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Abstract

:

Background: Indoleamine 2,3-dioxygenase (IDO1) and tryptophan-2,3-dioxygenase (TDO) are the two principals enzymes involved in the catabolization of tryptophan (Trp) into kynurenine (Kyn). Despite their well-established role in the immune escape, their involvement in angiogenesis remains uncertain. We aimed to characterize TDO and IDO1 in human umbilical venular endothelial cells (HUVECs) and human endothelial colony-forming cells (ECFCs). Methods: qRT-PCR and immunofluorescence were used for TDO and IDO1 expression while their activity was measured using ELISA assays. Cell proliferation was examined via MTT tests and in in vitro angiogenesis by capillary morphogenesis. Results: HUVECs and ECFCs expressed TDO and IDO1. Treatment with the selective TDO inhibitor 680C91 significantly impaired HUVEC proliferation and 3D-tube formation in response to VEGF-A, while IDO1 inhibition showed no effect. VEGF-induced mTor phosphorylation and Kyn production were hindered by 680C91. ECFC morphogenesis was also inhibited by 680C91. Co-culturing HUVECs with A375 induced TDO up-regulation in both cell types, whose inhibition reduced MMP9 activity and prevented c-Myc and E2f1 upregulation. Conclusions: HUVECs and ECFCs express the key enzymes of the kynurenine pathway. Significantly, TDO emerges as a pivotal player in in vitro proliferation and capillary morphogenesis, suggesting a potential pathophysiological role in angiogenesis beyond its well-known immunomodulatory effects.
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1. Introduction


Tryptophan (Trp) degradation and the consequent kynurenine (Kyn) production in the so-called kynurenine pathway is a mechanism exploited by different types of cancer to escape the immune system [1]. Three distinct players are involved in this catabolic pathway: indoleamine 2,3-dioxygenase (IDO1 and 2) and tryptophan 2,3-dioxygenase (TDO), although IDO2’s contribution to Trp metabolism appears to be less significant compared to the other two enzymes. Together, IDO1 and TDO catalyze the first and rate-limiting step of Trp oxidation yielding Kyn. Kyn indeed binds the aryl hydrocarbon receptor (AhR) which upregulates the expression of genes involved in immune suppression [2] and in melanoma progression. IDO1’s role in cancer biology has been extensively proven. However, studies on IDO1 expression in primary human melanoma are incomplete and conflicting. Moreover, the benefit of its inhibition in melanoma remains uncertain, highlighting the importance of considering TDO [3]. Until a few years ago, the characterization of TDO expression and its involvement in different kind of tumors were not taken into consideration. Recent reports have highlighted TDO’s involvement in the progression of some tumors [4,5]. We previously demonstrated that TDO is expressed by two human melanoma cell lines, namely A375 and SK-Mel-28 and regulates their phenotype and function [6,7]. Melanoma growth and metastasis depend on angiogenesis, the process of new capillary formation starting from pre-existing vessels [8]. The development of a rich vascular network is necessary to sustain melanoma cells, especially during the vertical growth phase, which is the most aggressive stage in tumor progression. This phase requires a lot of nutrients due to rapid cell proliferation [9]. Moreover, endothelial cells are leading contributors to the creation of the tumor microenvironment, thus favoring the spread of cancer cells. Another process that contributes to melanoma tumor vascularization is vasculogenesis, characterized by the creation of de novo blood vessels starting from endothelial progenitors [10]. Among endothelial progenitors, circulating progenitors of hematopoietic origin stimulate angiogenesis in a paracrine way but do not incorporate into blood vessels. Conversely, endothelial colony-forming cells (ECFCs), which are not of hematopoietic origin, have the ability to proliferate and form de novo blood vessels and colonies [11,12]. Studies demonstrated that ECFCs contribute to vascular network formation facilitated by cytokines and angiogenic factors released by melanoma cells and by melanoma-derived exosomes [13]. Furthermore, in vitro studies indicate that ECFCs can enhance the invasiveness of melanoma cells by up-regulating the urokinase plasminogen activator surface receptor (uPAR) [14]. Among pathways that are involved in melanoma-driven angiogenesis, there is no information on the kynurenine pathway. Moreover, it is unclear whether the endothelial kynurenine pathway contributes to the angiogenesis and vasculogenesis process. It has been reported that IDO1 may have a pro-angiogenic role in many cancer types [15] and, according to Zhang et al. [16], high IDO1 levels activate the IL-6/STAT3/VEGF-A pathway in bladder cancer cells, which contributes to the activation of the co-cultured endothelium. IDO1 expression was demonstrated to positively correlate with CD105+ endothelium in breast cancer and with a worse prognosis [17]. However, the information about the expression and function of TDO in endothelial cells is very limited. Recently, TDO expression was reported in non-tumoral cells, identified as pericytes in some tumors, suggesting its involvement in angiogenesis [18]. We demonstrated that human venular endothelial cells express TDO and its inhibition reduces their proliferation, indicating that TDO may be critical in angiogenesis [19]. However, its expression and function in endothelial cells and endothelial precursors are still doubtful. We aimed to better characterize IDO1 and TDO function in human endothelial cells and ECFCs by studying their in vitro function in the presence of selective inhibitors of IDO1 and TDO, i.e., epacadostat and 680C91, respectively. Additionally, a possible involvement of the kynurenine pathway in the melanoma–endothelial relationship was investigated.




