be counteracted by reactive oxygen species (ROS)-driven autophagy (Gerner et al., 2020).

CD39 is also expressed in T regulatory type 1 (Tr1) cells, a regulatory subset predominant during chronic inflammation and recovery (Roncarolo et al., 2006). CD39 promotes Tr1 cell differentiation and contributes to the suppressor ability of these cells through the generation of adenosine (Mascanfroni et al., 2015). Activated γδ T cells are known to protect from autoimmunity, this property being linked to CD39 expression (Ujiie and Shevach, 2016).

CD39 can also abrogate γδ TCR agonistic activity of both self and microbial phosphoantigens, revealing a novel regulatory function of the CD39 ectoenzyme (Gruenbacher et al., 2016).

In contrast, when considering NK cells, a subset-mediating hepatic ischemia reperfusion injury, deficiency of CD39 results in abrogation of IFN-γ secretion by these cells with consequent limitation of tissue damage (Beldi et al., 2010). Notably, CD39+ NKT cells mediate hypoxic lung injury via IFN-γ and IL-17 secretion and damage is not observed in Cd39−/− mice as well as in NKT cell-immunodeficient mice. Similar findings are noted upon adoptive transfer of Cd39−/− iNKT cells (Nowak-Machen et al., 2013).



REGULATION OF CD39

CD39 can be regulated by various mechanisms that operate at the genetic, transcriptional, and post-transcriptional level.

Presence of a single nucleotide polymorphism (SNP) tagging low CD39 mRNA levels has been associated with predisposition to Crohn's disease (Friedman et al., 2009). Subsequent studies have shown that highly heritable cell populations express CD39 (Orru et al., 2013), being CD39 levels under genetic control in regulatory lymphocytes (Roederer et al., 2015). The evidence that CD39+ Tregs are present in naïve compartments such as cord blood and thymus and that the frequency of CD39+ Tregs is stable over time further strengthens the postulate that CD39 is regulated at the genetic level. In this regard, Tregs from donors with a GG genotype, corresponding to high CD39 levels, are more effective at controlling IFN-γ and IL-17 production by effector cells, when compared with Tregs derived from donors with AA genotype (tagging low CD39 levels) (Rissiek et al., 2015).

Several mechanisms can regulate CD39 at the transcriptional level, and these include activation of aryl hydrocarbon receptor (AhR), a modulator of toxin responses and adaptive immunity (Figure 2). Activation of AhR in the presence of TGF-β1 can induce Tregs that suppress through CD39 (Gandhi et al., 2010). The importance of AhR activation for CD39 upregulation has also been provided by the evidence of increased CD39 levels in Th17 cells exposed to unconjugated bilirubin (UCB), an immunometabolite with antioxidant and regulatory properties that also serves as AhR endogenous ligand (Longhi et al., 2017). Inhibition of AhR after exposure to CH223191 (an AhR antagonist) partially limits UCB-induced CD39 upregulation (Longhi et al., 2017). AhR responsive elements have also been found in the CD39 promoter of Tr1-cells that express CD39 in an AhR-dependent manner.
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FIGURE 2. CD39 regulation. CD39 regulation at the transcriptional level is mediated by different pathways that include aryl hydrocarbon receptor (AhR) signaling activation and cytokines like IL-6, which activates STAT-3, and TGF-β, which downregulates Gfi-1. STAT-3 and Gfi-1 are transcription factors with opposing effects on CD39 induction. Hypoxia-inducible factor-1alpha (HIF-1α) and hypoxia play a dual role, sustaining CD39 induction via specificity protein-1 (Sp1) or limiting it upon inhibition of AhR signaling.


Additional control over CD39 is operated by hypoxia (Figure 2), as confirmed by the identification of a region of the CD39 promoter that is key to induction by hypoxia (Eltzschig et al., 2009). In this regard, the specificity protein-1 (Sp1) has been reported as the transcription factor involved in hypoxia-induced CD39 upregulation (Eltzschig et al., 2009). Evidence of Sp1-mediated CD39 upregulation has been provided in models of cardiac ischemia (Eltzschig et al., 2009) and hepatic ischemic preconditioning (Hart et al., 2010). Molecular blockade of Sp1 via siRNA resulted in reduced CD39 induction and increased hepatic injury in vivo (Hart et al., 2010). Additional investigations in the context of chronic inflammation like inflammatory bowel disease (IBD) have shown that hypoxia and HIF-1α impair UCB-induced CD39 upregulation in Th17 cells that become less responsive to AhR activation (Xie et al., 2018).

CD39 induction has also been linked to exposure to statins in endothelial cells (Kaneider et al., 2002) and to transcription factors like STAT-3 and Gfi-1 that respectively support and repress CD39 expression in Th17 cells (Chalmin et al., 2012) (Figure 2). Additional regulation of CD39 derives upon binding of the ectonucleotidase N-terminus with Ran-binding protein M (RanBPM) (Wu et al., 2006). As a result of this binding, recombinant CD39 ENTPDase activity is substantially diminished (Wu et al., 2006). Control over CD39 expression is also provided by cytokines like IL-27 (Mascanfroni et al., 2015; Park et al., 2019), TGF-β, IL-6 (Thibaudin et al., 2016), and IL-35 (Kochetkova et al., 2010) and by phosphoantigens (Gruenbacher et al., 2016). There is mounting evidence that CD39 is also regulated at the post-transcriptional level upon inhibition of phosphodiesterases (Baek et al., 2013) as well as by an antisense to LMP1, one of the Epstein-Barr virus latent genes (Masciarelli et al., 2002). Further work is warranted to clearly define the role of post-transcriptional regulation in the control of CD39 levels and ectoenzymatic activity.

Table 1 summarizes CD39 inducers and suppressors in various immune and endothelial cells.


