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Abstract

:

Gamma-glutamyl transferase (GGT) is involved in the progression of atherosclerosis, since its enzymatic activity promotes the generation of reactive oxygen species (ROS). Besides, GGT may act as a prothrombotic factor by inducing tissue factor (TF) expression, independently of its enzymatic activity. The aim of this study was to assess whether GGT-induced TF stimulation was a consequence of binding to toll-like receptor 4 (TLR4) expressed on monocytes, the precursors of macrophages and foam cells which colocalize with GGT activity within atherosclerotic plaques. Experiments were performed in human peripheral blood mononuclear cells (PBMCs), THP-1 cells (a monocytic cellular model), and HEK293 cells, which were genetically modified to study the activation of TLR4. TF procoagulant activity was assessed by a one-stage clotting time test, and TF protein expression was estimated by western blot. Human recombinant (hr) GGT protein increased TF procoagulant activity and protein expression in both PBMCs and THP-1 cells. The GGT-induced TF stimulation was prevented by cellular pretreatment with TLR4/NF-κB inhibitors (LPS-Rs, CLI-095, and BAY-11-7082), and HEK293 cells lacking TLR4 confirmed that TLR4 is essential for GGT-induced activation of NF-κB. In conclusion, hrGGT induced TF expression in monocytes through a cytokine-like mechanism that involved the activation of TLR4/NF-κB signaling.
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1. Introduction


Serum γ-glutamyl transferase (GGT) is a single-pass type II membrane glycoprotein localized on the apical surfaces of various cells [1]. GGT is a well-established biomarker for hepatobiliary disease and alcohol-related liver diseases. However, elevated serum GGT levels have been also associated to increased risk of several disorders [2], including cardiovascular diseases (CVDs) [3,4]. Indeed, evidence from large epidemiological studies strongly suggests the existence of an association between elevated serum GGT activity and coronary heart disease (CHD), arterial hypertension, congestive heart failure, cardiac arrhythmias, and CVD-related mortality [3,4,5,6]. However, the underlying mechanisms of this association are still unknown.



The presence of GGT activity in atherosclerotic plaques and its correlation with histological indexes of plaque instability may suggest a role of GGT in the pathophysiology of CVD related to atherosclerosis. Indeed, GGT is likely involved in the progression of atherosclerosis, since its enzymatic activity promotes the generation of reactive oxygen species (ROS) within the plaque, thus contributing to oxidative reactions such as peroxidation of cellular membranes and of low-density lipoproteins [7,8,9]. Currently, this mechanism is the most largely accepted for direct participation of GGT in the pathophysiology of atherosclerosis [7,10,11,12].



Recently, it has been proposed that GGT may act as a prothrombotic factor, independently of its enzymatic activity [13]. This study was conducted using a human recombinant GGT protein (hrGGT) synthesized by wheat germ eukaryotic translational apparatuses in which the lack of post-translational glycosylation forbids the generation of enzymatically active GGT [14,15]. We have previously reported that hrGGT induces the gene expression of tissue factor (TF) and TF-related procoagulant activity in peripheral blood mononuclear cells (PBMCs) [13]. Among PBMCs, monocytes are the most probable source of TF procoagulant activity [16]. In atherosclerotic plaques, monocytes-derived cells express both TF [17] and GGT [18], so the latter could contribute to the progression of atheroma both through ROS production and TF expression.



Toll-like receptor 4 (TLR4) is a well-known receptor of the pattern recognition receptor family which is expressed in myeloid cells. TLR4 activation triggers a signal cascade that leads to the nuclear translocation of the transcription factor nuclear factor-κB (NF-κB), which in turn induces the expression of pro-inflammatory cytokines [19], as well as that of TF [20]. TLR4 has several ligands, both pathogen (i.e., lipopolysaccharide (LPS)) and endogenous-derived [21,22,23]. Interestingly, GGT has been identified as a TLR4 ligand in studies conducted on osteoclast cells [24] which share their ontogenesis with monocytes [25]. This study aimed at confirming the involvement of monocytes in GGT-induced TF procoagulant activity, as previously hypothesized [13], and to investigate the involvement of TLR4 signaling in hrGGT induction of TF-related procoagulant activity.




2. Results


2.1. hrGGT Stimulates TF Activity in PBMCs and THP-1 Cell Lines


First of all, it was verified if hrGGT, a molecule devoid of enzymatic activity, could stimulated TF expression in THP-1 cells, a cellular model widely used to study monocytes functions and responses. The results showed an increase of TF procoagulant activity in THP-1 as previously reported in PBMCs (Figure 1), although a higher concentration was required to induce a response from THP-1 (1 µg/mL hrGGT and 10 µg/mL LPS) in comparison with that from PBMCs (0.5 µg/mL hrGGT and 1 µg/mL LPS).



Western blot analysis was performed to ascertain if the increased TF procoagulant activity in THP-1 was consequent to an increase of TF protein expression, as already shown for PBMCs [13]. Cell treatment with LPS (10 µg/mL) represented the positive control for TF expression (Figure 2).




2.2. LPS Contamination Does Not Explain GGT-Induced TF Activity


The LAL assay revealed the presence of LPS (80 pg/mL) in a 1 µg/mL hrGGT incubation mixture. To verify the possible interference of LPS on TF expression, we treated THP-1 cells lines with that same contaminant LPS concentration (80 pg/mL LPS), but as reported in Figure 3, LPS amount did not affect the baseline TF activity, which was quite different from hrGGT stimulation used as a comparison (Figure 3).




