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Abstract

:

Simple Summary


Cell surface proteases (so-called ectoproteases) are associated with cancer, and their targeting may confer valuable options for the improvement of cancer treatment outcome. Over the past 20 years, the permanent development of a multitude of inhibitors against several ectoproteases (including DPP4, FAP, APN, ADAM17, MMP2, and MMP9) has made it into clinical evaluation in haematological and solid tumours. Among them, a few show some efficacy, albeit limited, to cure cancer in the near future. This Review summarizes the efforts thus far undertaken in the development of ectoprotease inhibitors and highlights new directions for targeting ectoproteases as an additional weapon in the fight against cancer.




Abstract


Cell surface proteases (also known as ectoproteases) are transmembrane and membrane-bound enzymes involved in various physiological and pathological processes. Several members, most notably dipeptidyl peptidase 4 (DPP4/CD26) and its related family member fibroblast activation protein (FAP), aminopeptidase N (APN/CD13), a disintegrin and metalloprotease 17 (ADAM17/TACE), and matrix metalloproteinases (MMPs) MMP2 and MMP9, are often overexpressed in cancers and have been associated with tumour dysfunction. With multifaceted actions, these ectoproteases have been validated as therapeutic targets for cancer. Numerous inhibitors have been developed to target these enzymes, attempting to control their enzymatic activity. Even though clinical trials with these compounds did not show the expected results in most cases, the field of ectoprotease inhibitors is growing. This review summarizes the current knowledge on this subject and highlights the recent development of more effective and selective drugs targeting ectoproteases among which small molecular weight inhibitors, peptide conjugates, prodrugs, or monoclonal antibodies (mAbs) and derivatives. These promising avenues have the potential to deliver novel therapeutic strategies in the treatment of cancers.
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1. Selection of Literature


The PubMed database (www.ncbi.nlm.nih.gov/pubmed, accessed on 19 December 2021) was employed to select papers for coverage in this review. The search terms “ectoprotease”, “cell surface protease”, “DPP4/CD26”, “FAP/Seprase”, “APN/CD13”, “ADAM17/TACE”, “MMP/gelatinase”, “drug”, “inhibitor”, “clinical trial”, “metabolism”, “tumour”, “microenvironment” were employed for this purpose. Although a few cited references were published prior to 2008, the majority of the cited references from the PubMed database were from 2008 to 2021.




2. Background and Introduction


Ectoproteases have been initially defined as transmembrane proteins with an active catalytic site exposed to the external surface of the membrane, and are represented by peptidases and ADAMs (a disintegrin and metalloprotease family) [1]. The roles of ectoproteases within neoplastic sites have been investigated actively. Attention has been peculiarly focused on dipeptidyl peptidase 4 (DPP4, CD26), fibroblast activation protein alpha (FAP, Seprase), aminopeptidase N (APN, CD13), and ADAM17 (also known as tumour necrosis factor-α-converting enzyme/TACE), whose deregulated expression in the tumour microenvironment (TME) is correlated with a malignant cancer phenotype (tumour cell growth, survival, metastasis, and tumour-associated angiogenesis) [2,3,4,5,6,7,8,9,10,11,12,13,14] (Figure 1). Through their enzymatic activities, DPP4, FAP, APN, and ADAM17 mediate the proteolysis of bioactive peptides and cytokines, components of the extracellular matrix, and transmembrane proteins (receptors and adhesion molecules) [8,10,11,12,13,15,16,17,18,19,20,21,22]. Ectoprotease interaction with their inhibitors or specific monoclonal antibodies (mAbs) has revealed that these ectoenzymes regulate intracellular key signalling pathways related to the modulation of major cell events (proliferation, survival, migration, angiogenesis) [11,12,13,18,20,22,23,24,25,26,27,28,29] (Figure 1). The enzymatic activity of DPP4, FAP, APN, and ADAM17, even if it contributes, is not essential for signal transduction. Indeed, these entities have a short intracytoplasmic tail, and inhibitor or mAb binding to the ectoenzyme initiates lateral membrane interactions with transmembrane proteins (including β1 integrins) for downstream signalling [14,18,28,30,31,32].



Today, the ectoproteases can also include proteases localized at the extracellular side of cell membranes. Two members of secreted matrix metalloproteinases (MMPs), i.e., MMP2 (gelatinase A) and MMP9 (gelatinase B) localize at the surface of tumour cells, and can be encompassed in the group of ectoenzymes [33] (Figure 1). As with DPP4, FAP, APN, and ADAM17, increased expression of MMP2/9 in TME is often associated with the development and progression of cancer [33,34,35], and both MMPs have the ability to cleave many different targets (extracellular matrix, cytokines, growth factors, chemokines, and cytokine/growth factor receptors) that in turn modulate key signalling pathways involved in cell growth, migration, invasion, and angiogenesis [33,36,37] (Figure 1). By binding to transmembrane proteins (αβ integrins, CD44, EGF receptor/EGFR), MMP2 and MMP9 directly trigger intracellular signalling pathways that control tumour cell events [33] (Figure 1). Thus, MMP2 and MMP9 can be considered as ectoproteases.