Table 1. CD39 inducers and suppressors in immune and endothelial cells.
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CROHN'S DISEASE

IBD is a chronic inflammatory condition that results from altered interactions between the gut microbiota and the immune system in genetically predisposed individuals (Cho, 2008a,b). Crohn's disease, one of the major IBD forms, presents with a relapsing-remitting course, which is associated with considerable morbidity, increased cancer risk, and death. Imbalance between Th17 cells and Tregs has been extensively documented (Maul et al., 2005; Eastaff-Leung et al., 2010) and thought to contribute to disease pathogenesis. A wealth of studies conducted over the years has supported the role of CD39 in governing this balance in both experimental colitis models and Crohn's disease in humans.

In the context of experimental colitis chemically induced by dextran sulfate sodium (DSS), Cd39−/− mice undergo a more severe course of the disease, which is reverted, at least in part, upon administration of apyrase with ectoenzymatic activity comparable with CD39 (Friedman et al., 2009). In a subsequent study, we showed that UCB has beneficial effects in the recovery phase of the disease, these depending on AhR and being mediated by CD39 (Longhi et al., 2017). Furthermore, human CD39 overexpression under the control of the H-2kb promoter results in a less-severe course of DSS colitis in mice and protects from hypoxia-induced tissue damage (Robles et al., 2020). In experimental colitis induced by trinitrobenzene-sulfonic-acid (TNBS), a chemical with haptenic properties, NOD/scid/gamma mice transgenic for human HLA-DR2, reconstituted with HLA-DR2+ CD4 cells and administered 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester, an AhR endogenous ligand, undergo a more benign course of the disease, when compared with controls (Goettel et al., 2016). These beneficial effects are mediated by CD39 (Goettel et al., 2016). However, Cd39 global deficiency in C57BL6 mice resulted in protection from colitis, suggesting that differences in genetic background may account for different impacts on CD39 and disease outcome (Kunzli et al., 2011). In experimental colitis induced by adoptive transfer of CD45RBhigh cells, administration of Cd39−/− Tregs resulted in less-effective control of the disease, when compared with WT Tregs (Gibson et al., 2015). In contrast, administration of Tregs obtained from human CD39 transgenic mice led to disease amelioration, as reflected by reduced disease activity index and histology score (Robles et al., 2020).

Enrichment in the low CD39-expressing AA genotype was observed in Crohn's disease patients and found to be associated with disease predisposition (Friedman et al., 2009).

Decrease in the proportion of supTh17 (i.e., CD39+ Th17 cells) has been reported by us in the circulation and lamina propria of Crohn's disease patients (Longhi et al., 2014). Furthermore, in Crohn's disease, Th17 cells display defective response to AhR activation via UCB, this being reflected by inadequate upregulation of CD39 (Longhi et al., 2017). The reason for this poor responsiveness relies, at least to some extent, on aberrantly high levels of inflammation-induced HIF-1α that induces drug transporters like multidrug resistance 1 (MDR1) and multidrug resistance protein 4 (MRP4) in Th17 cells derived from Crohn's disease patients. MDR1 and MRP4 favor the efflux of immunometabolites like UCB from cells, this resulting in impaired CD39 upregulation (Xie et al., 2018). Exposure of cells to HIF-1α molecular blockade with siRNA reverts this phenomenon, also under hypoxic conditions (Xie et al., 2018). Low levels of CD39 expression are reported in Tregs derived from Crohn's disease patients with active disease; in contrast, Tregs obtained from treatment responders express CD39 at higher levels (Gibson et al., 2015). A decrease in CD39 expressing cells was recently reported in a cohort of pediatric IBD patients along with other immunological alterations like infiltration of phosphodiesterase 4B and TNF-α expressing macrophages, impaired cyclic-AMP response signaling, and platelet aggregation (Huang et al., 2019).

Based on these studies, immunotherapeutic strategies could be applied to restore CD39 levels and activity. As high levels of HIF-1α can induce upregulation of drug transporters like MDR1 and MRP4 that favor exit of immunometabolites out of cells (Xie et al., 2018), pharmacological approaches aimed at inhibiting these drug transporters might be considered. In this regard, we tested the effects of ritonavir, a nonspecific MDR1 and MRP4 inhibitor, on Th17 cell ability to respond to AhR activation. We found that ritonavir restores Th17 cell response to UCB by upregulating CD39, even under hypoxic conditions (Xie et al., 2018). Another potentially effective approach would entail direct boosting of CD39 activity by administration of soluble apyrase that prevents DSS colitis in Cd39−/− mice (Friedman et al., 2009). Recently, we have reported that administration to DSS mice of APT102—the extracellular domain with improved ADPase activity of human nucleoside triphosphate diphosphohydrolase 3, a member of the CD39 family—augments the beneficial properties of UCB (Robles et al., 2020), while boosting the proportion of CD4+FOXP3+, CD4+CD39+, and CD4+LAG3+ cells in the lamina propria (Robles et al., 2020). In vitro exposure of Tregs and Th17 cells to APT102 boosts the effects of AhR stimulation in Crohn's disease patients' samples, as reflected by increased CD39, FOXP3, and LAG-3 levels in these cells (Robles et al., 2020).

Expression of CD39 in CD161+CD4+ cells identifies effector Th17 cells, the frequency of which is elevated in the peripheral blood and lamina propria of Crohn's disease patients (Bai et al., 2014). Notably, exposure to anti-CD3/CD28 induces CD39 in CD8 cells, another effector subset involved in Crohn's disease immunopathogenesis (Bai et al., 2015). These cells inhibit production of IFN-γ by CD39−CD8+ via A2A receptor activation (Bai et al., 2015).