2. Results


2.1. TDO and IDO1 Expression in HUVECs and ECFCs


We previously demonstrated TDO mRNA (TDO2) expression levels in HUVECs [19], while no data are available in ECFCs. We then evaluated TDO2 expression in ECFCs compared to HUVEC levels; moreover, we studied IDO1 expression in both cell types. TDO2 was expressed by the two cell populations without any significant differences (Figure 1A,C); IDO1 mRNA was also detected in both cells, and its level was higher than that of TDO2 (Figure 1). Immunofluorescence confirmed TDO and IDO1 protein expression in both cells, with IDO1 being less expressed in ECFCs compared to HUVECs (Figure 1B,C).



Sanger sequencing on ECFCs cDNA obtained by reverse transcription was performed using primers spanning exon 6 and exon 7 of TDO2 cDNA and showed the presence of a complete amplified TDO2 region in RNA transcript (Figure S1). Consistently, Sanger sequencing on cDNA after real-time PCR confirmed TDO2 expression in HUVECs.



Since Kyn, the product of tryptophan (Trp) catabolism via TDO and IDO1, binds and activates the aryl hydrocarbon receptor (AhR), the presence of an active kynurenine pathway was assessed measuring the protein level expression of AhR. Given that AhR is a transcriptional factor that translocates into the nucleus upon activation, we assessed its intracellular localization in response to a pro-angiogenic stimulus, specifically VEGF-A. In HUVECs, VEGF-A led to a moderate increase in AhR translocation into the nucleus, (Figure 1D,E). Intriguingly, this effect was not observed in ECFCs.



The ELISA assay for Kyn measurement confirmed the presence of an active kynurenine pathway in HUVECs, which was significantly stimulated by VEGF-A, as suggested by immunofluorescence analysis of AhR. Unstimulated cells, indeed, release 250.5 ng/mL Kyn, which increased up to 363.0 ng/mL following a 10 min stimulation with VEGF-A. Epacadostat, a selective IDO1 inhibitor, decreased VEGF-induced Kyn production to 122.31 ng/mL, while the TDO-selective inhibitor 680C91 completely prevented Kyn production (0.98 ng/mL). VEGF-A slightly increased Kyn production in ECFCs (168 ng/mL compared to unstimulated cells (150 ng/mL), which were not significantly impaired by either inhibitor. The levels were 155 ng/mL with 680C91 and 170 ng/mL with epacadostat.




2.2. Effect of TDO and IDO1 Inhibition on In Vitro Capillary-like Structures


The addition of VEGF-A to HUVECs significantly stimulated capillary morphogenesis, as expected (Figure 2). The quantification of the formed capillary network has been evaluated using different parameters, such as the number of master junctions, nodes, segments and meshes formed or the number of total segments, which is the most important parameter. Interestingly, 680C91 significantly impaired spontaneous network formation (Figure 2) and the addition of VEGF-A failed to mitigate this inhibitory effect. Conversely, the IDO1 inhibitor, epacadostat, demonstrated a modest impairment in spontaneous pseudocapillary formation. Notably, this effect did not counteract the angiogenic effect of VEGF-A, thereby highlighting a nuanced interplay between the two inhibitors and emphasizing the intricate regulatory mechanisms governing angiogenic processes in our experimental context.



ECFCs have been reported to be involved in angiogenesis together with mature endothelial cells. When seeded on Matrigel, they formed capillary-like structures within 24 h [20]. The inhibition of TDO markedly impaired the ability of ECFCs to form tubes. Although VEGF induced a modest increase in capillary-like structures, the effect was less pronounced compared to HUVECs. Crucially, it was unable to counteract the inhibition induced by 680C91, mirroring the observed outcomes in HUVECs (Figure 3). On the other hand, inhibiting IDO1 did not disrupt spontaneous pseudo-capillary formation and, interestingly, partially hindered the induction by VEGF. These findings underscore the intricacies and distinct responses in capillary formation in this context, highlighting the unique interplay between VEGF, 680C91 and IDO1 in modulating angiogenic processes.



Considering these results, and the previous ones obtained by ELISA assay, demonstrating a scarce activation of the kynurenine pathway in ECFCs, we conducted a more in-depth exploration into the role of TDO in HUVECs’ function, particularly under stimulation with angiogenic factors, including VEGF-A.




2.3. TDO but Not IDO1 Is Involved in HUVEC Proliferation


We previously demonstrated that TDO is involved in HUVEC proliferation. Specifically, 680C91, the TDO selective inhibitor, significantly inhibited HUVEC proliferation in response to optimal growth conditions (10% fetal bovine serum (FBS)), in a concentration-dependent manner, with maximal effects observed at 40 µM 680C91 [19]. We investigated the possible role of TDO and IDO1 on the proliferative effect of VEGF-A on HUVECs and we compared it with the effect of another important angiogenic factor, FGF-2. Cell treatment with 680C91 significantly impaired VEGF-A-stimulated cell proliferation in a dose–response manner, with a maximal effect at the highest concentration (40 µM) that was able to inhibit cell growth by 79.3 ± 28% (Figure 4A,C). Cell proliferation in response to FGF-2 was also affected by the TDO inhibitor, in a concentration-dependent manner. The highest concentration of 680C91 impaired FGF-2-induced HUVEC growth by 60.73 ± 12% (Figure 4B,D). Conversely, inhibition of IDO1 did not modify VEGF-A nor FGF-2 effects (Figure 4C,D). Both inhibitors did not affect basal proliferation.