The structures of these ectoenzymes, as well as their overexpression and roles in cancer, have been discussed in excellent reviews and will not be detailed here [4,11,12,13,18,20,23,26,27,33] (Figure 1). The detrimental roles of these ectoproteases expressed in TME has resulted in the design and development of a myriad of inhibitors, including small molecular weight molecules, synthetic peptide-based compounds, as well as mAbs. For an inhibitor to be clinically successful, it has to be selective for a given enzyme and it needs to accumulate in cancerous tissues without eliciting adverse effects. These properties make any program of drug discovery still difficult. Although most inhibitors developed so far against these ectoproteases showed no or limited anticancer activity in clinical trials, they are, however, crucial as starting points for designing improved ectoprotease targeting strategies for cancer therapy. In this Review, we critically summarize what is currently known about ectoprotease inhibitors and give an update on the newly developed drug candidates targeting these enzymes. Figure 2 summarizes the potential impact of drug candidates targeting tumour-associated ectoproteases on key signalling pathways and cellular processes of relevance to cancer that may bring a new dimension to the therapeutic approach of cancer.




3. DPP4/CD26


DPP4 is the best known member of the S9 family of serine proteases, besides DPP8, DPP9, FAP, and prolyl oligopeptidase [32]. DPP4 exhibits potent postproline dipeptidyl peptidase activity [32]. Among substrates of DPP4, chemokines are rapidly inactivated by DPP4, and the field of inhibitor research explored the possibility of therapeutic intervention to block chemokine processing by DPP4. The first DPP4 inhibitors turned out to be nonselective pan-DPP inhibitors inhibiting FAP, DPP8, and DPP9 [38,39,40]. Then, more selective active-site DPP4 inhibitors were designed and tested in patients with type 2 diabetes or cardiovascular diseases (for review in [41,42,43]). On the basis of their mode of action, DPP4 inhibitors are covalent (including vildagliptin and saxagliptin) and noncovalent (including sitagliptin, alogliptin, and linagliptin) inhibitors [44]. These inhibitors were approved by the U.S. Food and Drug Administration (FDA) and/or the European Medicines Agency for the treatment of type 2 diabetes [45]. Supported by their excellent safety profile [45], their effects were evaluated in several xenograft animal models of cancer [46,47,48,49,50,51]. For instance, linagliptin suppressed tumour growth in a xenograft mouse model of colorectal cancer [49]. Sitagliptin had a protective effect in a rat model of colon cancer, reducing the number of precancerous lesions in sitagliptin-treated animals [46], and it could overcome tyrosine kinase-inhibitor resistance in renal cell carcinoma spheroid cultures [50]. Sitagliptin treatment reduced melanoma growth in mice as a result of delayed chemokine processing [52], prolonged survival, and increased CD8+ T cell trafficking in a syngeneic ovarian cancer mouse model, highlighting the importance of DPP4 in the regulation of the immune landscape [51]. Two large meta-analyses of clinical trials studying the impact of alogliptin, linagliptin, saxagliptin, sitagliptin, and vildagliptin in the survival of patients with lung or colorectal cancer between 2007 and 2013, and prostate, pancreas, or breast cancer between 2007 and 2015, showed that DPP4 inhibition improved survival in patients with lung, prostate, and colorectal cancer [53,54]. At the same time, a thorough follow-up of long-term DPP4 inhibition remains a valuable preventive measure, as the influence of DPP4 on cancer biology remains complex [55]. Linagliptin and sitagliptin are now tested in phase I/II clinical trials to treat oesophagogastric and non-small cell lung cancer (Table 1) [56]. These promising findings provide rationale to figure out the potential of DPP4 inhibitors in combination with checkpoint immunotherapy or chemotherapy. It has to be pointed that DPP4 can modulate immune effects in a nonenzymatic manner by interacting with other transmembrane proteins [57] or extracellular adenosine deaminase (ADA) [58]. ADA catalyzes the irreversible deamination of adenosine and 2′ deoxyadenosine to inosine and 2′ deoxyinosine, respectively. Adenosine is highly immunosuppressive for most of immune cells. Adenosine interferes with TCR signalling by binding to the adenosine receptor 2a expressed on effector T cells [59]. Exogenous ADA bound to T cell surface DPP4 has the ability to metabolize immunosuppressive adenosine, which ensures T cell proliferation [60] and to produce a CD3-dependent costimulatory downstream signal for T cell activation [60,61]. Interaction of the ADA–DPP4 complex on T cells with an ADA-anchoring protein on dendritic cells results in the production of inflammatory cytokines by the latter [62]. These effects highlight the importance of adenosine and ADA–DPP4 pathways in the modulation of T cell immune responses. Although caution has to be taken when targeting DPP4 for the treatment of cancer, DPP4 inhibitors tested in clinic so far have proved to be safe therapeutics [45], and they deserve further exploration in combination treatments of cancers with an unmet clinical need.



Apart from catalytic site inhibitors, DPP4 has been clinically targeted by mAbs. The humanized antibody YS110 was initially developed as a targeted therapy against CD26+ malignancies [63]. It exerts a very effective antitumour effect in renal cancer, malignant mesothelioma, and malignant lymphoma [63,64,65]. In phase I/II trials, YS110 led to prolonged stable disease and moderate side effects in patients with malignant pleural mesothelioma (MPM) and renal cell carcinoma, suggesting its potential as a better tolerated and more effective therapy in these cancers [66]. In a recent phase I/II study evaluating YS110 in patients with advanced MPM, it was generally well tolerated and showed some efficacy as a salvage therapy in difficult-to-treat patients (Table 1) [67,68]. The YS110-based antibody–drug conjugate Y-TR1 containing triptolide (TR-1, Nrf2 inhibitor) is in the preclinical phase [69,70]. The clinical utility of these mAbs deserves future attention.