AUTOIMMUNE HEPATITIS

AIH is an organ-specific autoimmune disorder characterized by hypergammaglobulinemia, positivity for autoantibodies, and histological presence of interface hepatitis (Heneghan et al., 2013). AIH follows a relapsing-remitting course and, when untreated, may lead to severe organ damage resulting in end-stage liver disease and transplantation. Treg impairment in AIH permits cytotoxic CD8 and CD4 effector cells, including the Th17 subset, to perpetrate liver damage (Ma et al., 2006; Longhi et al., 2007; Zhao et al., 2011). Defects in CD39 expression and activity underlie this immune dysregulation. In previous studies, we showed numerical and functional impairment of CD39+ Tregs that fail to generate adenosine, do not control Th17 cell immunity and are more prone to acquire phenotypic features of effector cells when exposed to a pro-inflammatory challenge (Grant et al., 2014). Akin to Tregs, effector Th17 cells, one of the effector subsets involved in AIH liver damage, display low levels of CD39, this being associated with impaired adenosine generation and ability to acquire regulatory properties (Liberal et al., 2016). We have recently shown that defective CD39 levels in AIH Tregs and Th17 cells derive from altered AhR signaling (Vuerich et al., 2020). These alterations result from an aberrant increase in aryl hydrocarbon receptor repressor in Tregs and HIF-1α in Th17 cells. Both factors inhibit AhR. Furthermore, in AIH Tregs, there is a marked increase in estrogen receptor alpha (Erα), one of AhR alternative binding partners. Preferential binding of AhR to Erα rather than aryl hydrocarbon receptor nuclear translocator, the classical AhR binding partner, leads to impaired CD39 upregulation (Vuerich et al., 2020); this possibly accounting for low CD39 levels in Tregs.



CONCLUDING REMARKS

Important basic and translational studies support the chief role of CD39 in governing the balance between effector and regulatory cells. While normal or heightened CD39 levels and activity result in beneficial immunological effects, impaired CD39 expression and function likely result in effector/regulatory cell imbalance that contributes to perpetuation and progression of tissue damage. Restoring CD39 levels and activity by administering exogenous ADPases or interfering with pathways that ultimately inhibit CD39 (i.e., hypoxia/HIF-1α) or do not favor its full upregulation (i.e., increase in Erα levels) represent innovative strategies to treat chronic inflammatory and autoimmune conditions like Crohn's disease and AIH. Further studies are warranted to dissect the mechanisms leading to these alterations and identify innovative and more effective approaches to correct these and halt inflammatory/autoimmune damage.



AUTHOR CONTRIBUTIONS

LS drafted the manuscript. SR and ML reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work has been supported by the National Institute of Health (R01 DK108894 and R01 DK124408 to ML and R21 CA164970 to SR); the Department of Defense Award W81XWH-16-0464 (to SR); the AASLD Pilot Research Award and the Department of Anesthesia Seed Grant Award (to ML); and by the Fundação de Amparo à Pesquisa do Estado do Rio de Janeiro—FAPERJ (E-26/202.701/2019; E-26/010.002422/2019; E-26/010.002260/2019; 26/010.101036/2018 to LS).



REFERENCES

 Alameddine, J., Godefroy, E., Papargyris, L., Sarrabayrouse, G., Tabiasco, J., Bridonneau, C., et al. (2019). Faecalibacterium prausnitzii skews human DC to Prime IL10-producing T cells through TLR2/6/JNK signaling and IL-10, IL-27, CD39, and IDO-1 induction. Front. Immunol. 10:143. doi: 10.3389/fimmu.2019.00143


 Baek, A. E., Kanthi, Y., Sutton, N. R., Liao, H., and Pinsky, D. J. (2013). Regulation of ecto-apyrase CD39 (ENTPD1) expression by phosphodiesterase III (PDE3). FASEB J. 27, 4419–4428. doi: 10.1096/fj.13-234625

 Bai, A., Moss, A., Kokkotou, E., Usheva, A., Sun, X., Cheifetz, A., et al. (2014). CD39 and CD161 modulate Th17 responses in Crohn's disease. J. Immunol. 193, 3366–3377. doi: 10.4049/jimmunol.1400346

 Bai, A., Moss, A., Rothweiler, S., Serena Longhi, M., Wu, Y., Junger, W. G., et al. (2015). NADH oxidase-dependent CD39 expression by CD8(+) T cells modulates interferon gamma responses via generation of adenosine. Nat. Commun. 6:8819 doi: 10.1038/ncomms9819

 Beldi, G., Banz, Y., Kroemer, A., Sun, X., Wu, Y., Graubardt, N., et al. (2010). Deletion of CD39 on natural killer cells attenuates hepatic ischemia/reperfusion injury in mice. Hepatology 51, 1702–1711. doi: 10.1002/hep.23510

 Biton, J., Khaleghparast Athari, S., Thiolat, A., Santinon, F., Lemeiter, D., Herve, R., et al. (2016). In vivo expansion of activated Foxp3+ regulatory T cells and establishment of a type 2 immune response upon IL-33 treatment protect against experimental arthritis. J. Immunol. 197, 1708–1719. doi: 10.4049/jimmunol.1502124

 Borsellino, G., Kleinewietfeld, M., Di Mitri, D., Sternjak, A., Diamantini, A., Giometto, R., et al. (2007). Expression of ectonucleotidase CD39 by Foxp3+ Treg cells: hydrolysis of extracellular ATP and immune suppression. Blood 110, 1225–1232. doi: 10.1182/blood-2006-12-064527

 Canale, F. P., Ramello, M. C., Nunez, N., Araujo Furlan, C. L., Bossio, S. N., Gorosito Serran, M., et al. (2018). CD39 expression defines cell exhaustion in tumor-infiltrating CD8(+) T cells. Cancer Res. 78, 115–128. doi: 10.1158/0008-5472.CAN-16-2684

 Chalmin, F., Mignot, G., Bruchard, M., Chevriaux, A., Vegran, F., Hichami, A., et al. (2012). Stat3 and Gfi-1 transcription factors control Th17 cell immunosuppressive activity via the regulation of ectonucleotidase expression. Immunity 36, 362–373. doi: 10.1016/j.immuni.2011.12.019

 Cho, J. H. (2008a). Inflammatory bowel disease: genetic and epidemiologic considerations. World J. Gastroenterol. 14, 338–347. doi: 10.3748/wjg.14.338

 Cho, J. H. (2008b). The genetics and immunopathogenesis of inflammatory bowel disease. Nat. Rev. Immunol. 8, 458–466. doi: 10.1038/nri2340

 Clayton, A., Al-Taei, S., Webber, J., Mason, M. D., and Tabi, Z. (2011). Cancer exosomes express CD39 and CD73, which suppress T cells through adenosine production. J. Immunol. 187, 676–683. doi: 10.4049/jimmunol.1003884