2.4. Endothelial Signaling Linked to TDO Activation


To investigate the mechanistic processes behind TDO’s involvement in VEGF-induced proliferation of HUVECs, we studied the activation of mTOR, a pathway known to be related to angiogenesis in many cancers. Cells were quickly stimulated with VEGF-A in the presence or absence of the TDO selective inhibitor and the activation of, mTOR was evaluated based on the quantification of their phosphorylated forms.



MTOR resulted in being activated in response to VEGF-A as expected, and interestingly, this effect was significantly prevented by 680C91 treatment (Figure 5).




2.5. Role of TDO on A375-HUVEC Communication


The angiogenic process is of primary importance for melanoma progression and metastasis and is based on the production and release of molecules with a pro-angiogenic effect in the tumor microenvironment. Melanoma–endothelial cell communication has been reported to influence molecular signals mediating tumor growth and progression. With the online tool TIMER2.0 (http://timer.cistrome.org/ accessed on 12 January 2024), which is a server able to perform associations between immune infiltration and different tumor characteristics using data from The Cancer Genome Atlas (TCGA) [21], we performed an analysis which indicated that TDO expression positively correlates with the infiltration of endothelial cells in metastatic but not in primary melanoma (Figure 6).



The interplay of endothelial and cancer cells in the tumor microenvironment is well known. Since we already demonstrated the key role of TDO in different human melanoma cell lines and based on the observed positive correlation between TDO expression and endothelial cell infiltrations, we then investigated the possible role of TDO in endothelial cells’ behavior in the presence of malignant human melanoma cells SK-Mel-28 and A375, which have been reported to exhibit different levels of invasiveness [22]. We studied endothelial cell proliferation in response to differently treated melanoma cells. A375 and SK-Mel-28 were grown in a medium +1% FBS in the absence or presence of TDO and IDO1 inhibitors. Then, the media were clarified and added to HUVECs, and their proliferation was assessed. As shown in Figure 7, pretreatment of A375 with the TDO inhibitor impaired the proliferation of endothelial cells. The inhibition of endothelial growth was more pronounced when exposed to media recovered from 680C91-treated A375 cells compared to media derived from 680C91-treated SK-Mel-28. Conversely, the inhibition of IDO1 in both melanoma cells had no discernible impact on HUVEC growth (Figure 7). Based on these results, A375 cells were then selected for further experiments focusing on investigating the role of TDO in the intricate communication between melanoma and endothelial cells.



The mutual influence between human melanoma cells and endothelial cells was investigated by means of co-cultures by assessing TDO2 and IDO1 expression in A375 and HUVECs. The co-culture setup involved the juxtaposition of the two cell types, sharing the culture medium but physically separated by the membrane of the insert. Interestingly, A375 co-cultured with endothelial cells expressed higher TDO2 mRNA within 6 h stimulation. These levels were significantly higher than those expressed by A375 and HUVECs alone (Figure 8A). A 24 h co-culture also induced a significant up-regulation of TDO2 in HUVECs compared to A375 and HUVECs alone (Figure 8B). Conversely, IDO1 mRNA expression did not change in the co-culture (Figure S2).



To evaluate whether TDO2 upregulation correlates with its enzymatic activity, the release of Kyn was measured by ELISA assay. A significant increase in Kyn production was measured following 6 h and 9 h of co-culture compared to that released by HUVECs alone, and then Kyn release became comparable between co-cultured and parental cells (Figure 8C).



Since the influence of the tumor microenvironment is a crucial element in the transformation of differentiated cells into undifferentiated ones, we evaluated the expression levels of some of the pluripotency stem cell markers in A375 melanoma cells co-cultured with endothelial cells. Moreover, we studied the possible role of TDO in their regulation using the TDO selective inhibitor 680C91. As shown in Figure 9, the co-culture of the A375 cell line with the endothelial line shows an up-regulation of Myc and E2F1 genes; these effects were significantly prevented in the presence of the TDO inhibitor 680C91. Of note, KLF4, Nanog and OCT3/4 were up-regulated in the TDO inhibitor-treated group. The protein expressions of Myc and KLF4 were in line with that of mRNA. Specifically, Myc expression increased in A375 co-cultured with HUVECs, and this increase was partially prevented by the TDO inhibitor 680C91. On the other hand, KLF4 expression was elevated in A375 co-cultured with HUVECs and was further increased in the presence of 680C91. While this effect was unexpected, it could be explained by the critical balance between pathways that could promote or inhibit the progression of malignancies.




2.6. MMP Release in the Co-Cultures


MMP-2 and MMP-9 are involved in angiogenesis and melanoma cell invasiveness [23,24]. In our study, we examined the release of these metalloproteinases in A375 cells, HUVECs and A375 co-cultured with HUVECs over a 24 h period. Furthermore, we investigated the influence of TDO and IDO1 inhibitors on MMP-2 and MMP-9 released by these co-cultures. A375 melanoma cells were treated overnight with 40 µM 680C91 or 1 µM epacadostat, and then co-cultures with HUVECs were established. Gelatin zymography of A375 cell supernatants displayed constitutive release of the latent and activated forms of MMP-2 and MMP-9 (Figure 10). Their activities were higher than that of HUVECs. Time-course experiments showed an increase in MMP-2 and a significant production of both latent and activated forms of MMP-9 in the co-cultures with maximal activity following a 24 h co-culture, which were significantly impaired by TDO inhibition (Figure 10).