One recent immunotherapy involves the use of chimeric antigen receptor (CAR)-T cells, which relies on cytotoxic T cells being modified to express an artifical receptor targeting cancer-specific surface antigens, and is infused into the patients, where they recognize and eliminate the tumour [71,72]. CARs, as transmembrane proteins, bind their cognate targets through their extracellular domain and bear signal transduction capacities that trigger the cytotoxic functions of host effector T cells [71,72]. DPP4 targeting CAR-T cells were developed to target DPP4+ leukemic stem cells in chronic myeloid leukaemia (CML) [73,74,75,76]. To broaden the success of CAR-T cell treatment for CML, Zhou et al. attempted to construct second-generation DPP4 targeting CAR-T cells utilizing 4-1BB (CD137) as costimulatory domain to target leukaemia stem cells [76,77]. Although limiting growth tumour progression in a mouse model, anti-DPP4-4-1BB CAR-T cells exhibited self-antigen-driven fratricide, indicating that a more optimized design or alternative target is needed [76,77].




4. FAP


FAP features a unique dual dipeptidyl peptidase and endopeptidase activity, which distinguishes it from DPP4 and other members of the S9 family [99,100]. The first inhibitors Glu-boroPro (PT-630) and Val-boroPro (PT-100, talabostat®) target not only FAP, but also DPP4 and/or DPP8/9 (reviewed in [10,101]). They had no effect on tumour cell growth in vitro or in immunodeficient mice, suggesting that these inhibitors targeted the immune system [57,102]. The involvement of the immune system in the antitumour activity of Val-boroPro was confirmed in mice depleted with CD4+ and/or CD8+ T cells [103]. The parallel inhibition of DPP4 and/or DPP8/9 by Val-boroPro complicated the proper interpretation of the results [52,104]. An adaptive phase I trial was developed to define the optimal dose of Val-BoroPro in children with relapsed or refractory solid tumours [105]. Val-BoroPro, in combination with cisplatin or docetaxel, reached phase II clinical trials in lung cancer, metastatic colorectal cancer, and melanoma, however clinical evaluation was terminated because Val-BoroPro did not improve the clinical activity of conventional drugs (possibly due to poor patient selection and poor trial design) [106,107,108,109]. Instead, recent research supports DPP9 as the preferred target of Val-boroPro [52,104]. Val-boroPro, ‘’redefined’’ as DPP8/9 inhibitor BXCL701, is currently being evaluated in combination with checkpoint inhibitors in metastatic castration-resistant prostate cancer [110,111,112]. ARI-4175, a second-generation pan-DPP inhibitor following Val-boroPro, mediates tumour regression through immune-mediated mechanisms [113]. ARI-4175 treatment induces the marked regression of well-established lung tumours, both as a single agent and as an adjuvant to dendritic cell therapy and adoptive cellular therapy [114], and significantly lowers the total number of macroscopic liver nodules in mouse models of lung cancer [115]. Whether pan-DPP inhibitors remain suitable candidates for treating certain cancers warrant further clinical investigation.



Insights into the structural characteristics of the active site and substrate preferences of FAP led to the development of FAP-specific inhibitors [116,117]. These include (4-quinolinoyl)glycyl-2-cyanopyrrolidine-based inhibitors [116,117]. One selective FAP inhibitor with low nanomolar potency is UAMC-1110 [118]. UAMC-1110 did not affect tumour growth, nor did it enhance the effect of radiotherapy in a mouse model of pancreatic cancer [119]. However, MIP-1232, a UAMC-1110-based probe radiolabeled with I125, appeared to be highly correlated with tumour tissue imaging [120]. Based on their selective and strong binding to FAP, a multitude of radiolabeled FAP inhibitors (FAPI) have been generated and are now widely used in experimental tumour diagnosis (reviewed in [10,14]). Several FAPI tracers recently entered the clinical phase for pan-tumour imaging, diagnosis, and staging examinations (Table S1) [121]. To turn the FAPI radiopharmaceuticals into theranostics, the linker region was modified to obtain improved tumour retention and to allow the use of radionuclides suited for therapy [122]. Probes such as 177Lu-FAP-2286, 64Cu-FAPI-04, 225Ac-FAPI-04, and RPS-309 were developed as theranostics [123]. First-in-human results of 177Lu-FAP-2286 demonstrate a long retention time in diverse solid tumours (advanced adenocarcinomas of pancreas, breast, rectum, and ovary) and acceptable side effects (Table 1) [78]. Prospective clinical studies are warranted.



An alternative FAP-directed cancer therapy consists of FAP-mediated activation of prodrugs. The specific gly-pro-directed proteolytic activity of FAP has been exploited in the development of several FAP-activatable prodrugs [124]. Upon cleavage by FAP, the nontoxic prodrug is activated to a potent toxin that kills both FAP+ and neighbouring FAP− cells in the tumour [124]. The ERGETGP-S12ADT-activated prodrug generated by coupling a FAP cleavable peptide to a thapsigargin analogue inhibits tumour growth in human breast and prostate cancer xenograft models with no associated toxicity [125,126]. Other FAP-targeted prodrugs include compounds based on promelittin [127], emetine [128], arenobufagin [129], desacetyl-vinblastine [130], or doxorubicin [131]. Unexpectedly, these promising prodrugs encountered a roadblock in preclinic.