 Deaglio, S., Dwyer, K. M., Gao, W., Friedman, D., Usheva, A., Erat, A., et al. (2007). Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune suppression. J. Exp. Med. 204, 1257–1265. doi: 10.1084/jem.20062512

 Duhen, T., Duhen, R., Montler, R., Moses, J., Moudgil, T., de Miranda, N. F., et al. (2018). Co-expression of CD39 and CD103 identifies tumor-reactive CD8 T cells in human solid tumors. Nat. Commun. 9:2724 doi: 10.1038/s41467-018-05072-0

 Dwyer, K. M., Hanidziar, D., Putheti, P., Hill, P. A., Pommey, S., McRae, J. L., et al. (2010). Expression of CD39 by human peripheral blood CD4+ CD25+ T cells denotes a regulatory memory phenotype. Am. J. Transplant. 10, 2410–2420. doi: 10.1111/j.1600-6143.2010.03291.x

 Eastaff-Leung, N., Mabarrack, N., Barbour, A., Cummins, A., and Barry, S. (2010). Foxp3+ regulatory T cells, Th17 effector cells, and cytokine environment in inflammatory bowel disease. J. Clin. Immunol. 30, 80–89. doi: 10.1007/s10875-009-9345-1

 Eltzschig, H. K., Kohler, D., Eckle, T., Kong, T., Robson, S. C., and Colgan, S. P. (2009). Central role of Sp1-regulated CD39 in hypoxia/ischemia protection. Blood 113, 224–232. doi: 10.1182/blood-2008-06-165746

 Fang, F., Yu, M., Cavanagh, M. M., Hutter Saunders, J., Qi, Q., Ye, Z., et al. (2016). Expression of CD39 on activated T cells impairs their survival in older individuals. Cell Rep. 14, 1218–1231. doi: 10.1016/j.celrep.2016.01.002

 Fletcher, J. M., Lonergan, R., Costelloe, L., Kinsella, K., Moran, B. C., et al. (2009). CD39+Foxp3+ regulatory T cells suppress pathogenic Th17 cells and are impaired in multiple sclerosis. J. Immunol. 183, 7602–7610. doi: 10.4049/jimmunol.0901881

 Friedman, D. J., Kunzli, B. M., Yi, A. R., Sevigny, J., Berberat, P. O., Enjyoji, K., et al. (2009). From the cover: CD39 deletion exacerbates experimental murine colitis and human polymorphisms increase susceptibility to inflammatory bowel disease. Proc. Natl. Acad. Sci. U.S.A. 106, 16788–16793. doi: 10.1073/pnas.0902869106

 Gandhi, R., Kumar, D., Burns, E. J., Nadeau, M., Dake, B., Laroni, A., et al. (2010). Activation of the aryl hydrocarbon receptor induces human type 1 regulatory T cell-like and Foxp3(+) regulatory T cells. Nat. Immunol. 11, 846–853. doi: 10.1038/ni.1915

 Gerner, M. C., Ziegler, L. S., Schmidt, R. L. J., Krenn, M., Zimprich, F., Uyanik-Unal, K., et al. (2020). The TGF-b/SOX4 axis and ROS-driven autophagy co-mediate CD39 expression in regulatory T-cells. FASEB J. 34, 8367–8384. doi: 10.1096/fj.201902664

 Gibson, D. J., Elliott, L., McDermott, E., Tosetto, M., Keegan, D., Byrne, K., et al. (2015). Heightened expression of CD39 by regulatory T lymphocytes is associated with therapeutic remission in inflammatory bowel disease. Inflamm. Bowel Dis. 21, 2806–2814. doi: 10.1097/MIB.0000000000000566

 Goettel, J. A., Gandhi, R., Kenison, J. E., Yeste, A., Murugaiyan, G., Sambanthamoorthy, S., et al. (2016). AHR activation is protective against colitis driven by T cells in humanized mice. Cell Rep. 17, 1318–1329. doi: 10.1016/j.celrep.2016.09.082

 Gouttefangeas, C., Mansur, I., Schmid, M., Dastot, H., Gelin, C., Mahouy, G., et al. (1992). The CD39 molecule defines distinct cytotoxic subsets within alloactivated human CD8-positive cells. Eur. J. Immunol. 22, 2681–2685. doi: 10.1002/eji.1830221031

 Grant, C. R., Liberal, R., Holder, B. S., Cardone, J., Ma, Y., Robson, S. C., et al. (2014). Dysfunctional CD39(POS) regulatory T cells and aberrant control of T-helper type 17 cells in autoimmune hepatitis. Hepatology 59, 1007–1015. doi: 10.1002/hep.26583

 Grinthal, A., and Guidotti, G. (2002). Transmembrane domains confer different substrate specificities and adenosine diphosphate hydrolysis mechanisms on CD39, CD39L1, and chimeras. Biochemistry 41, 1947–1956. doi: 10.1021/bi015563h

 Grinthal, A., and Guidotti, G. (2006). CD39, NTPDase 1, is attached to the plasma membrane by two transmembrane domains. Why?. Purinergic Signal 2, 391–398. doi: 10.1007/s11302-005-5907-8

 Gruenbacher, G., Gander, H., Rahm, A., Idzko, M., Nussbaumer, O., and Thurnher, M. (2016). Ecto-ATPase CD39 inactivates isoprenoid-derived Vgamma9Vdelta2 T cell phosphoantigens. Cell Rep. 16, 444–456. doi: 10.1016/j.celrep.2016.06.009

 Gupta, P. K., Godec, J., Wolski, D., Adland, E., Yates, K., Pauken, K. E., et al. (2015). CD39 expression identifies terminally exhausted CD8+ T cells. PLoS Pathog. 11:e1005177. doi: 10.1371/journal.ppat.1005177

 Han, L., Sugiyama, H., Zhang, Q., Yan, K., Fang, X., McCormick, T. S., et al. (2018). Phenotypical analysis of ectoenzymes CD39/CD73 and adenosine receptor 2A in CD4(+) CD25(high) Foxp3(+) regulatory T-cells in psoriasis. Aust. J. Dermatol. 59, e31–e38. doi: 10.1111/ajd.12561