3. Discussion


Metastatic melanoma is the most aggressive and lethal form of skin cancer and it is characterized by rapid growth, high rates of late-stage recurrence and extensive metastasis [25,26]. Although there are plentiful clinical therapeutic options, the prognosis of advanced melanoma remains severe [27]. Angiogenesis and vasculogenesis are essential for the occurrence and development of melanoma because tumor cells need lots of nutrients and oxygen to sustain their vertical growth [9]. Among angiogenic factors released by melanoma cells, VEGF-A is overexpressed and associated with prognosis in melanoma patients [28]. Indeed, targeting angiogenesis has been considered a promising strategy in cancer therapy [29]. However, anti-angiogenic therapy effectiveness is often compromised by the emergence of drug resistance, particularly in patients with melanoma and other metastatic cancers [30,31]. The predominant strategies employed thus far for inhibiting the VEGF axis involve targeting either VEGF receptors (VEGFRs) or ligands using neutralizing antibodies or inhibiting receptor tyrosine kinase (RTK) enzymes. Despite encouraging outcomes observed in preclinical experiments, the clinical efficacy of anti-angiogenic monotherapies has been modest. This limited efficacy could be attributed to the development of primary or acquired resistance, which arises from growth factor redundancy and recruitment of various cell types and the activation of alternative mechanisms supporting tumor vascularization and growth such as vascular co-option and vasculogenic mimicry [30,32].



The role of the kynurenine pathway in tumor neovascularization is still unknown. Some data have been reported for IDO1, which was demonstrated to have a pro-angiogenic role in ovarian types [33] and to be involved in vasculogenic mimicry of lung cancer cells [15]. However, a direct effect of IDO1 inhibition on HUVECs has never been investigated. No information is available on TDO and tumor angiogenesis. In this paper, we demonstrate that human endothelial and endothelial precursors express both the enzymes of the kynurenine pathway and the downstream target AhR and that IDO1 is more expressed than TDO. This higher expression of IDO1 than TDO is not surprising, at least in HUVECs, as IDO1 is considered the main enzyme of the kynurenine pathway expressed in nearly all tissues, while TDO is almost localized in the liver, which is one of the reasons why IDO1 is in general studied more than TDO [1]. However, our data demonstrated that TDO is more involved in the regulation of endothelial cells in in vitro functions. Its inhibition, indeed, prevented pseudocapillary formation when HUVECs and ECFCs were seeded on Geltrex. It is crucial to acknowledge that the sensitivity of endothelial cell lines to VEGF-A is contingent upon the specific cell types, due to the differential expression of angiogenic markers including VEGFR2 receptors [34]. Furthermore, recent reports have highlighted the role of lipid rafts in stabilizing the VEGFRs, indicating that the modulation of these rafts can exert control over the sensitivity of endothelial cells to VEGF stimulation [20,35]. Notably, our observations reveal a distinct and time-dependent responsiveness of HUVECs and ECFCs to VEGF-A in the context of capillary structure formation. This divergence mirrors their inherent angiogenic potential, with HUVECs demonstrating the ability to form mature capillary structures within 6 h, while ECFCs achieve similar organization over a 24 h period. Furthermore, our research highlights the superior efficacy of TDO inhibition over IDO1 inhibition in disrupting spontaneous capillary formation. Significantly, TDO inhibition not only impedes spontaneous capillary formation but also effectively counters the proangiogenic effects induced by VEGF-A in both cell lines, albeit with differing magnitudes of impact. Of particular interest is the observation that the inhibitory effects of IDO1 inhibition in HUVECs can be completely overturned by VEGF-A, illustrating a unique responsiveness compared to ECFCs. In the case of ECFCs, we observe the persistence of IDO1 inhibition even in the presence of VEGF-A, possibly attributable to the reduced responsiveness of these cells to VEGF stimuli. These findings shed light on the intricate dynamics of angiogenesis regulation in different endothelial cell lines and highlight the varying impacts of TDO and IDO1 inhibition on capillary formation and response to VEGF-A.



TDO inhibition also impairs FGF-2- and VEGF-A-induced HUVEC proliferation. We previously reported that TDO inhibition affected the cell cycle of HUVECs without inducing cell apoptosis or cell death [19]. Among the intracellular pathways involved, we focused on the mTOR pathway, which plays a pivotal role in cell proliferation and angiogenesis. Experimental evidence demonstrates that suppressing the mTOR pathway effectively hinders VEGF-mediated angiogenesis and cell proliferation by attenuating VEGF-A production and secretion. Additionally, mTOR serves as a paramount metabolic regulator, functioning as a critical nutrient sensor that dictates cell growth versus autophagy decisions, particularly under conditions of amino acid deprivation. Recent findings have unveiled a functional loop between the Kyn and the mTOR pathway [36]. The authors described the role of IFNγ, a robust inducer of IDO1, in depleting tryptophan and simultaneously activating mTOR. Our data reveal a compelling correlation between the inhibition of the kynurenine pathway through 680C91 and the interference with VEGF-A-induced angiogenesis through the modulation of the mTOR pathway. Specifically, by targeting the kynurenine pathway, we observed a pronounced disruption in the angiogenic process orchestrated by VEGF-A.