Another approach aims at the development of mAbs for the selective inhibition of FAP. The first of them, mAb F19, exhibited a tight selectivity for FAP+ fibroblasts in tumour tissues [132]. Thereafter, several humanized versions of F19 were developed with limited or no antitumour activity (reviewed in [10]). Among them, sibrotuzumab was tested in phase I/II clinical trials in patients with metastatic colorectal cancer, albeit without therapeutic response, and some patients developed antihuman Abs [133,134]. Thereafter, FAP Abs have been conjugated with toxins, radioisotopes, immunomodulatory cytokines, or costimulatory molecules (reviewed in [10,14]). Based on the role of the costimulatory receptor 4-1BB (CD137, TNFRSF9) in sustaining effective T cell immune responses, a bispecific FAP antibody-fusion protein combining a trimeric 4-1BB ligand (4-1BBL) and a Fab moiety recognizing fibroblast FAP was developed [135]. Simultaneous binding of anti-FAP to CAFs and 4-1BBL to T cells resulted in the clustering and activation of T and NK cells at the tumour site, thereby leading to potent antitumour activity in mice xenograft models [135,136]. Anti-FAP-4-1BBL is currently tested in the clinic as single agent or in combination with cibisatamab (CEA/CD3 bispecific mAb) or atezolizumab (ATZ) (anti-PD-L1) (Table 1) [79]. First-in-human results confirmed tumour-specific uptake and a favourable safety profile, which supports further clinical exploration [79,80] (Table 1). A bispecific FAP-CD40 mAb (RO7300490) applies a similar principle to act as costimulatory signal for antigen-presenting cell (APC) activation, leading to enhanced T cell priming and tumour regression in mice xenograft models without clear signs of toxicity [137]. The FAP-directed CD40 agonist has progressed to clinical trial phase I as a single agent or in combination with ATZ (Table 1). The tetravalent bispecific mAb RG7386 (RO874813, a FAP mAb coupled with death receptor 5 (DR5) agonist), which binds FAP+ fibroblasts and DR5+ tumour cells, induced tumour regression in a colorectal cancer mouse model [138]. Although a phase I clinical trial with RG7386 demonstrated a favourable safety profile in patients with multiple solid tumour types and antitumour activity in a patient with non-small cell lung cancer [139,140], its development has been discontinued. A FAP mAb combined with variant interleukin-2 (IL-2v) (simlukafusp α, SIM) has been developed, with IL2v binding IL2-Rβγ but not IL2-Rα on T cells [141]. As a result, SIM strongly activates NK and CD4+/CD8+ T cells, but not Tregs, and therefore may augment activity of PD-(L)1 inhibitors [141]. SIM entered the clinic as monotherapy, in combination with ATZ [82], trastuzumab (anti-HER2) or cetuximab (anti-EGFR) [79], ATZ ± bevacizumab (anti-VEGF) [81,82], or pembrolizumab (anti-PD-1) (Table 1). In phase I studies, SIM was associated with an acceptable safety profile in patients with advanced solid tumours (Table 1) [79,81]. In a phase II study, SIM, in combination with ATZ, confirmed the safety profile in patients with cervical squamous cell carcinoma (Table 1), supporting the further exploration of SIM with checkpoint inhibition in this patient population [82].



Oncolytic group B adenoviruses have been previously optimized for selective tumour cell infection and stability in blood [142,143]. An interesting FAP-targeting strategy concerns the recent development of NG-641, a modified variant of the adenovirus enadenotucirev that encodes a bispecific single-chain diabody (bispecific T cell engager/BiTE) to simultaneously bind FAP+ CAFs and CD3+ T cells [144]. NG-641 also encodes the transgenes CXCL9, CXCL10, and IFNα to recruit T cells and enhance the overall immune response and cancer cell killing [145,146]. In addition to the infection of tumour cells with the oncolytic virus NG-641, the encoded BiTE should lead to potent T cell activation and CAF death [144]. This approach yields a multimodal treatment strategy within a single therapeutic agent. The study of the safety and tolerability of NG-641 in patients with metastatic or advanced epithelial tumours started in 2020 (Table 1).



As mentioned above for DPP4, several anti-FAP CAR-T models based on MO36 and F19 mAbs were constructed (reviewed in [10,14]). A blockade of tumour growth by anti-FAP CAR-T cells was validated in human lung cancer xenografts and syngeneic murine pancreatic cancers [147]. The high efficacy of combining anti-FAP CAR-T cells with other immunotherapies (e.g., checkpoint inhibition) was proven by Gulati et al., who achieved transiently stable disease in a humanized fibrosarcoma mouse model treated with anti-FAP (F19 mAb) CAR-T cells in combination with a PD-1-blocking mAb [148]. In a phase I clinical trial, intra-pleural administration of autologous anti-FAP CAR-T cells to three patients with malignant pleural mesothelioma was well tolerated without any evidence of treatment-related toxicity (Table 1) [84]. A Nectin4/FAP-targeted fourth-generation CAR-T cells (expressing IL7 and CCL19, or IL12) therapy is currently being tested to treat Nectin4+ advanced malignant solid tumours (Table 1).