 Handa, M., and Guidotti, G. (1996). Purification and cloning of a soluble ATP-diphosphohydrolase (apyrase) from potato tubers (Solanum tuberosum). Biochem. Biophys. Res. Commun. 218, 916–923. doi: 10.1006/bbrc.1996.0162

 Hart, M. L., Gorzolla, I. C., Schittenhelm, J., Robson, S. C., and Eltzschig, H. K. (2010). SP1-dependent induction of CD39 facilitates hepatic ischemic preconditioning. J. Immunol. 184, 4017–4024. doi: 10.4049/jimmunol.0901851

 Heneghan, M. A., Yeoman, A. D., Verma, S., Smith, A. D., and Longhi, M. S. (2013). Autoimmune hepatitis. Lancet 382, 1433–8844. doi: 10.1016/S0140-6736(12)62163-1

 Huang, B., Chen, Z., Geng, L., Wang, J., Liang, H., Cao, Y., et al. (2019). Mucosal profiling of pediatric-onset colitis and IBD reveals common pathogenics and therapeutic pathways. Cell 179, 1160–1176. doi: 10.1016/j.cell.2019.10.027

 Kaczmarek, E., Koziak, K., Sevigny, J., Siegel, J. B., Anrather, J., Beaudoin, A. R., et al. (1996). Identification and characterization of CD39/vascular ATP diphosphohydrolase. J. Biol. Chem. 271, 33116–33122. doi: 10.1074/jbc.271.51.33116

 Kaneider, N. C., Egger, P., Dunzendorfer, S., Noris, P., Balduini, C. L., Gritti, D., et al. (2002). Reversal of thrombin-induced deactivation of CD39/ATPDase in endothelial cells by HMG-CoA reductase inhibition: effects on Rho-GTPase and adenosine nucleotide metabolism. Arterioscler. Thromb. Vasc. Biol. 22, 894–900. doi: 10.1161/01.ATV.0000018305.95943.F7

 Kittel, A., Kaczmarek, E., Sevigny, J., Lengyel, K., Csizmadia, E., and Robson, S. C. (1999). CD39 as a caveolar-associated ectonucleotidase. Biochem. Biophys. Res. Commun. 262, 596–599. doi: 10.1006/bbrc.1999.1254

 Kochetkova, I., Golden, S., Holderness, K., Callis, G., and Pascual, D. W. (2010). IL-35 stimulation of CD39+ regulatory T cells confers protection against collagen II-induced arthritis via the production of IL-10. J. Immunol. 184, 7144–7153. doi: 10.4049/jimmunol.0902739

 Koziak, K., Kaczmarek, E., Kittel, A., Sevigny, J., Blusztajn, J. K., Schulte Am Esch, J., et al. (2000). Palmitoylation targets CD39/endothelial ATP diphosphohydrolase to caveolae. J. Biol. Chem. 275, 2057–2062. doi: 10.1074/jbc.275.3.2057

 Kukulski, F., Levesque, S. A., Lavoie, E. G., Lecka, J., Bigonnesse, F., Knowles, A. F., et al. (2015). Comparative hydrolysis of P2 receptor agonists by NTPDases 1, 2, 3 and 8. Purinergic Signal 1, 193–204. doi: 10.1007/s11302-005-6217-x

 Kunzli, B. M., Berberat, P. O., Dwyer, K., Deaglio, S., Csizmadia, E., Cowan, P., et al. (2011). Variable impact of CD39 in experimental murine colitis. Dig. Dis. Sci. 56, 1393–1403. doi: 10.1007/s10620-010-1425-9

 Lavoie, S., Chun, E., Bae, S., Brennan, C. A., Gallini Comeau, C. A., Lang, J. K., et al. (2020). Expression of free fatty acid receptor 2 by dendritic cells prevents their expression of interleukin 27 and is required for maintenance of mucosal barrier and immune response against colorectal tumors in mice. Gastroenterology 158, 1359–1372. doi: 10.1053/j.gastro.2019.12.027

 Lazar, Z., Mullner, N., Lucattelli, M., Ayata, C. K., Cicko, S., Yegutkin, G. G., et al. (2016). NTPDase1/CD39 and aberrant purinergic signalling in the pathogenesis of COPD. Eur. Respir. J. 47, 254–263. doi: 10.1183/13993003.02144-2014

 Liberal, R., Grant, C. R., Ma, Y., Csizmadia, E., Jiang, Z. G., Heneghan, M. A., et al. (2016). CD39 mediated regulation of Th17-cell effector function is impaired in juvenile autoimmune liver disease. J. Autoimmun. 72, 102–112. doi: 10.1016/j.jaut.2016.05.005

 Longhi, M. S., Hussain, M. J., Bogdanos, D. P., Quaglia, A., Mieli-Vergani, G., Ma, Y., et al. (2007). Cytochrome P450IID6-specific CD8 T cell immune responses mirror disease activity in autoimmune hepatitis type 2. Hepatology 46, 472–484. doi: 10.1002/hep.21658

 Longhi, M. S., Moss, A., Bai, A., Wu, Y., Huang, H., Cheifetz, A., et al. (2014). Characterization of human CD39+ Th17 cells with suppressor activity and modulation in inflammatory bowel disease. PLoS ONE 9:e87956. doi: 10.1371/journal.pone.0087956

 Longhi, M. S., Vuerich, M., Kalbasi, A., Kenison, J. E., Yeste, A., Csizmadia, E., et al. (2017). Bilirubin suppresses Th17 immunity in colitis by upregulating CD39. JCI Insight 2:e92791. doi: 10.1172/jci.insight.92791

 Ma, Y., Bogdanos, D. P., Hussain, M. J., Underhill, J., Bansal, S., Longhi, M. S., et al. (2006). Polyclonal T-cell responses to cytochrome P450IID6 are associated with disease activity in autoimmune hepatitis type 2. Gastroenterology 130, 868–882. doi: 10.1053/j.gastro.2005.12.020