2.3. Specificity of TF Procoagulant Activity


To confirm that hrGGT-induced procoagulant activity was TF-dependent, THP-1 cells were pre-incubated with a specific human anti-TF antibody (30 µg/µL), which abolished hrGGT-induced TF procoagulant activity (Figure 4), as previously observed in PBMCs [13].



To test the specificity of hrGGT in inducing TF procoagulant activity, THP-1 cells were pre-treated with an anti-GGT antibody. Unexpectedly, the subsequent addition of hrGGT induced a greater increase of TF procoagulant activity compared to the treatment with only hrGGT (Figure 5).




2.4. Cell Vitality: MTT Assay on THP-1 Cell Lines


A viable MTT assay was performed to verify if TLR4 inhibitors were cytotoxic for THP-1 cells at the chosen work concentrations (Figure 6). The results showed no signs of adverse effects after treatment with either hrGGT (1 µg/mL) or TLR4 signaling inhibitors (10 µg/mL LPS-Rs, 3 × 10−6 M CLI-095, and 10−5 M BAY-11-7082).




2.5. Inhibition of the TLR4/NF-κB Pathway Downregulates LPS- and hrGGT-Induced TF Procoagulant Activity


In both cell lines, CLI-095 (a TLR4 signaling inhibitor) and BAY11-7082 (a specific NF-κB inhibitor [26]) completely inhibited TF procoagulant activity induced by both LPS (Figure 7) and hrGGT (Figure 8). Furthermore, both cell lines were treated with LPS-RS, a TLR4 extracellular antagonist which abolished both LPS- (Figure 9) and hrGGT-mediated TF procoagulant activity (Figure 10).




2.6. Activation by hrGGT of NF-κB through TLR4 Signaling in HEK-Blue Cells


The demonstration that hrGGT could induce NF-κB activation was obtained by treating HEK-Blue hTLR4/MD-2/CD14 cells with 1 µg/mL hrGGT. The same stimulation on HEK-Blue Null2 cells, which did not express TLR4 complex, confirmed the role of TLR4 signaling for GGT-induced NF-κB stimulation (Figure 11).





3. Discussion


The original findings obtained in this study allowed a better understanding of the hrGGT procoagulant role, previously shown in our previous study conducted in PBMCs [13].



PBMCs preparation typically contains 25–35% monocytes and 65–75% lymphocytes with a minimal proportion of neutrophils (>5%). Since it has been shown that the presence of lymphocytes and neutrophils did not influence the procoagulant activity of monocytes [16,27,28], all experiments were performed in PBMCs without the exclusion of lymphocytes. To confirm the procoagulant role of monocytes, the experiments performed on PBMCs [13] were repeated on THP-1 cells, the cellular line widely used as a monocytic model. The collected data confirmed that hrGGT induced TF expression in monocytic cells. Interestingly, hrGGT was devoid of enzymatic activity; thus, we confirmed that GGT has a cytokine-like function as previously suggested [24]. Furthermore, our results showed that hrGGT-stimulated TF expression was dependent on the TLR4/NF-κB signaling pathway.



3.1. GGT Upregulates Monocytic TF Expression


Similar to what was described in PBMCs [13], hrGGT stimulation of THP-1 cells increased both TF protein expression and procoagulant activity, with the latter being wholly ascribed to TF/FVIIa interaction since an anti-TF antibody abolished that response. Unfortunately, it was impossible to prove the specificity of hrGGT action with an anti-GGT antibody. Indeed, contrary to the expected, the pre-incubation of cells with an anti-GGT antibody amplified the TF procoagulant activity as compared to hrGGT per se. It is known that immunocomplexes can activate TLR4 [29]. Furthermore, monocytes express neonatal Fc receptor for IgG (FcRn) and Fc gamma receptor (FcγR) families whose activation by single IgG and, to a greater extent, immunocomplexes IgG activates TF gene transcription [30,31]. This appears to be in agreement with our results: treatment with an anti-GGT antibody alone induces TF expression which doubles after the addition of a specific antigen (Figure 5). Furthermore, it is known that the affinity of IgG to FcγR is influenced by specific antibody glycosylation patterns which change according to different antibodies production conditions [32].



To exclude any possible interference by LPS, the TLR4 natural ligand, its amount in reagents, solutions, and cell cultures were scrupulously checked with LAL assay at all stages of the experimental designs. A small quantity of LPS in hrGGT preparation was actually detected, but it was irrelevant in the used experimental conditions. Thus, the observed increases in TF expression and activity were dependent on hrGGT stimulus.




3.2. hrGGT Activates TLR4/NF-κB Signaling


In PBMCs, it was shown that an hrGGT-related TF expression enhancement was achieved through NF-κB activation [13]. Indeed, the incubation of PBMCs with an NF-κB inhibitor (BAY-10-772) prevented both hrGGT- and LPS-induced increases of TF procoagulant activity [13].



On this basis, the relationship between hrGGT extracellular stimulus and NF-κB activation was investigated in THP-1 cells. Since one of the best characterized triggers for NF-κB activation involves TLR4 activation [33,34], we investigated whether hrGGT influenced this pathway by evaluating the effects of BAY-10-772 and other two inhibitors of the TLR4 signaling pathway: LPS-RS which is a TLR4 antagonist [35] and CLI-095 which is a pharmacological probe that disrupts the interaction of endogenous adaptors to the TIR complex [36]. The obtained result confirmed the hypothesis that GGT protein could be an activating ligand for TLR4, since the different inhibitors of TLR4 signaling abrogated hrGGT-induced TF procoagulant activity in both PBMCs and THP-1 monocytes. In this latter regard, the reduced sensitivity of THP-1 cells to hrGGT stimulation as compared to PBMCs could be explained by the low expression of the TLR4 signaling complex in THP-1 monocyte-like cells [37].