5. APN/CD13


APN/CD13, as a member of the M1 metallopeptidase family, harbours a Zn2+-binding motif in its active site [149,150]. The first described natural or synthetic APN inhibitors exhibited a zinc binding group such as hydroxamate, carboxylate, sulfhydryl, sulfonamide, and derivatives of phosphoric acid in their moieties [151,152,153,154]. However, they lacked tight specificity by inhibiting other metalloproteases [151]. The best-known example is bestatin (Ubenimex®), which entered the clinic in the 1990s for the purpose of treating patients with haematological and solid tumours including acute and chronic leukaemias, lymphomas, melanoma, lung, bladder, and stomach carcinomas [151,152,153]. Although bestatin showed few adverse effects, its survival benefit did not appear significant. Most studies were small or had few recorded events, and, in several cases, the positive results were restricted to subgroups’ analyses (reviewed in [8]). More recently, in an early nonrandomised study, bestatin was shown to reduce the polyp number in patients with colorectal cancer [155]. Thereafter, many new APN inhibitors have been designed and synthesized, including derivatives of 3-amino-2-hydroxy-4-phenyl butanoic acid, chloramphenicol amine, 3-phenylpropane-1, 2-diamine, L-lysine, L-arginine, 1, 3, 4-thiadiazole, N-cinnamoyl-L aspartic acid, and cyclic-imide moieties, most of them being still in the (pre)clinical stage of development [153,156]. The cyclopentyl ester CHR-2797 (tosedostat) [157] was investigated both as a monotherapy and in combination with other drugs [8]. In phase I/II trials, CHR-2797 was found safe and effective in relapsed and refractory acute myeloid leukaemia (AML) [158,159,160]. When combined with low dose cytarabine, decitabine, or azacitidine, CHR-2797 was not associated with major toxic effects in a small cohort of patients with AML [161,162] or myelodysplastic syndrome (MDS) [86,161] (Table 1). However, phase II randomised studies with a large AML sample size demonstrated that the addition of CHR-2797 to standard chemotherapy negatively affects the therapeutic outcome of AML patients due to more infection-related deaths [163,164]. With regard to solid tumours, a phase I study of CHR-2797 monotherapy demonstrated tolerability and preliminary efficacy in a subset of patients with advanced renal, colorectal, lung, prostate, breast, and pancreatic tumours [165]. A recent phase Ib/II study combining CHR-2797 with capecitabine in patients with advanced pancreatic adenocarcinoma displayed tolerable toxicity in a cohort of 16 patients; however, due to insufficient funding and drug supply from manufacturer, the clinical study was terminated (Table 1) [85]. These observations of CHR-2797 in solid tumours warrant further clinical investigation.



Based on its ability to bind to the Asn-Gly-Arg (NGR) motif, APN has proven to be a key for targeted delivery of chemotherapeutic drugs to APN+ tumour cells and APN+ tumour-associated endothelium [8,166]. Interestingly, the NGR motif binds to APN isoforms in tumoural tissues, but not to normal APN-rich tissues [8]. A large variety of molecules have been coupled to the NGR motif (which can be flanked by two cysteine moieties in a circular CNGRC peptide), including cytotoxic agents (doxorubicin, 5′ fluoro-2′-deoxyuridine, 5-fluorouracil, lidamycin), cytokines (TNF-α, IFN-γ), and anti-angiogenic peptides (endostatin, truncated tissue factor/tTF, D(KLAKLAK)2) [8,166,167,168,169,170]. The NGR-coupled drugs showed antitumour activity in vitro and in preclinical models of haematological and solid tumours [168,169,170,171]. As mentioned above for FAP, preclinical research developed APN-targeted molecular imaging probes for the noninvasive detection of angiogenesis in vivo; among them, a dimeric NGR-containing peptide conjugated with a chelator, and radiolabeled with 64Cu, was shown to be a suitable radioprobe [168,172]. For 10 years, NGR-TNF-α has been tested (both as a single agent and in combination with chemotherapy) in several phase I/II clinical trials in patients with advanced solid tumours (including melanoma, small cell lung cancer, colon, liver, and ovarian carcinomas) (reviewed in [8,167,169,173]). In phase II/III studies, NGR-TNF-α showed manageable toxicity and promising activity in primary central nervous system lymphoma [87], small cell lung cancer [88], and malignant pleural mesothelioma [89] (Table 1). Recently, a prospective phase I trial with the antiangiogenic drug NGR-tTF was initiated for patients with recurrent or refractory malignant tumours and lymphomas (Table 1) [90]. These innovative approaches deserve to be pursued.



Another way of targeting APN is mAbs. APN mAbs (WM15, MY7, and SJ1D1 epitopes) were able to induce in vitro the death of primary AML cells and liver cancer stem cells (CSCs), and to slow tumour growth in a xenograft murine model of liver carcinoma [24,174]. APN mAb TEA1/8 conjugated to the marine compound PM050489 (which binds tubulin and thus impairs microtubule dynamics) exhibited antitumour activity in APN+-fibrosarcoma xenograft murine models [175]. A bispecific Ab generated by combining a CD3 Fab (OKT3) and an APN Fab (MY7) reacts with both CD3+ T cells and APN+ AML cells, leading to the elimination of AML cells by peripheral blood mononuclear cells [176]. Using a modified approach of CAR-T cells, He et al. constructed a switchable CAR-T system based on an APN mAb (Nb157) which eliminates primary AML cells in vitro and in an AML mouse model [177]. As a whole, these approaches suggest that mAbs may be a therapeutic option in the treatment of APN+ tumours.