These data underscore the intricate interplay between the mTOR pathway, angiogenesis, and cellular metabolism, shedding light on potential avenues for therapeutic interventions and advancing our understanding of cellular regulatory mechanisms. The possible involvement of TDO in melanoma cell–endothelial cell communication was investigated. We demonstrate that HUVECs’ proliferation in response to the conditioned media of melanoma cells depends in part on TDO function since it is inhibited by 680C91, while IDO1 inhibition with epacadostat did not modify the proliferative potential of the melanoma-conditioned medium. The influence of co-cultured cells on TDO expression was then investigated and we demonstrated a significant upregulation of TDO2 mRNA in both cells, i.e., A375 and HUVEC, suggesting a pathophysiological role. As a matter of fact, in the present paper, we demonstrate that TDO inhibition, but not IDO1 inhibition, significantly reduced MMP-9 activity of melanoma cells co-cultured with endothelial cells.



Following melanoma and endothelial cells’ co-culture, we also demonstrated an increased expression of the stem cell markers E2f1 and c-Myc in A375, and this up-regulation was prevented by TDO inhibition. Interestingly, OCT3/4, NANOG and Klf4 mRNAs were up-regulated by 680C91, suggesting a critical role of stem cell markers in regulating melanoma cell malignancies.



It is well known that cancer cells tend to mimic pluripotent stem cells’ behavior through the activation of pathways and pluripotency-associated transcriptional factors. In cancer stem cells, Myc, Nanog, Oct4, KLF4 and Sox2 are established to be the leading factors for stemness [37]. Other transcriptional factors, such as E2F1, are expressed by a variety of solid tumors and are involved in the regulation of cancer cells’ proliferation and self-renewal [38]. Overexpression of E2F1 has been demonstrated to be a negative prognostic factor for patient’s survival and, interestingly, its expression is higher in melanoma metastasis rather than in the primary tumor [39]. In fact, inhibition of E2F1 has been reported to decrease the metastatic potential of melanoma cells [39], pointing out the importance of E2F1 de-regulation not only in cancer cells’ proliferation but also in melanoma invasion [39].



There is increasing evidence describing KLF4 as a double effector in tumor development. While this stem cell marker can promote the progression of some malignancies, it is also known as a tumor suppressor. For example, it has been reported that KLF4 can promote cell differentiation, inhibition of cell cycles and also the activation of death pathways in neuroblastoma [40]. Moreover, the regulatory role of KLF4 has been described in a wide number of cancers, such as lung, breast, prostate, colorectal, brain cancer and more. Nevertheless, the implication of KLF4 in tumorigenesis is very intricate, probably due to its structure which retains both transcriptional activation and repression domains, and through regulation of its upstream and downstream signaling molecules [41]. While Nanog and OCT3/4 are mostly known for their pro-tumorigenic role, recently, a study performed in mice skin cells demonstrated that the tumor suppressor p53 can be activated by Nanog, leading to anti-tumorigenic effects [42]. Moreover, OCT3/4 also needs to be fully elucidated. OCT3/4 is part of the family of transcription factors holding the POU domain. The three main transcripts that are known are OCT3/4A, OCT3/4B and OCT3/4B1. It is reported that OCT3/4 has a role in the promotion of cervical cancer carcinogenesis and the development of malignant tumors [43].



Indeed, the upregulation of OCT3/4 in response to the selective TDO inhibitor is in line with our previous results obtained in A375 parental cells and fueled our interest in some reports where the less-known role of this stem marker was demonstrated. Shen et al. [44] studied Oct4 involvement in breast cancer metastasis and they interestingly found out that its overexpression could inhibit cell migration and the formation of lung metastasis in vivo, while its downregulation heightened the metastatic potential of breast cancer cells both in vitro and in vivo.



In conclusion, our data can support the hypothesis that endothelial cells possess a functional TDO which regulates their function. Therefore, TDO may contribute not only to tumor growth through an immune system evasion mechanism but also by influencing cells in the tumor microenvironment, such as endothelial cells, establishing crosstalk with them. Anti-angiogenic therapy is not as effective, and drug resistance always occurs in patients with melanoma [45]. It becomes of increased importance for future research to better characterize the involvement of the TDO pathway in the angiogenic process stimulated by melanoma cells. A more in-depth comprehension of the angiogenic process will be important to improve melanoma treatment and may promote the discovery of new targets to further increase the availability of melanoma therapies.




4. Materials and Methods


4.1. Cell Culture


Human metastatic melanoma cell line A375 (ATCC, Manassas, VA, USA) was grown in high D-glucose DMEM, with 10% (v/v) heat-inactivated fetal bovine serum (Euroclone Milan, Italy), 100 U/mL penicillin, 100 μg/mL streptomycin and 2 mmol/L glutamine in a humidified atmosphere with 5% CO2 in air. The culture medium was changed every 2 days. HUVECs (ATCC, Manassas, VA, USA) were grown in Endothelial Basal medium, supplemented with 10% FBS (Euroclone, Milan, Italy), on gelatin-coated dishes. Endothelial Colony Forming Cells (ECFCs) were isolated from >50 mL human umbilical cord blood (UCB) of healthy newborns after maternal informed consent as previously described [20,46] The purification and use of stem cells from cord blood for research purposes is permitted by an Italian law after obtaining informed consent from the mothers (art. 2, paragraph 1, letter f, decree of 18 November 2009). ECFCs were grown in EGM-2 culture medium (Lonza, Lonn, Swiss), supplemented with 10% FBS (Euroclone, Milan, Italy) onto gelatin-coated dishes. ECFCs were grown in a humified atmosphere with 5% of CO2 in air and the medium was refreshed every 2 days.