Experiments on the HEK-Blue hTLR4 cells showed that hrGGT could activate NF-κB by engaging the functional TLR4/MD-2/CD14 complex expressed by these engineered cells although to a lesser extent than LPS, the selective agonist of the TLR4 complex. As a counterproof, both hrGGT and LPS did not activate NF-κB in TLR4-negative HEK-Blue Null2 cell lines despite a maintained responsiveness of the system to tumor necrosis factor alpha (TNFα), an NF-κB agonist acting through an independent signaling pathway [38].





4. Materials and Methods


4.1. Reagent and Materials


RPMI-1640, DMEM, blasticidin, penicillin, streptomycin, Ficoll-Hypaque, sodium citrate, LPS from Escherichia coli O55:B5 applied without repurification, hrGGT, BAY-11-7082 (BAY), TF, TNFα, and β-actin were purchased from Sigma-Aldrich, Milan, Italy. An hrGGT stock (Abnova, Taipei City, Taiwan) was prepared at 10 ng/mL in endotoxin-free water. A human anti-TF antibody (epitope specific for aa 1–25) and relipidated full-length recombinant human TF were obtained from BioMedica Diagnostics, Windsor, NS, Canada. Mini-PROTEAN TGX Gel, Precision Plus Protein All Blue, Trans-Blot Turbo transfer system, Opti-4CN substrate Kit, Goat Anti-Rabbit IgG H&L (HRP), and Goat Anti-Mouse IgG H&L (HRP) were obtained from Bio-Rad, Hercules, CA, USA. Ultrapure LPS-RS, CLI-095 (CLI), HEK293 human (h)TLR4-positive (HEK-Blue hTLR4), and negative (HEK-Blue Null2) cell lines were purchased from InvivoGen, Toulose, France. A GGT-1-purified MaxPab mouse polyclonal antibody (B01P) was purchased from Abnova, Taipei City, Taiwan. An LAL chromogenic endpoint assay was obtained from Hycult Biotech, Uden, The Netherlands.




4.2. Cell Culture


4.2.1. PBMCs Preparations


Human PBMCs suspensions were obtained from buffy coats left over from blood bank draws and taken from healthy donors with the approval of the Ethics Committee of the Pisa University Hospital (protocol code: 558).



Buffy coats were kept at room temperature and used within 4 h from withdrawal. PBMCs were isolated by centrifugation on Histopaque-1077 at 400× g at a controlled temperature of 20 °C for 30 min. Cells collected from the interphase were washed twice in 0.38% sodium citrate and resuspended in RPMI-1640 medium supplemented with 1% penicillin-streptomycin. Drugs were kept in a stock solution and diluted in serum-free RPMI at appropriate concentrations immediately before use. Cell vitality was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; >85% of viable cells), and the constancy of the cell number was verified at all experimental phases. The final PBMCs preparations typically contained 25–35% monocytes, negligible proportions of neutrophils (<5%), and 65–75% lymphocytes, and residual platelets were less than 1/mononuclear cell. The cellular content of PBMCs preparations was verified by the microscopic observation of May Grunwald Giemsa staining.



After isolation, cells were resuspended in polypropylene tubes (3 × 106 cells/mL), pre-treated with the various pharmacological probes used in the study (see below) for 30 min prior to stimulation with 0.5 µg/mL hrGGT or 0.1 µg/mL LPS and then left in incubation at 37 °C for 18 h before testing TF procoagulant activity. The optimal stimuli concentrations and time of stimulation were chosen as previously described [13].




4.2.2. THP-1 Cell Line as a Monocyte Response Model


Tsuchiya et al. established a human THP-1 cell line in 1980 from the peripheral blood of a 1-year-old human male with acute monocytic leukemia [39]. Early studies indicated that THP-1 cells resemble primary monocytes and macrophages in morphological and differentiation properties. Therefore, THP-1 cell lines have been widely used to study monocytes functions and responses.



A THP-1 cell line was purchased from the European Collection of Authenticated Cell Cultures (ECACC, 88081201) and was grown in RPMI 1640 culture medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37 °C and at an atmosphere of 5% CO2. Cells were sub-cultured twice a week and were maintained in a logarithmic growth phase at a concentration of 3–5 × 105 cells/mL.



For the procoagulant activity test, 4 × 105 cells were incubated at 37 °C for 4 h with 1 µg/mL hrGGT or 10 µg/mL LPS as a final concentration in the medium. It should be noted that THP-1 required an hrGGT and LPS concentration for cells stimulation twice as high as that used in PBMCs [13]. This different behavior agrees with the literature data showing a lower sensitivity of THP-1 compared to the sensitivity of PBMCs in response to LPS. The longer incubation time of PBMCs compared to that of THP1 cells was due to the delayed delivery of buffy coats from the blood bank, which did not allow completing the experimental procedures in the same day. In preliminary experiments, PBMCs responses to hrGGT tested after 4 and 18 h incubation did not differ. Thus, the cells treated were then subjected to the evaluation of TF procoagulant activity using a STart Max semi-automated Coagulation analyzer.




4.2.3. HEK-Blue Cells


HEK-Blue hTLR4 cells are HEK293 (Human Hepatic Embryonic Kidney (HEK)-293) cells specifically designed by InvivoGen for studying the stimulation of human TLR4 by monitoring the activation of NF-κB. HEK-Blue hTLR4 cells are stably transfected with two reporter constructs for the expression of TLR4/MD-2/CD14 co-receptor genes and that of an inducible reporter gene (i.e., secreted embryonic alkaline phosphatase SEAP). Only after TLR4 stimulation, NF-κB is activated, and then, the secretion of SEAP is promoted. The principle of SEAP determination is detailed within the cell line datasheet available at the link: https://www.invivogen.com/hek-blue-hTLR4 (accessed on 16 September 2022).