An alternative therapeutic strategy exploited the proteolytic activity of APN for the activation of prodrugs. In peculiar, the promising activity of the alkylating prodrug melflufen (J1) is related to the ability of tumour APN to directly turn melflufen (dipeptide consisting of melphalan and p-fluoro-L-phenylalanine) into an active cytotoxic drug, melphalan (Table 1) [178]. In a phase I/IIa clinical study of solid tumours, clinical activity was suggested in ovarian cancer, but only modest activity in refractory non-small cell lung cancer [178]. In phase I/II studies (HORIZON and ANCHOR), melflufen plus dexamethasone has demonstrated encouraging clinical activity and a manageable safety profile in heavily pretreated patients with relapsed/refractory multiple myeloma (RRMM) (Table 1) [91,92]. OCEAN, a randomised phase III study, evaluated the efficacy and safety of melflufen + dexamethasone versus pomalidomide + dexamethasone (Table 1) [92,93]. Melflufen plus dexamethasone showed clinically meaningful efficacy and a manageable safety profile in patients with heavily pretreated RRMM, including those with triple class refractory and extramedullary disease (Table 1) [92].




6. ADAM17/TACE


As with APN, the active site of the metalloprotease ADAM17 is dependent on Zn2+ for its catalytic activity and can bind molecules that have a zinc binding group (such as hydroxamate, sulfonamide, tartrate, and hydantoin) in their structures. In this context, a large variety of potential low molecular weight ADAM17 inhibitors have been developed over the last 20 years [21,179]. Among them, DPC333 (BMS-561392) [180], PF-5480090 (TMI-002, WAY-18022) [181], TMI-005 (apratastat) [182], INCB3619 [183,184], and INCB7839 (aderbasib) [185] have entered phase I/II clinical trials for the management of inflammatory diseases and solid tumours (including breast cancer and non-small cell lung cancer); however, due to side effects and a lack of selectivity, they had to be withdrawn later on [13,19,20,167,179]. Indeed, these compounds also inhibit MMP8/13 (for TMI-005 and PF-5480090) or ADAM10 (for INCB3619 and INCB7839) [19,179]. In 2014, INCB7839 again entered a phase I/II clinical trial, to be used along with rituximab (anti-CD20) as consolidation therapy after an autologous haematopoietic cell transplant for patients with diffuse large B cell non-Hodgkin lymphoma (Table 1) (reviewed in [13,179]). The short-term results suggest its applicability as a relapse-preventing therapy [94].



Several ADAM17 mAbs including D1 (A12) [186,187], A9 (B8) [188], A300E, and related conjugates [189,190,191], as well as MEDI3622 [192], have been developed. D1 mAb binds to the ectodomain outside the catalytic site of ADAM17 [187]. A9 mAb binds the ectodomain of ADAM17 and directly causes a conformational change involving the ADAM17 catalytic site [188]. Both D1 and A9 mAbs exhibit antitumour effects in various cancer models including breast, head, neck, and pancreatic cancers [193,194,195]. The A300E mAb was initially developed against the disintegrin–EGF-like domain of human ADAM17 [189]; when conjugated to doxorubicin or Pseudomonas exotoxin, it induces in vitro death of breast cancer cells in an ADAM17-dependent manner [191]. An A300E-specific scFv (single-chain variable fragment) was coupled to a CD3-specific scFv to generate a bispecific T cell engager antibody (A300E-BiTE) which is capable to induce in vitro the T cell-mediated lysis of prostate cancer cells [190]. The mAb MEDI3622 recognizes a unique hairpin loop in the ectodomain of the enzyme (and absent in other ADAMs and MMPs) [186]. By blocking the ADAM17-mediated shedding of HB-EGF (ligand of the EGF receptor/EGFR), MEDI3622 exhibits antitumour activity in xenograft models of EGFR-dependent colorectal and oesophageal cancer [192,196,197]. The promising preclinical efficacy seen with these ADAM17 mAbs supports their further clinical investigation.



The propeptide domain of metalloenzymes including ADAM17 and MMP2/9 is characterized by an amino acid sequence known as “cysteine switch”, in which the cysteine residue contains a sulfhydryl group coordinated to the catalytic divalent zinc ion to suppress the catalytic activity of the MMP [198]. The cleavage of the prodomain leads to the active form of MMPs [198]. Taking this into account, a recombinant prodomain peptide of ADAM17 was synthesized and shown to be an effective and highly specific inhibitor of ADAM17 activity in sepsis and inflammation models [199] and a murine kidney fibrosis model [200]. Recently, Soto-Gomez et al. [201] have developed a bispecific fusion protein construct (E0-GS-TPD) consisting of the inhibitory prodomain peptide of ADAM17 fused to an EGFR-targeting design ankyrin repeat protein, which inhibits the proliferation of lung cancer cells [201]. The use of such specific proteins could be an innovative strategy for the treatment of EGFR-dependent cancers.