 Mahnke, K., Useliene, J., Ring, S., Kage, P., Jendrossek, V., Robson, S. C., et al. (2017). Down-regulation of CD62L shedding in T cells by CD39(+) regulatory T cells leads to defective sensitization in contact hypersensitivity reactions. J. Invest Dermatol. 137, 106–114. doi: 10.1016/j.jid.2016.08.023

 Mandapathil, M., Hilldorfer, B., Szczepanski, M. J., Czystowska, M., Szajnik, M., Ren, J., et al. (2010). Generation and accumulation of immunosuppressive adenosine by human CD4+CD25highFOXP3+ regulatory T cells. J. Biol. Chem. 285, 7176–7186. doi: 10.1074/jbc.M109.047423

 Mascanfroni, I. D., Takenaka, M. C., Yeste, A., Patel, B., Wu, Y., Kenison, J. E., et al. (2015). Metabolic control of type 1 regulatory T cell differentiation by AHR and HIF1-alpha. Nat. Med. 21, 638–646. doi: 10.1038/nm.3868

 Mascanfroni, I. D., Yeste, A., Vieira, S. M., Burns, E. J., Patel, B., Sloma, I., et al. (2013). IL-27 acts on DCs to suppress the T cell response and autoimmunity by inducing expression of the immunoregulatory molecule CD39. Nat. Immunol. 14, 1054–1063. doi: 10.1038/ni.2695

 Masciarelli, S., Mattioli, B., Galletti, R., Samoggia, P., Chichiarelli, S., Mearini, G., et al. (2002). Antisense to epstein barr virus-encoded LMP1 does not affect the transcription of viral and cellular proliferation-related genes, but induces phenotypic effects on EBV-transformed B lymphocytes. Oncogene 21, 4166–4170. doi: 10.1038/sj.onc.1205515

 Maul, J., Loddenkemper, C., Mundt, P., Berg, E., Giese, T., Stallmach, A., et al. (2005). Peripheral and intestinal regulatory CD4+ CD25(high) T cells in inflammatory bowel disease. Gastroenterology 128, 1868–1878. doi: 10.1053/j.gastro.2005.03.043

 Mittag, D., Scholzen, A., Varese, N., Baxter, L., Paukovics, G., Harrison, L. C., et al. (2010). The effector T cell response to ryegrass pollen is counterregulated by simultaneous induction of regulatory T cells. J. Immunol. 184, 4708–4716. doi: 10.4049/jimmunol.0901036

 Mizumoto, N., Kumamoto, T., Robson, S. C., Sevigny, J., Matsue, H., Enjyoji, K., et al. (2002). CD39 is the dominant Langerhans cell-associated ecto-NTPDase: modulatory roles in inflammation and immune responsiveness. Nat. Med. 8, 358–365. doi: 10.1038/nm0402-358

 Morianos, I., Trochoutsou, A. I., Papadopoulou, G., Semitekolou, M., Banos, A., Konstantopoulos, D., et al. (2020). Activin-A limits Th17 pathogenicity and autoimmune neuroinflammation via CD39 and CD73 ectonucleotidases and Hif1-alpha-dependent pathways. Proc. Natl. Acad. Sci. U.S.A. 117, 12269–12280. doi: 10.1073/pnas.1918196117

 Moser, T. L., Kenan, D. J., Ashley, T. A., Roy, J. A., Goodman, M. D., Misra, U. K., et al. (2001). Endothelial cell surface F1-F0 ATP synthase is active in ATP synthesis and is inhibited by angiostatin. Proc. Natl. Acad. Sci. U.S.A. 98, 6656–6661. doi: 10.1073/pnas.131067798

 Noble, A., Mehta, H., Lovell, A., Papaioannou, E., and Fairbanks, L. (2016). IL-12 and IL-4 activate a CD39-dependent intrinsic peripheral tolerance mechanism in CD8(+) T cells. Eur. J. Immunol. 46, 1438–2748. doi: 10.1002/eji.201545939

 Nowak-Machen, M., Schmelzle, M., Hanidziar, D., Junger, W., Exley, M., Otterbein, L., et al. (2013). Pulmonary natural killer T cells play an essential role in mediating hyperoxic acute lung injury. Am. J. Respir. Cell Mol. Biol. 48, 601–609. doi: 10.1165/rcmb.2012-0180OC

 Orru, V., Steri, M., Sole, G., Sidore, C., Virdis, F., Dei, M., et al. (2013). Genetic variants regulating immune cell levels in health and disease. Cell 155, 242–256. doi: 10.1016/j.cell.2013.08.041

 Ouyang, X., Ghani, A., Malik, A., Wilder, T., Colegio, O. R., Flavell, R. A., et al. (2013). Adenosine is required for sustained inflammasome activation via the A(2)A receptor and the HIF-1alpha pathway. Nat. Commun. 4:2909 doi: 10.1038/ncomms3909

 Pandolfi, J. B., Ferraro, A. A., Sananez, I., Gancedo, M. C., Baz, P., Billordo, L. A., et al. (2016). ATP-induced inflammation drives tissue-resident Th17 cells in metabolically unhealthy obesity. J. Immunol. 196, 3287–3296. doi: 10.4049/jimmunol.1502506

 Papanikolaou, A., Papafotika, A., Murphy, C., Papamarcaki, T., Tsolas, O., Drab, M., et al. (2005). Cholesterol-dependent lipid assemblies regulate the activity of the ecto-nucleotidase CD39. J. Biol. Chem. 280, 26406–26414. doi: 10.1074/jbc.M413927200

 Park, Y. J., Ryu, H., Choi, G., Kim, B. S., Hwang, E. S., Kim, H. S., et al. (2019). IL-27 confers a protumorigenic activity of regulatory T cells via CD39. Proc. Natl. Acad. Sci. U.S.A. 116, 3106–3111. doi: 10.1073/pnas.1810254116

 Peng, Z. W., Rothweiler, S., Wei, G., Ikenaga, N., Liu, S. B., Sverdlov, D. Y., et al. (2017). The ectonucleotidase ENTPD1/CD39 limits biliary injury and fibrosis in mouse models of sclerosing cholangitis. Hepatol. Commun. 1, 957–972. doi: 10.1002/hep4.1084