A HEK-Blue hTLR4 cell line was used to test hrGGT as a TLR4 agonist, while HEK-Blue Null2 cells were used as control cells as they lacked TLR4 receptor. Cell lines were purchased from InvivoGen and were cultured at 37 °C in Dulbecco’s minimal essential media (DMEM) containing 1% glutamine, 10% heat-inactivated fetal bovine serum (FBS), 1% penicillin/streptomycin, and 1% normocin.





4.3. TF Procoagulant Activity


TF procoagulant activity was assessed in PBMCs (1 × 106 cells/mL) and THP-1 (4 × 105 cells/mL) by a one-stage clotting time test using a STart Max semi-automated Coagulation analyzer (Diagnostica Stago S.A.S., Milano, Italy), as previously described [40]. Briefly, an equal volume of pooled normal human plasma was added to PBMCs or THP-1 suspensions (100 µL), and then, 25 mM CaCl2 was used to start thrombin generation; measurements were performed at 37 °C. For each experimental session, calibration curves were created using recombinant human relipidated TF as a standard. Clotting times (mean ± SD, n = 20 for each TF concentration) by increasing TF concentrations (0.001 pg/mL, 688 ± 84 s; 0.01 pg/mL, 386 ± 56 s; 0.1 pg/mL, 192 ± 29 s; 1 pg/mL, 84 ± 6 s; 10 pg/mL, 40 ± 3 s; 100 pg/mL, 19 ± 2 s). The inter-assay variation coefficient ranged from 7% to 15% (mean: 11%; 95% confidence interval: 7.5–14.7%). “Baseline” values refer to quiescent, non-activated, untreated cells with clotting times above 365 s and 162 s for PBMCs and THP-1, respectively. All experimental points (n = 20 for each TF concentration) were run in triplicate and averaged.




4.4. Western Blot Analysis


For TF analysis by western blot, THP-1 cells were treated with LPS or hrGGT as describe above. After 4 h of incubation, cells were pelleted and resuspended in Dulbecco’s phosphate-buffered saline (PBS, 25 µL) and lysed on ice for 30 min. The protein concentration of samples was determined using a Bradford assay [41]. Cell lysates were resolved in sodium dodecyl sulphate polyacrilamide gel electrophoresis (SDS-PAGE). For each sample, 50 μg of proteins were loaded on a 4–20% gradient Mini-PROTEAN TGX Gel (Bio-Rad), and Precision Plus Protein All Blue (Bio-Rad) was used as a standard. Separated proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane using a transfer apparatus (Trans-Blot Turbo, Bio-Rad). The membrane was blocked with 5% skim milk and incubated first with an anti-TF primary antibody and then with an anti-actin primary antibody. After being washed three times, membranes were incubated with secondary antibodies: goat anti-mouse IgG H&L (HRP) and goat anti-rabbit IgG H&L (HRP) (1:1000). Protein detection was performed using a Bio-Rad Opti-4CN substrate Kit. Densitometry was performed using the open-source software ImageJ (version 1.51) [42]. The abundance of the TF protein was normalized to the total amount of the housekeeping protein (β-Actin) in each lane, and relative expressions were calculated in comparison to that of the control (baseline condition).




4.5. Evaluation of Endotoxin Contamination by a Limulus Amoebocyte Lysate (LAL) Assay


Since LPS contamination during experimental procedures is frequent and leads to erroneous result interpretation [43], all reagents and solutions used for cell isolation and cultures were prepared with endotoxin-free water and glassware was rendered endotoxin-free by exposure to high temperature. Moreover, GGT preparation and reagents and solutions used for in vitro cell cultures were preliminarily tested on a routine basis with a sensitive chromogenic LAL assay [44]. Briefly, all the reagents and cells used in experimental design were mixed with the LAL reagent (volume ratio: 1:1) and incubated at 37 °C for 15 min. The reaction was terminated by adding a blocking solution, and absorbance was measured at 405 nm using a microplate reader.




4.6. TLR4/NF-κB Pathway in hrGGT-Induced TF-Procoagulant Activity


To investigate if the TLR4 pathway is involved in inducing TF expression after GGT stimulation, PBMCs and THP-1 were pre-treated 30 min with several pharmacological probes formulated to block TLR4 receptor in different signaling steps (Figure 12): 10 µg/mL LPS-Rs which is an extracellular TLR4 antagonist, 3 × 10−6 M CLI-095 which is an intracellular TLR4 signaling inhibitor, and 10−5 M BAY-11-7082 which is a specific NF-κB inhibitor. The used concentrations were chosen according to the manufacturer’s instruction.




4.7. Cell Vitality: Dimethyl Thiazolyl Diphenyl Tetrazolium (MTT) Assay


The MTT assay is widely used to measure cellular metabolic activity as an indicator of cell viability, proliferation, and cytotoxicity. The test was applied to evaluate the safety of hrGGT and TLR4 inhibitors on THP-1 cell lines or PBMCs. For this purpose, the cells were exposed for the same time (4 h and 18 h for THP-1 and PBMCs, respectively) and at the same concentration of stimuli and TLR4 inhibitors as previously described. After the incubation period, the cell solution was divided with 100 µL placed into each well of a 96 well-plate, and each well was incubated with 11 µL MTT for 4 h. Then, the cells were incubated with 111 μL of dimethyl sulfoxide (DMSO) for 10 min to dissolve formazan crystals. The absorbance of the MTT formazan was determined at 595 nm using a multi-well spectrophotometer. Viability was defined as the ratio of the absorbances of treated cells to untreated cells (expressed as a percentage).