7. MMP2 and MMP9


Numerous inhibitors of the catalytic activity of MMPs have been developed. Most of them bind to the Zn2+ ion and the substrate binding pocket and aim to target MMP2 and/or MMP9 [34,198,202,203,204,205,206]. These inhibitors include the well-known BB-94 (batimastat), BB-2516 (marimastat), and BAY12-9566 (tanomastat) [34,202,203]. Unfortunately, in phase III clinical trials, these compounds failed as drugs for the treatment of different types of solid tumours, due to significant dose-limiting musculoskeletal toxicity and/or lack of selectivity for individual MMPs [34,204,205,207]. Later on, more selective MMP2 or MMP9 inhibitors were developed. They included a series of aryl-sulfonamide, aryl-sulfonide, aryl sulfonyl based-glutamine, aryl carboxamide-based isoglutamine, and biphenyl-substituted lysine derivatives with affinities in the low nanomolar range. Whether these compounds are effective in clinic has not been shown to date [207,208,209,210].



Therefore, the question remains as to whether the therapeutic targeting of MMP2 and MMP9 is feasible. In light of the current insights in the nonproteolytic (i.e., outside-in signalling) roles of (pro)MMP2 and (pro)MMP9 [33], the enzyme inhibitor approach may no longer be sufficient because it does not affect the interactions of MMP2 and MMP9 with cell surface proteins and consequent signalling. Earlier studies showed that the interaction between (pro)MMP9 and its docking receptors (αβ integrins and CD44) requires an intact MMP9 hemopexin domain (PEX) [211,212,213]. In contrast to the highly conserved MMP catalytic domain, the PEXs are unique to each MMP family member. Taking this into account, Bjorklund et al. [211], in a pioneering study, developed an inhibitory peptide (ADGACIL WMDDGWCGAAG) that binds selectively to the MMP9 PEX domain and prevents PEX from binding to αvβ5 integrin; consequently, this peptide prevents tumour xenograft growth in vivo [211]. Thereafter, two more potent MMP9 PEX inhibitors have been described [213,214]. They prevent the association of MMP9 with its receptors (α4β1 integrin/CD44), resulting in the blocking of a downstream signalling pathway required for MMP9-mediated tumour cell migration in vitro and the inhibition of tumour metastasis in xenograft mouse models of lung cancer [213,214]. Scannevin et al. designed and synthesized a small molecule known as JNJ0966 [N-(2-((2-methoxyphenyl)amino)-4′-methyl-[4,5′-bithiazol]-2′-yl) acetamide] which prevents the conversion of proMMP9 (latent form) into the catalytically active enzyme [215]. JNJ0966 penetrates the blood–brain barrier and reduces severity in a mouse experimental autoimmune encephalomyelitis model [215]. Although these new approaches hold promise due to enhanced selectivity toward MMP9, the clinical utility of these compounds as therapeutic agents in cancer remains to be investigated.



Newly designed inhibitors include function-blocking MMP9 mAbs [202,206,216,217]. The first developed mAbs, REGA-3G12 [218,219] and CLAY-001 [220], inhibited the enzymatic activity of human MMP9. Their therapeutic efficacy was demonstrated ex vivo in autoimmune skin cells for REGA-3G12 [218] and in a xenograft model of intestinal fibrosis for CLAY-001 [220]. Thereafter, two allosteric mouse MMP9 mAbs, AB0041 and AB0046, were shown to inhibit tumour growth and metastasis in a xenograft model of colorectal carcinoma [221,222]. A humanized version of AB0041, GS-5745 (andecaliximab) inhibits MMP9 through two mechanisms: binding to proMMP9 prevents MMP9 activation, whereas binding to active MMP9 allosterically inhibits enzymatic activity [221,223]. Phase Ib and II/III trials in patients diagnosed with ulcerative colitis [224,225] and a phase Ib trial on rheumatoid arthritis patients [226] demonstrated that GS-5745 was safe and well tolerated. Since then, clinical trials evaluating GS-5745 in combination with anticancer drugs have been initiated. Phase I studies of GS-5745 as a monotherapy and in combination with chemotherapy in patients with advanced solid tumours (pancreatic, non-small cell lung, oesophagogastric, colorectal, and breast cancers) demonstrated encouraging antitumour activity without added toxicity (Table 1) [95,96,97]. In a phase III study, the addition of GS-5745 to mFOLFOX6 (a combination chemotherapy that includes oxaliplatin, leucovorin, and 5-fluorouracil) in first-line therapy did not improve overall survival in unselected patients with untreated EGFR2-negative oesophagogastric adenocarcinoma (Table 1) [98]. The efficacy of GS-5745-based MMP9 inhibition, either as a monotherapy or in combination with chemotherapy, remains to be tested in other tumours.



Remarkably, the progress in the design of specific MMP2 inhibitors has been slower than for MMP9 [202,205]. A macromolecular inhibitor designed to interact with both the active site and the PEX of MMP2, linking a MMP2 selective inhibitory peptide (APP-IP, a β-amyloid precursor protein) to the N-terminus of tissue inhibitor of metalloproteinases-2 (TIMP2), could inhibit fibrosarcoma cell migration [227]. With regard to proMMP2 targeting, Sarkar et al. [228] recently developed a cyclic peptide (cy(WPHPY)) which binds to proMMP2 and disrupts the interaction between proMMP2 and TIMP-2, thereby preventing TIMP2-mediated proMMP2 activation and inhibiting cell invasion of human melanoma cells [228]. These MMP2 inhibitors have yet to further prove their clinical efficacy.