4.2. Co-Cultures


HUVECs (6 × 104) were seeded into gelatin-coated 6-well plates. The next day, A375 was seeded onto membrane inserts (Millicell Cell Culture Plate Insert, 30 mm, PCF Polypropylene carb, 0.4 µm, Merck Millipore, Milan, Italy) and moved to the 6-well plate on which the HUVECs were seeded earlier. The two cell types shared the culture medium but were separated by the membrane of the insert. The medium used was DMEM without any growth factor and supplemented with 5% FCS. Cells were co-cultured for 6–9 and 24 h. Then, supernatants were collected for ELISA assay and for gelatin zymography.




4.3. Real-Time PCR


Total RNA was isolated using TRI Reagent and spectroscopically quantified by NanoDrop (ThermoFisher Scientific, Milan, Italy) instrument. One μg of total RNA was reverse transcribed by means of Prime Script RT reagent Kit with gDNA eraser (Takara, Otsu, Japan), and cDNA was amplified with specific primers described in Cecchi et al. [7]. Quantitative real-time PCR (qRT-PCR) was performed by SYBR Premix Ex Taq kit (Takara, Otsu, Japan) according to the manufacturer’s instructions using a Rotorgene RG-3000A system (Qiagen, Monza, Italy). 18s rRNA was confirmed to be stable and was used as the internal control. qRT-PCR was performed using the following procedure: 98 °C for 2 min, 40 cycles of 98 °C for 5 s, 60 °C for 10 s. The program was set to reveal the melting curve of each amplicon from 60 to 95 °C with a read every 0.5 °C. Data analysis was performed by CT method (Rotore-Gene 6000 Series software 1.7).




4.4. Sanger Sequencing


cDNA samples obtained from HUVECs and ECFCs (pre- and post-real-time amplification) were directly sequenced, in both directions, using the same primers used for real-time PCR with the BigDye™ Terminator v3.1–Cycle Sequencing Kit (Thermo Fisher Scientific, Milan, Italy). Sequences obtained using 3500 Dx Genetic Analyzer (CE-IVD, IVDR) were analyzed and compared with the reported TDO2 gene structure (ENST00000536354.3, NM_005651.4) using the dedicated software (SeqScape™ Software v4.0).




4.5. Immunofluorescence


HUVECs and ECFCs were seeded (30 × 104 cells) in Endothelial Basal medium with 10% FBS into ibidi slides chamber (ibidi GmbHcoated, Gräfelfing, Germany) and incubated in a 5% CO2 atmosphere at 37 °C for 24 h. After fixation with cold methanol for 5 min, immunofluorescence analysis was performed on cells. The blocking of non-specific binding sites was performed with 10 mg/mL bovine serum albumin with 0.2% triton X-100 (Sigma-Aldrich, Milan, Italy) added in PBS for 1 h at room temperature. Then, the following primary antibodies were added for overnight incubation at 4 °C: the monoclonal mouse anti human-TDO (1:200; Novus Biologicals, Briarwood Ave, OH, USA) or the polyclonal rabbit anti-human IDO1 (1:200; Abcam, Cambridge, UK) or the monoclonal rabbit anti-human AhR (1:100; Cell Signaling Technology, Danvers, MA, USA). Cells which were not incubated with primary antibodies were used as negative controls. The next morning, after multiple washes, cells were incubated for 2 h at room temperature with secondary goat anti-rabbit or anti-mouse antibodies, conjugated with Goat anti-Rabbit IgG secondary antibody AlexaFluor488 (green fluorescence) or Goat anti-Mouse IgG secondary antibody AlexaFluor555 (red-orange fluorescence) (all from ThermoFisher Scientific, Milan, Italy). Green signal was amplified using the anti-FITC Fluorescein/Oregon green antibody for 1 h 30 min (1:100; ThermoFisher Scientific, Milan, Italy) at room temperature. Nuclei were labelled with Hoechst 33342 (20 μg/mL; Sigma-Aldrich; blue fluorescence). Slides were then washed with PBS and examined with Leica SP8 microscope digital color camera and Leica DC Viewer software. Cell fluorescence intensity was measured using ImageJ. Briefly, cells were selected and then the area integrated intensity and mean grey value were measured. Then, the Corrected Total Cell Fluorescence (CTCF) was calculated using the following formula:


CTCF = Integrated Density − (Area of selected cell × Mean fluorescence of background readings)











In order to assess AhR nuclear translocation, Mander’s coefficient (M1) was determined with ImageJ 1.54d software.