4.8. NF-κB Reporter Assay


HEK-Blue hTLR4 cells and HEK-Blue Null cells were harvested for the experiment, when a 70% confluence was reached. The cells were then plated at a density of 2.5 × 104 viable cells per well in 96-well plates in a 200 µL final volume and subjected to stimuli: hrGGT was added at the concentration of 1 µg/mL and LPS (100 ng/mL) was used as a positive control in HEK-Blue hTLR4 cells, while TNFα (100 ng/mL) was used as a positive control in HEK-Blue Null2 cells.



After cell stimulation, NF-κB activation was determined using a QUANTI-Blue detection reagent, a chromogenic substrate for SEAP, which allowed measuring spectrophotometrically (optical density at 620 nm) the SEAP activity accumulated in the culture medium after 18 h of incubation with stimuli.




4.9. Statistic Analysis


The statistical significances of between and among-groups differences were tested by the Kruskal−Wallis test unless otherwise indicated. Data were analyzed with GraphPad Prism 6 and expressed as mean ± SEM. p < 0.05 was considered as statistically significant.





5. Conclusions


In conclusion, hrGGT induced an increase of TF procoagulant activity and protein expression in both PBMCs and THP-1 monocytes and the activation of the TLR4/NF-κB signaling pathway, which represented the biological transducer of this phenomenon. The upregulation of TF in response to hrGGT, an enzymatic inactive protein, highlighted a new role for the GGT protein in the progression of cardiovascular diseases, independently of its enzymatic activity. In atherosclerotic disease, where the plaque environment includes GGT and TF-expressing monocytes, GGT could promote the disease progression not only by generating ROS derived from its enzymatic activity, but also by a cytokine-like mechanism that induces TF expression. Further studies will be needed to clarify the different contributions of the enzymatic and cytokine function of GGT in atherosclerotic disease. However, TF upregulation in response to hrGGT suggests a key role of the protein in the coagulation process and helps to better understand the still unclear mechanism correlating elevated serum GGT levels and cardiovascular diseases related to atherosclerosis [3,45].







Author Contributions


Conceptualization, C.S. and V.S. (Valentina Scalise); data curation, C.S., V.S. (Valentina Scalise), T.N., A.C. and M.F.; formal analysis, C.S. and V.S. (Valentina Scalise); funding acquisition, R.P.; investigation, C.S.; project administration, R.P.; supervision, M.F. and R.P.; writing of the original draft, C.S.; writing–review and editing, V.S. (Vanessa Susini), M.F. and R.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by Ethics Committee of the Pisa University Hospital (protocol code. 558).




Informed Consent Statement


Buffy coats obtained from healthy donors used for this study were “waste of the sample examined” which were not used for the dosage of biochemical analytes. Data security was maintained by the impossibility of tracing the patient’s identity and, therefore, any further information.




Data Availability Statement


The datasets are available from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Castonguay, R.; Halim, D.; Morin, M.; Furtos, A.; Lherbet, C.; Bonneil, E.; Thibault, P.; Keillor, J.W. Kinetic characterization and identification of the acylation and glycosylation sites of recombinant human gamma-glutamyltranspeptidase. Biochemistry 2007, 46, 12253–12262. [Google Scholar] [CrossRef]

	



Koenig, G.; Seneff, S. Gamma-Glutamyltransferase: A Predictive Biomarker of Cellular Antioxidant Inadequacy and Disease Risk. Dis. Markers 2015, 2015, 818570. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, S.; Jiang, D.; Tao, Y. Role of gamma-glutamyltransferase in cardiovascular diseases. Exp. Clin. Cardiol. 2013, 18, 53–56. [Google Scholar] [PubMed]

	



Ruttmann, E.; Brant, L.J.; Concin, H.; Diem, G.; Rapp, K.; Ulmer, H.; Group, V.H.M.a.P.P.S. Gamma-glutamyltransferase as a risk factor for cardiovascular disease mortality: An epidemiological investigation in a cohort of 163,944 Austrian adults. Circulation 2005, 112, 2130–2137. [Google Scholar] [CrossRef] [PubMed]

	



Ndrepepa, G.; Kastrati, A. Gamma-glutamyl transferase and cardiovascular disease. Ann. Transl. Med. 2016, 4, 481. [Google Scholar] [CrossRef] [PubMed]

	



Seo, Y.; Aonuma, K. Gamma-Glutamyl Transferase as a Risk Biomarker of Cardiovascular Disease—Does It Have Another Face? Circ. J. 2017, 81, 783–785. [Google Scholar] [CrossRef]

	



Franzini, M.; Corti, A.; Martinelli, B.; Del Corso, A.; Emdin, M.; Parenti, G.F.; Glauber, M.; Pompella, A.; Paolicchi, A. Gamma-glutamyltransferase activity in human atherosclerotic plaques—Biochemical similarities with the circulating enzyme. Atherosclerosis 2009, 202, 119–127. [Google Scholar] [CrossRef]

	



Corti, A.; Belcastro, E.; Dominici, S.; Maellaro, E.; Pompella, A. The dark side of gamma-glutamyltransferase (GGT): Pathogenic effects of an ‘antioxidant’ enzyme. Free Radic. Biol. Med. 2020, 160, 807–819. [Google Scholar] [CrossRef] [PubMed]

	



Paolicchi, A.; Minotti, G.; Tonarelli, P.; Tongiani, R.; De Cesare, D.; Mezzetti, A.; Dominici, S.; Comporti, M.; Pompella, A. Gamma-glutamyl transpeptidase-dependent iron reduction and LDL oxidation—A potential mechanism in atherosclerosis. J. Investig. Med. 1999, 47, 151–160. [Google Scholar] [PubMed]