 Peres, R. S., Donate, P. B., Talbot, J., Cecilio, N. T., Lobo, P. R., Machado, C. C., et al. (2018). TGF-beta signalling defect is linked to low CD39 expression on regulatory T cells and methotrexate resistance in rheumatoid arthritis. J. Autoimmun. 90, 49–58. doi: 10.1016/j.jaut.2018.01.004

 Peres, R. S., Liew, F. Y., Talbot, J., Carregaro, V., Oliveira, R. D., Almeida, S. L., et al. (2015). Low expression of CD39 on regulatory T cells as a biomarker for resistance to methotrexate therapy in rheumatoid arthritis. Proc. Natl. Acad. Sci. U.S.A. 112, 2509–2514. doi: 10.1073/pnas.1424792112

 Purvis, H. A., Anderson, A. E., Young, D. A., Isaacs, J. D., and Hilkens, C. M. (2014). A negative feedback loop mediated by STAT3 limits human Th17 responses. J. Immunol. 193, 1142–1150. doi: 10.4049/jimmunol.1302467

 Rissiek, A., Baumann, I., Cuapio, A., Mautner, A., Kolster, M., Arck, P. C., et al. (2015). The expression of CD39 on regulatory T cells is genetically driven and further upregulated at sites of inflammation. J. Autoimmun. 58, 12–20. doi: 10.1016/j.jaut.2014.12.007

 Robles, R. J., Mukherjee, S., Vuerich, M., Xie, A., Harshe, R., Cowan, P. J., et al. (2020). Modulation of CD39 and exogenous APT102 correct immune dysfunction in experimental colitis and Crohn's disease. J. Crohns Colitis. 14, 818–830. doi: 10.1093/ecco-jcc/jjz182

 Roederer, M., Quaye, L., Mangino, M., Beddall, M. H., Mahnke, Y., Chattopadhyay, P., et al. (2015). The genetic architecture of the human immune system: a bioresource for autoimmunity and disease pathogenesis. Cell 161, 387–403. doi: 10.1016/j.cell.2015.02.046

 Roncarolo, M. G., Gregori, S., Battaglia, M., Bacchetta, R., Fleischhauer, K., and Levings, M. K. (2006). Interleukin-10-secreting type 1 regulatory T cells in rodents and humans. Immunol. Rev. 212, 28–50. doi: 10.1111/j.0105-2896.2006.00420.x

 Roy, C., Tabiasco, J., Caillon, A., Delneste, Y., Merot, J., Favre, J., et al. (2018). Loss of vascular expression of nucleoside triphosphate diphosphohydrolase-1/CD39 in hypertension. Purinergic Signal 14, 73–82. doi: 10.1007/s11302-017-9597-9

 Saji, N., Francis, N., Blanchard, C. L., Schwarz, L. J., and Santhakumar, A. B. (2019). Rice bran phenolic compounds regulate genes associated with antioxidant and anti-inflammatory activity in human umbilical vein endothelial cells with induced owxidative stress. Int. J. Mol. Sci. 20:4715. doi: 10.3390/ijms20194715


 Savio, L. E. B., Andrade, M. G. J., de Andrade Mello, P., Santana, P. T., Moreira-Souza, A. C. A., Kolling, J., et al. (2017a). P2X7 Receptor signaling contributes to sepsis-associated brain dysfunction. Mol. Neurobiol. 54, 6459–6470. doi: 10.1007/s12035-016-0168-9

 Savio, L. E. B., de Andrade Mello, P., Figliuolo, V. R., de Avelar Almeida, T. F., Santana, P. T., Oliveira, S. D. S., et al. (2017b). CD39 limits P2X7 receptor inflammatory signaling and attenuates sepsis-induced liver injury. J. Hepatol. 67, 716–726. doi: 10.1016/j.jhep.2017.05.021

 Savio, L. E. B., de Andrade Mello, P., Santos, S., de Sousa, J. C., Oliveira, S. D. S., Minshall, R. D., et al. (2020). P2X7 receptor activation increases expression of caveolin-1 and formation of macrophage lipid rafts, thereby boosting CD39 activity. J. Cell Sci. 133:jcs237560. doi: 10.1242/jcs.237560

 Simoni, Y., Becht, E., Fehlings, M., Loh, C. Y., Koo, S. L., Teng, K. W. W., et al. (2018). Bystander CD8(+) T cells are abundant and phenotypically distinct in human tumour infiltrates. Nature 557, 575–579. doi: 10.1038/s41586-018-0130-2

 Sun, X., Wu, Y., Gao, W., Enjyoji, K., Csizmadia, E., Muller, C. E., et al. (2010). CD39/ENTPD1 expression by CD4+Foxp3+ regulatory T cells promotes hepatic metastatic tumor growth in mice. Gastroenterology 139, 1030–1040. doi: 10.1053/j.gastro.2010.05.007

 Takenaka, M. C., Gabriely, G., Rothhammer, V., Mascanfroni, I. D., Wheeler, M. A., Chao, C. C., et al. (2019). Control of tumor-associated macrophages and T cells in glioblastoma via AHR and CD39. Nat. Neurosci. 22, 729–740. doi: 10.1038/s41593-019-0370-y

 Thibaudin, M., Chaix, M., Boidot, R., Vegran, F., Derangere, V., Limagne, E., et al. (2016). Human ectonucleotidase-expressing CD25(high) Th17 cells accumulate in breast cancer tumors and exert immunosuppressive functions. Oncoimmunology 5:e1055444. doi: 10.1080/2162402X.2015.1055444

 Torres-Aguilar, H., Sanchez-Torres, C., Jara, L. J., Blank, M., and Shoenfeld, Y. (2010). IL-10/TGF-beta-treated dendritic cells, pulsed with insulin, specifically reduce the response to insulin of CD4+ effector/memory T cells from type 1 diabetic individuals. J. Clin. Immunol. 30, 659–668. doi: 10.1007/s10875-010-9430-5