4.6. Cell Proliferation


Cell proliferation was assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid) assay. Briefly, cells (1.5 × 103/100 μL) were plated on flat-bottom 96-multiwell plates and allowed to adhere overnight. Starving condition (1% FCS) for 24 h was applied to cells that were then pretreated for 1 h with 680C91 (40 µM) or epacadostat (1 µM) and stimulated with 10 ng/mL FGF-2 or 20 ng/mL VEGF-A. After 48 h MTT (final concentration 5 mg/mL) was added to each well, followed by 4 h of incubation at 37 °C. Formazan crystals were dissolved in 100 μL Isopropanol, per well, followed by recording the absorbance at 570 nm by a microplate reader (Victor Nivo 2F, Perkin Elmer, Milan, Italy).




4.7. In Vitro Capillary Morphogenesis


In vitro capillary morphogenesis was performed in tissue culture wells coated with Geltrex™ matrix (ThermoFisher Scientific, Milan, Italy) as described [20]. ECFCs were plated (18 × 103/well) in EGM-2 medium without growth factors, supplemented with 2% FBS and incubated at 37 °C-5% CO2. Pictures were acquired at regular intervals with an EVOS optical microscope (Thermo Fisher Scientific, Monza, Italy). The results were quantified at 6 h using the Angiogenesis Analyzer tool of ImageJ software 19 that was used to perform the statistical analysis for each experimental condition. “Nodes” are identified as pixels that have at least three neighbors, corresponding to a bifurcation. “Junctions” are elements composed of several nodes. “Segments” are elements delimited by two junctions. “Meshes” are the polygon structures reinforced with more than one layer of cells in their walls and have also been referred to by other authors as a ‘Honeycomb formation’. Six to nine photographic fields from three plates were scanned for each point.




4.8. ELISA Assay for Kynurenine Determination


Cell-conditioned media were collected, clarified by centrifugation at 14,000 rpm for 10 min and supernatants were stored at −80 °C. Kyn concentration was measured by ELISA immunoassay (ImmuSmol, Bordeaux, France) according to the manufacturer’s instructions.




4.9. Western Blot Analysis


After harvesting the cells, samples were resuspended in 20 mM RIPA buffer (pH 7.4) (Merk Millipore, Vimodrone, MI, Italy), which contains a mixture of proteinase inhibitors (Calbiochem, Merck, Darmstadt, Germany), and treated by sonication (Microson XL-2000, Minisonix, Farmingdale, NY, USA). Then, the samples were centrifugated at 14,000 rpm for 7 min at 4 °C to get rid of cellular debris, and the supernatants were collected. An amount of supernatants containing equal concentration of protein (30 μg) in Laemmli buffer was separated on Bolt® Bis-Tris Plus gels 4–12% precast polyacrylamide gels (Life Technologies, Monza, Italy) and transferred as reported [47]. Blots were blocked for 1 h, at room temperature, with 5% milk in PBS 0.1% tween solution. Then, the membranes were incubated at 4 °C overnight with the following primary antibodiesrabbit anti-pmTOR (Ser2448) (1:1000 Cell signaling Technology, Cat#2971), rabbit anti-mTOR (1:1000 Abcam Cat# ab2732), rabbit anti-cMyc (1:1000, Abcam Cat# ab32072), rabbit anti-Klf4 (1:1000, St Cruz Biotechnology, Dallas, TX, USA, Cat# sc-20691), rabbit GAPDH antibody (1:1000, Cell signaling Technology, Cat# 2118) or mouse monoclonal GAPDH antibody (1:5000, Merck Cat# G8795). GAPDH was used to assess an equal amount of protein loaded in each lane. Anti-rabbit IgG (whole molecule)–Peroxidase antibody (Sigma, Cat#A0545) or anti-mouse IgG (whole molecule)–Peroxidase antibody (Sigma, Cat#A9044) were used as secondary antibodies; the enhanced chemiluminescence (ECL) procedure was employed for development.




4.10. Gelatin Zymography


Following the co-culture experiments, the media were harvested, clarified by centrifugation and loaded onto 8% SDS-PAGE containing 1 mg/mL gelatin under non-denaturing conditions to perform electrophoresis. After protein separation, the gels were washed with 2.5% Triton X-100 to remove SDS and incubated for 24 h at 37 °C in 50 mM Tris buffer containing 200 mM NaCl and 20 mM CaCl2, pH 7.4. The gels were then stained with 0.1% Coomassie brilliant blue R-250 in 10% acetic acid and 45% methanol and destained with 10% acetic acid and 45% methanol. The areas of gelatinase activity appeared transparent against a blue background. Gelatinase activity was then evaluated by quantitative densitometry (Image J 1.54d software).