	



Ndrepepa, G.; Colleran, R.; Kastrati, A. Gamma-glutamyl transferase and the risk of atherosclerosis and coronary heart disease. Clin. Chim. Acta 2018, 476, 130–138. [Google Scholar] [CrossRef] [PubMed]

	



Paolicchi, A.; Emdin, M.; Ghliozeni, E.; Ciancia, E.; Passino, C.; Popoff, G.; Pompella, A. Images in cardiovascular medicine. Human atherosclerotic plaques contain gamma-glutamyl transpeptidase enzyme activity. Circulation 2004, 109, 1440. [Google Scholar] [CrossRef] [PubMed]

	



Pucci, A.; Franzini, M.; Matteucci, M.; Ceragioli, S.; Marconi, M.; Ferrari, M.; Passino, C.; Basolo, F.; Emdin, M.; Paolicchi, A. b-Gamma-glutamyltransferase activity in human vulnerable carotid plaques. Atherosclerosis 2014, 237, 307–313. [Google Scholar] [CrossRef] [PubMed]

	



Scalise, V.; Balia, C.; Cianchetti, S.; Neri, T.; Carnicelli, V.; Zucchi, R.; Franzini, M.; Corti, A.; Paolicchi, A.; Celi, A.; et al. Non enzymatic upregulation of tissue factor expression by gamma-glutamyl transferase in human peripheral blood mononuclear cells. Thromb. J. 2016, 14, 45. [Google Scholar] [CrossRef]

	



West, M.B.; Wickham, S.; Quinalty, L.M.; Pavlovicz, R.E.; Li, C.; Hanigan, M.H. Autocatalytic cleavage of human gamma-glutamyl transpeptidase is highly dependent on N-glycosylation at asparagine 95. J. Biol. Chem. 2011, 286, 28876–28888. [Google Scholar] [CrossRef]

	



West, M.B.; Chen, Y.; Wickham, S.; Heroux, A.; Cahill, K.; Hanigan, M.H.; Mooers, B.H. Novel insights into eukaryotic γ-glutamyltranspeptidase 1 from the crystal structure of the glutamate-bound human enzyme. J. Biol. Chem. 2013, 288, 31902–31913. [Google Scholar] [CrossRef]

	



Mechiche, H.; Cornillet-Lefebvre, P.; Nguyen, P. A subpopulation of human B lymphocytes can express a functional Tissue Factor in response to phorbol myristate acetate. Thromb. Haemost. 2005, 94, 146–154. [Google Scholar] [CrossRef]

	



Wilcox, J.N.; Smith, K.M.; Schwartz, S.M.; Gordon, D. Localization of tissue factor in the normal vessel wall and in the atherosclerotic plaque. Proc. Natl. Acad. Sci. USA 1989, 86, 2839–2843. [Google Scholar] [CrossRef]

	



Belcastro, E.; Franzini, M.; Cianchetti, S.; Lorenzini, E.; Masotti, S.; Fierabracci, V.; Pucci, A.; Pompella, A.; Corti, A. Monocytes/macrophages activation contributes to b-gamma-glutamyltransferase accumulation inside atherosclerotic plaques. J. Transl. Med. 2015, 13, 325. [Google Scholar] [CrossRef]

	



Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-κB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023. [Google Scholar] [CrossRef]

	



Li, Y.D.; Ye, B.Q.; Zheng, S.X.; Wang, J.T.; Wang, J.G.; Chen, M.; Liu, J.G.; Pei, X.H.; Wang, L.J.; Lin, Z.X.; et al. NF-kappaB transcription factor p50 critically regulates tissue factor in deep vein thrombosis. J. Biol. Chem. 2009, 284, 4473–4483. [Google Scholar] [CrossRef]

	



Riva, M.; Källberg, E.; Björk, P.; Hancz, D.; Vogl, T.; Roth, J.; Ivars, F.; Leanderson, T. Induction of nuclear factor-κB responses by the S100A9 protein is Toll-like receptor-4-dependent. Immunology 2012, 137, 172–182. [Google Scholar] [CrossRef] [PubMed]

	



Deierborg, T.; Burguillos, M.A. A new “sweet” ligand for Toll-like receptor 4. Oncotarget 2015, 6, 19928–19929. [Google Scholar] [CrossRef]

	



Bhattacharyya, S.; Varga, J. Endogenous ligands of TLR4 promote unresolving tissue fibrosis: Implications for systemic sclerosis and its targeted therapy. Immunol. Lett. 2018, 195, 9–17. [Google Scholar] [CrossRef] [PubMed]

	



Moriwaki, S.; Into, T.; Suzuki, K.; Miyauchi, M.; Takata, T.; Shibayama, K.; Niida, S. γ-Glutamyltranspeptidase is an endogenous activator of Toll-like receptor 4-mediated osteoclastogenesis. Sci. Rep. 2016, 6, 35930. [Google Scholar] [CrossRef] [PubMed]

	



Bar-Shavit, Z. The osteoclast: A multinucleated, hematopoietic-origin, bone-resorbing osteoimmune cell. J. Cell Biochem. 2007, 102, 1130–1139. [Google Scholar] [CrossRef]

	



García, M.G.; Alaniz, L.; Lopes, E.C.; Blanco, G.; Hajos, S.E.; Alvarez, E. Inhibition of NF-kappaB activity by BAY 11-7082 increases apoptosis in multidrug resistant leukemic T-cell lines. Leuk. Res. 2005, 29, 1425–1434. [Google Scholar] [CrossRef]