 Ujiie, H., and Shevach, E. M. (2016). gammadelta T cells protect the liver and lungs of mice from autoimmunity induced by scurfy lymphocytes. J. Immunol. 196, 1517–1528. doi: 10.4049/jimmunol.1501774

 Vuerich, M., Harshe, R., Frank, L. A., Mukherjee, S., Gromova, B., Csizmadia, E., et al. (2020). Altered aryl-hydrocarbon-receptor signalling affects regulatory and effector cell immunity in autoimmune hepatitis. J. Hepatol. 74, 48–57. doi: 10.1016/j.jhep.2020.06.044

 Wang, Y., Begum-Haque, S., Telesford, K. M., Ochoa-Reparaz, J., Christy, M., Kasper, E. J., et al. (2014). A commensal bacterial product elicits and modulates migratory capacity of CD39(+) CD4 T regulatory subsets in the suppression of neuroinflammation. Gut Microbes 5, 552–561. doi: 10.4161/gmic.29797

 Wu, Y., Sun, X., Kaczmarek, E., Dwyer, K. M., Bianchi, E., Usheva, A., et al. (2006). RanBPM associates with CD39 and modulates ecto-nucleotidase activity. Biochem. J. 396, 23–30. doi: 10.1042/BJ20051568


 Xie, A., Robles, R. J., Mukherjee, S., Zhang, H., Feldbrugge, L., Csizmadia, E., et al. (2018). HIF-1alpha-induced xenobiotic transporters promote Th17 responses in Crohn's disease. J. Autoimmun. 94, 122–133. doi: 10.1016/j.jaut.2018.07.022


 Yu, J. C., Lin, G., Field, J. J., and Linden, J. (2018). Induction of antiinflammatory purinergic signaling in activated human iNKT cells. JCI Insight 3:e.91954. doi: 10.1172/jci.insight.91954


 Zacca, E. R., Amezcua Vesely, M. C., Ferrero, P. V., Acosta, C. D. V., Ponce, N. E., Bossio, S. N., et al. (2020). B cells from patients with rheumatoid arthritis show conserved CD39-mediated regulatory function and increased CD39 expression after positive response to therapy. J. Mol. Biol. 433:166687. doi: 10.1016/j.jmb.2020.10.021

 Zhao, L., Tang, Y., You, Z., Wang, Q., Liang, S., Han, X., et al. (2011). Interleukin-17 contributes to the pathogenesis of autoimmune hepatitis through inducing hepatic interleukin-6 expression. PLoS ONE 6:e18909. doi: 10.1371/journal.pone.0018909

 Zheng, Y., Li, Y., Tang, B., Zhao, Q., Wang, D., Liu, Y., et al. (2020). IL-6-induced CD39 expression on tumor-infiltrating NK cells predicts poor prognosis in esophageal squamous cell carcinoma. Cancer Immunol. Immunother. 69, 2371–2380. doi: 10.1007/s00262-020-02629-1

 Zhou, Q., Yan, J., Putheti, P., Wu, Y., Sun, X., Toxavidis, V., et al. (2009). Isolated CD39 expression on CD4+ T cells denotes both regulatory and memory populations. Am. J. Transplant. 9, 2303–2311. doi: 10.1111/j.1600-6143.2009.02777.x

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Savio, Robson and Longhi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcell-08-621760-t001.jpg
Cell Type CD39 Inducers CD39 Suppressors
Thi Ryegrass pollen (Mittag et al., 2010); anti-CD3/CD28, ITE (Gosttel et al., 2016) Unclear
™2 Ryegrass pollen (Mittag et al., 2010) Unclear
hi7 UCB (Longh et al., 2017); IL-6/STAT-3 (Chalmin et al., 2012); TGF-B (Chalmin Gfi-1, IL-1, IL-28 (Chalmin et al., 2012); HIF-1x (X et al., 2018)
otal, 2012)
cbs+ IL-6+IL-27 (Canale et al., 2018); TGF-B (Duhen et al., 2018); anti-CD3/CD28 via Unclear
JNK and NFKB signaling (Bai et al., 2015)
Tieg FOXP3; TGF-B; IL-27 (Park et al., 2019); IL-35 (Kochetkova et al., 2010); AR ROS (Gerner et al., 2020)
(Gandhi et al,, 2010), IL-33 (Biton et al., 2016)
T IL-27 (Mascanfroni et al., 2015); AR (Mascanfroni et al., 2015) Hypoxia/HIF-fot (Mascanfroni et al., 2015)
B RanBPM (Wu et al., 2006); LMP1(Masciareli et al., 2002) Unclear
NK IL-6 (Zheng et al., 2020) Unclear
INKT ANti-CD3, IL-12, IL-18, A agonists (Yu et al., 2018) Undlear
Macrophage  STAT-8 and NF-«B (Savio et al., 2017b); AR (Takenaka et al,, 2019) PDEB (Back et al., 201)
DC 1L-27 via STAT-3 (Mascanfroni et al., 2013), TGF-B (Torres-Aguilar et al., 2010), IL-10 (Torres-Aguilar et al., 2010)
IL-27 (Alameddine et al., 2019)
Neutrophil IL-6 (Lazar et al., 2016) Unclear
Endothelal Statins (Kaneider et al., 2002); Sp (Eltzschig et al,, 2009)

Thrombin (Kaneider et al., 2002); IL-6; TGF-p (Roy et al., 2018);
phenolic compounds (Saji et al., 2019)

Thi, T helper type 1; Th2, T helper type 2; Th17, T helper type 17; UCB, unconjugated bilirubin; FOXP3, forkhead box P3; Treg, T regulatory cell; Tr1, T regulatory type 1; AhR, aryl
hydrocarbon receptor; HIF-1a, hypoxia inducible fector 1alpha; RanBPM, Ran-binding protein M; LMP1, latent membrane protein 1; NK, natural killer; iNKT, invariant natural killer T;
NF-xB, nuclear factor kappa-light-chain enhancer of activated B cells; PDE3, phosphodiesterase 3; DC, dendritic cell.
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