4.11. Statistical Analysis


Statistical analysis was performed using GraphPad Prism 8.00 (GraphPad Software, San Diego, CA, USA). Parametric data were reported as means ± SEM and differences between groups were tested with ANOVA test (followed by Bonferroni’s and Dunnett’s Multiple Comparison Test). Nonparametric data were analyzed using the Kruskal–Wallis test, followed by Dunn’s post hoc test. For comparisons between two groups, we used Student’s unpaired t test. Alpha value was set at 0.05.
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Figure 1. TDO, IDO1 and AhR expression in HUVEC and ECFC. (A) Real-time PCR analysis (mean ± SEM, n = 3). (B,C) Immunofluorescence, mean ± SEM, n = 3 and representative photomicrographs at 40× magnification for TDO (red) and IDO1 (green). (D,E) AhR (green) localization in the nucleus following the pro-angiogenic stimulus VEGF-A. Histograms show AhR fluorescence nuclear localization (AhR/DAPI) by Mander’s coefficient (M1) using Image J 1.54d software. 
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Figure 2. Effect of TDO and IDO1 inhibitors on in vitro angiogenesis. Angiogenesis was measured by capillary morphogenesis at 6 h in untreated HUVECs (ctr) and cells stimulated with 20 ng/mL VEGF-A in the absence or presence of 680C91 and epacadostat. (A) Representative pictures, 10× magnification. (B) Mean ± SEM, n = 3. § p < 0.05; §§ p < 0.04; §§§ p < 0.001 vs. untreated (ctr). *** p < 0.001 vs. VEGF-A. 
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Figure 3. Effect of TDO and IDO1 inhibitors on in vitro vasculogenesis. Vasculogenesis was measured by capillary morphogenesis at 24 h in untreated ECFCs (ctr) and cells stimulated with 20 ng/mL VEGF-A in the absence or presence of 680C91 and epacadostat. (A) Representative pictures. 10× magnification. (B) Mean ± SEM, n = 3; § p < 0.05; §§ p < 0.01 vs. untreated (ctr). * p < 0.05; ** p < 0.01; *** p < 0.001 vs. VEGF-A. 
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Figure 4. Effect of the TDO inhibitor 680C31 and IDO1 inhibitor epacadostat on HUVEC proliferation. Cell proliferation was evaluated in response to (A,C) VEGF-A and (B,D) FGF-2 in the presence of increasing concentrations of 680C91 (A,B). (C,D) Effects of the highest concentration of 680C91 (40 µM) and epacadostat (1 µM) on VEGF-A- and FGF-2-induced HUVEC growth. Mean ± SEM, n = 5; * p < 0.05 vs. VEGF-A alone; ** p < 0.01 vs. FGF-2 alone. 
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Figure 5. m-TOR activation in response to VEGF-A stimulation in the presence of TDO selective inhibitor. HUVECs were untreated (ctr) or treated with VEGF-A (20 ng/mL) for 10′ ± 680C91 (40 µM). mTOR activation was evaluated following a densitometry analysis of Western blots by means of p-mTOR/mTOR. (A) Representative experiment; (B) Mean ± SEM, n = 3. * p < 0.05 vs. ctr, °° p < 0.01 vs. VEGF-A. 
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Figure 6. TIMER 2.0 correlation analysis between TDO expression and endothelial cell infiltration in primary (A) and metastatic (B) melanoma. Spearman’s ρ (Rho): no significant correlation p > 0.05 (A), positive significant correlation p < 0.05, ρ > 0 (B). 
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Figure 7. HUVEC proliferation in response to A375 or SK-Mel-28 conditioned media (C.M.). Melanoma cells were treated with 680C91 (40 µM) or epacadostat (1 µM) for 24 h, and then media were recovered, clarified and added to HUVECs. After 2 days, HUVEC proliferation was assessed. Mean ± SEM, n = 4. * p < 0.05, *** p < 0.001 vs. untreated C.M. § p < 0.05 vs. SK-Mel-28 C.M. 
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Figure 8. (A,B) RT-PCR for TDO2 expression and C) Kyn release in A375 HUVECs and co-cultures. (A) RT-PCR in A375 alone and in A375 co-cultured with HUVECs (A375-co). Time course. Mean ± SEM, n = 5. ** p < 0.01 vs. A375 alone; ° p < 0.05, °° p < 0.01 vs. HUVEC alone; (B) RT-PCR in HUVECs alone and in HUVECs co-cultured with A375 (HUVEC-co). Mean ± SEM, n = 3. §§§ p < 0.001 vs. HUVECs alone; ^^ p < 0.01 vs. A375 alone. (C) ELISA assay for Kyn production in HUVECs, A375 and in the co-cultures (Huvec + A375) for 6, 9 and 24 h. Mean ± SEM. n = 5. * p < 0.05, ** p < 0.01 vs. HUVECs alone. The Kruskal–Wallis test and Dunn’s post hoc test were performed. 
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Figure 9. (A) Relative mRNA expression levels of stemness markers in A375 and in A375 co-cultured for 24 h with HUVECs in the presence or absence of the TDO inhibitor. After 24 h, total RNA was extracted to perform real-time PCR. Data are shown as Mean ± SEM, n = 3. * p < 0.05 vs. A375 alone, § p < 0.05, §§ p < 0.01 vs. A375 co-cultured. (B) Protein expression for Myc and Klf4 in A375 and in A375 co-cultured (A375-co) for 24 h with HUVECs in the presence of the TDO inhibitor 680C91. Mean ± SEM, n = 3. 
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Figure 10. Gelatin zymography for MMP2 and MMP9 activity in A375, HUVECs and in A375 co-cultured with HUVECs (co-culture) for 6–24 h. In some experiments, A375 was pretreated overnight with 680C91 or epacadostat and then co-cultures were set up. Densitometric analysis shows the effect of co-culture on latent and activated (aMMP2) MMP2 and on latent and activated (aMMP9) MMP9 at 24 h representative zymograms. Mean ± SEM of 5 experiments. § p < 0.05 vs. activated MMP9 of HUVECs; * p < 0.05, *** p < 0.001 vs. activated MMP9 of co-culture; °°° p < 0.001 vs. latent MMP9 of co-culture. 
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