	



Hiller, E.; Saal, J.G.; Ostendorf, P.; Griffiths, G.W. The procoagulant activity of human granulocytes, lymphocytes and monocytes stimulated by endotoxin. Coagulation and electron microscopic studies. Klin. Wochenschr. 1977, 55, 751–757. [Google Scholar] [CrossRef]

	



Mészáros, K.; Aberle, S.; Dedrick, R.; Machovich, R.; Horwitz, A.; Birr, C.; Theofan, G.; Parent, J.B. Monocyte tissue factor induction by lipopolysaccharide (LPS): Dependence on LPS-binding protein and CD14, and inhibition by a recombinant fragment of bactericidal/permeability-increasing protein. Blood 1994, 83, 2516–2525. [Google Scholar] [CrossRef]

	



Shi, C.; Deng, J.; Chiu, M.; Chen, Y.X.; O’Brien, E.R. Heat shock protein 27 immune complex altered signaling and transport (ICAST): Novel mechanisms of attenuating inflammation. FASEB J. 2020, 34, 14287–14301. [Google Scholar] [CrossRef]

	



Cines, D.B.; Zaitsev, S.; Rauova, L.; Rux, A.H.; Stepanova, V.; Krishnaswamy, S.; Sarkar, A.; Kowalska, M.A.; Zhao, G.; Mast, A.E.; et al. FcRn augments induction of tissue factor activity by IgG-containing immune complexes. Blood 2020, 135, 2085–2093. [Google Scholar] [CrossRef]

	



Gogesch, P.; Dudek, S.; van Zandbergen, G.; Waibler, Z.; Anzaghe, M. The Role of Fc Receptors on the Effectiveness of Therapeutic Monoclonal Antibodies. Int. J. Mol. Sci. 2021, 22, 8947. [Google Scholar] [CrossRef] [PubMed]

	



Ehret, J.; Zimmermann, M.; Eichhorn, T.; Zimmer, A. Impact of cell culture media additives on IgG glycosylation produced in Chinese hamster ovary cells. Biotechnol. Bioeng. 2019, 116, 816–830. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.C.; Yeh, W.C.; Ohashi, P.S. LPS/TLR4 signal transduction pathway. Cytokine 2008, 42, 145–151. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, M.; Sato, S.; Hemmi, H.; Hoshino, K.; Kaisho, T.; Sanjo, H.; Takeuchi, O.; Sugiyama, M.; Okabe, M.; Takeda, K.; et al. Role of adaptor TRIF in the MyD88-independent toll-like receptor signaling pathway. Science 2003, 301, 640–643. [Google Scholar] [CrossRef]

	



Gaikwad, S.; Agrawal-Rajput, R. Lipopolysaccharide from Rhodobacter sphaeroides Attenuates Microglia-Mediated Inflammation and Phagocytosis and Directs Regulatory T Cell Response. Int. J. Inflam. 2015, 2015, 361326. [Google Scholar] [CrossRef]

	



Kawamoto, T.; Ii, M.; Kitazaki, T.; Iizawa, Y.; Kimura, H. TAK-242 selectively suppresses Toll-like receptor 4-signaling mediated by the intracellular domain. Eur. J. Pharmacol. 2008, 584, 40–48. [Google Scholar] [CrossRef]

	



Schwarz, H.; Schmittner, M.; Duschl, A.; Horejs-Hoeck, J. Residual endotoxin contaminations in recombinant proteins are sufficient to activate human CD1c+ dendritic cells. PLoS ONE 2014, 9, e113840. [Google Scholar] [CrossRef]

	



Idriss, H.T.; Naismith, J.H. TNF alpha and the TNF receptor superfamily: Structure-function relationship(s). Microsc. Res. Tech. 2000, 50, 184–195. [Google Scholar] [CrossRef]

	



Bosshart, H.; Heinzelmann, M. THP-1 cells as a model for human monocytes. Ann. Transl. Med. 2016, 4, 438. [Google Scholar] [CrossRef]

	



Scalise, V.; Sanguinetti, C.; Neri, T.; Cianchetti, S.; Lai, M.; Carnicelli, V.; Celi, A.; Pedrinelli, R. PCSK9 Induces Tissue Factor Expression by Activation of TLR4/NFkB Signaling. Int. J. Mol. Sci. 2021, 22, 12640. [Google Scholar] [CrossRef]

	



Kielkopf, C.L.; Bauer, W.; Urbatsch, I.L. Bradford Assay for Determining Protein Concentration. Cold Spring Harb. Protoc. 2020, 2020, 102269. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675. [Google Scholar] [CrossRef] [PubMed]

	



Wakelin, S.J.; Sabroe, I.; Gregory, C.D.; Poxton, I.R.; Forsythe, J.L.; Garden, O.J.; Howie, S.E. “Dirty little secrets”—Endotoxin contamination of recombinant proteins. Immunol. Lett. 2006, 106, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Lindsay, G.K.; Roslansky, P.F.; Novitsky, T.J. Single-step, chromogenic Limulus amebocyte lysate assay for endotoxin. J. Clin. Microbiol. 1989, 27, 947–951. [Google Scholar] [CrossRef]

	



Poelzl, G.; Eberl, C.; Achrainer, H.; Doerler, J.; Pachinger, O.; Frick, M.; Ulmer, H. Prevalence and prognostic significance of elevated gamma-glutamyltransferase in chronic heart failure. Circ. Heart Fail 2009, 2, 294–302. [Google Scholar] [CrossRef]








[image: Ijms 23 12207 g001 550] 





Figure 1. (a) TF procoagulant activities measured in PBMCs stimulated by hrGGT (0.5 µg/mL) and LPS (0.1 µg/mL). (b) TF activity measured in THP-1 cells stimulated by hrGGT (1 µg/mL) and LPS (10 µg/mL). Data are presented as means ± SEM (n = 10). * p < 0.05 vs. the baseline; ** p < 0.01 vs. the baseline; *** p < 0.001 vs. the baseline. 
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Figure 2. hrGGT induces TF protein expression in THP-1 cells. Panel (a) Representative western blot image of TF expression (monomers at ~35 kDa and dimers at ~75 kDa) in response to hrGGT (1 µg/mL). Panel (b) Semi-quantitative densitometric analysis (ImageJ software) of TF monomer and dimer expression. Data are reported in arbitrary units normalized to the corresponding β-Actin signals. LPS (10 µg/mL) was used as a positive control. Data are presented as mean ± SEM (n = 3) for Western blot experiments. * p < 0.05 vs. the baseline; ** p < 0.01 vs. the baseline. 
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Figure 3. TF procoagulant activities measured in THP-1 cells stimulated by hrGGT (1 µg/mL) and LPS (80 pg/mL). Data are presented as means ± SEM (n = 3). * p < 0.05 vs. LPS. A multiple comparison was performed by the Friedman test. 
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Figure 4. TF procoagulant activities measured in THP-1 cells stimulated by hrGGT (1 µg/mL) and LPS (10 µg/mL) in the presence or absence of an anti-TF antibody (30 µg/mL). Data are presented as mean ± SEM (n = 3). * p < 0.05. The Wilcoxon test was used. 
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Figure 5. TF procoagulant activities measured in THP-1 cells stimulated with 1 µg/mL hrGGT, a 5 µg/mL anti-GGT antibody alone, and with hrGGT. Human IgG (5 µg/mL) was used as a control. Data are presented as mean ± SEM (n = 3). * p < 0.05 vs. the basal condition; ** p < 0.01 vs. the basal condition. A multiple comparison was performed by the Friedman test. 
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Figure 6. MTT assay in THP-1 cells after 4 h treatment with hrGGT (1 µg/mL) and several TLR4 signaling inhibitors (10 µg/mL LPS-Rs, 3 × 10−6 M CLI-095, and 10−5 M BAY-11-7082). Cell viability was reported as the absorbance ratio (expressed as a percentage) of treated cells to untreated cells. Data are presented as mean ± SEM (n = 3). 
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Figure 7. TF procoagulant activities measured in THP-1 (a) and PBMCs (b). Both cell lines were pre-treated with specific inhibitors (3 × 10−6 M CLI-095 and 10−5 M BAY-11-7082) for 30 min and subsequently stimulated with LPS (10 µg/mL for 4 h for THP-1 and 0.1 µg/mL for 18 h for PBMCs). Data are presented as mean ± SEM (n = 8). * p < 0.05 vs. the basal condition; *** p < 0.001 vs. the basal condition. 
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Figure 8. TF procoagulant activities measured in THP-1 (a) and PBMCs (b). Both cell lines were pre-treated with specific inhibitors (3 × 10−6 M CLI-095 and 10−5 M BAY-11-7082) for 30 min and subsequently stimulated with hrGGT (1 µg/mL for 4 h for THP-1 and 0.5 µg/mL for 18 h for PBMCs). Data are presented as mean ± SEM (n = 8). ** p < 0.01 vs. the basal condition; *** p < 0.001 vs. the basal condition. 
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Figure 9. TF procoagulant activities measured in THP-1 (a) and PBMCs (b). Both cell lines were pre-treated with a specific TLR4 antagonist (i.e., 1 µg/mL LPS-Rs) for 30 min and subsequently stimulated with LPS (10 µg/mL for 4 h for THP-1 and 0.1 µg/mL for 18 h for PBMCs). Data are presented as mean ± SEM (n = 4). *** p < 0.001 vs. the basal condition; ** p < 0.01 vs. the basal condition. 
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Figure 10. TF procoagulant activities measured in THP-1 (a) and PBMCs (b). Both cell lines were pre-treated with a specific TLR4 antagonist (i.e., 1 µg/mL LPS-Rs) for 30 min and subsequently stimulated with hrGGT (1 µg/mL for 4 h for THP-1 and 0.5 µg/mL for 18 h for PBMCs). Data are presented as mean ± SEM (n = 4). ** p < 0.001 vs. the basal condition. 
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Figure 11. NF-κB quantification in HEK-Blue hTLR4 and HEK-Blue Null2 cells stimulated with 1 µg/mL hrGGT for 18 h at 37 °C and at an atmosphere of 5% CO2. hrGGT induced NF-κB in HEK-Blue hTLR4 cells, but not in HEK-Blue Null2 cells which lacked TLR4 receptor. LPS (10 ng/mL), the selective agonist of TLR4s, was used as a positive control. *** p < 0.001 vs. control; * p < 0.05 vs. control. Data are presented as mean ± SEM (n = 3). The relative expression level of SEAP (directly proportional to Nκ-kB activity) was determined spectrophotometrically at 620 nm. 
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Figure 12. The NF-κB activation pathway via TLR4 and the mode of action of pharmacological probes formulated to block TLR4 receptor in different signaling steps. TLR4 activation by ligands (LPS or hrGGT) triggers the TLR4 signaling cascade that activates NF-κB, allowing it to translocate to the nucleus and activate TF gene transcription. Inhibitors are shown in red: LPS-Rs is an extracellular TLR4 antagonist, CLI-095 is an intracellular TLR4 signaling inhibitor, and BAY-11-7082 is a specific NF-κB inhibitor. The figure was created through the website “biorender.com”. 
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