8. New Avenues for Ectoproteases in the Context of Cancer Therapy


Recent observations revealed new hallmarks of cancer-associated ectoproteases. This section highlights (i) the relevance of ectoproteases in cancer stem cells (CSCs) and tumour-associated extracellular vesicles (EVs) and (ii) the interplay between ectoproteases and tumour metabolism.



TME is composed of an extracellular matrix, circulating factors (cytokines, growth factors, chemokines…), and several cell types, including differentiated cancer cells, CSCs, mesenchymal stem cells, cancer-associated fibroblasts (CAFs), endothelial cells, and immune cells [229,230,231,232]. All these components contribute to tumour growth, metastasis, angiogenesis, resistance to drugs, and escape from immune surveillance [229,230,231,233]. Such TME heterogeneity hampers effective cancer management in clinical practice, and novel therapeutic strategies are needed [229]. As discussed in this Review, the inhibitors developed so far effectively inhibit the activity and/or function of ectoproteases originating from mature tumour cells, endothelial cells, as well as CAFs and immune cells. Recent studies have indicated that CSCs express DPP4, APN, ADAM17, and MMP2/9 [12,73,234,235,236,237,238,239,240]. The anti-DPP4 14D10 (YS110 precursor) elicits significant efficacy against MM by impairing in vitro mature MM cells as well as the stem cell side population in murine xenograft models [241]. Liver APN+ CSCs are killed in vitro by NGR-lidamycin [170]. Meanwhile, bestatin and anti-APN WM15 enhance in vitro the hypersensitivity of liver CSCs to 5-fluorouracil treatment [174]. By inhibiting ADAM17 activity in liver CSCs, the broad-spectrum inhibitor of metalloenzymes TAPI-2 blocks Notch activation, responsible for a more aggressive phenotype [238]. CSCs derived from lung adenocarcinoma display high levels of MMP2, which contribute to highly invasive and migratory cell capabilities [242]. These few examples emphasize the relevance of ectoprotease inhibitors in targeting and eliminating CSCs. Moreover, a growing number of studies have revealed the presence of ectoproteases in EVs derived from TME. EVs are small cell-derived membrane vesicles, produced either through the endosomal pathway, giving rise to exosomes, or after budding of plasma membrane, resulting in microvesicles [243,244,245,246]. EVs obtained from the serum of cancer patients holds promise as diagnostic and prognostic parameters [229,247,248]. EVs influence tumour growth, metastasis, epithelial-to-mesenchymal transition, and drug resistance [229,247,248,249]. Exosomes transfer various molecules from tumour cells to immune cells and neovascular cells, contributing to the escape from immune surveillance and increased angiogenesis, respectively [231,245,246]. DPP4, APN, ADAM17, and MMP2/9 were recently described in EVs derived from solid and haematological tumours [242,250,251,252,253,254,255,256,257]. For instance, DPP4+ exosomes in AML patients’ plasma suppress the proliferation of normal haematopoietic progenitor cells, and, diprotin A, by inhibiting DPP4 activity, reverses the effects of exosome-mediated myelosuppression [251]. The inhibition by sitagliptin and vildagliptin of exosomal DPP4 derived from 5-fluorouracil-resistant colon cancer cells suppresses tumour growth and angiogenesis in vivo [258]. EVs from myeloid tumours (including AML, CML, MDS, and myeloproliferative neoplasms) contain high levels of APN [250]. Patients with metastatic colorectal cancer (CRC) express high serum levels of exosome-derived ADAM17 which contribute to metastasis formation by cleaving E-cadherin junctions in the subsequent premetastatic niche [242]. Moreover, the interaction between the integrin α5β1 on CRC cells and its ligand ADAM17 on exosomes mediates the uptake of exosomes by cancer recipient cells, which can bear relevance during the peritoneal dissemination of CRC [259]. Enhanced expression of MMP2/9 in exosomes from prostate cancer is correlated to tumour progression [260]. MMP9+DPP4+ exosomes derived from glioma are potent inducers of angiogenesis ex vivo through the phenotypic modulation of endothelial cells [261]. In addition, exosomes carry genetic materials, including DNA, mRNA, miRNA, long noncoding (lnc) RNA, and circular (cir) RNA [262,263]. Deregulated miRNA, lncRNA, and cirRNA enhance mRNA expression in human cancers [262,263]. Exosomal miRNAs (miR-100-5p and miR-21-5p) derived from prostate CSCs increase MMP2/9 expression and enhance the MMP-mediated migration of tumour cells, contributing to local invasion and premetastatic niche formation [264]. Exosomes released by liver and lung tumour cell lines can deliver cir-MMP2 and lnc-MMP2 RNAs to recipient tumour cells, respectively, leading to increased MMP2 expression and an MMP2-mediated invasion of tumour cells [265,266]. As a whole, these observations strongly suggest the importance of ectoproteases in the behaviour of CSCs and EVs. An aera in development concerns the therapeutic targeting of CSCs [230,231,232] and EVs [245,247,248]. Thus, ectoproteases originating from CSCs and EVs represent good target candidates, as their inhibition may open a window in designing new, effective strategies to eliminate CSCs and EVs derived from TME.



The second insight that deserves attention concerns the increasing evidence of the interplay between ectoproteases and tumour cell metabolism. Metabolic reprogramming is a common phenomenon in haematological and solid tumours. In TME, different cell subpopulations reprogram their metabolism to survive, proliferate, metastasize, and develop resistance to cancer therapies [267,268]. Alterations of metabolic pathways include upregulated glycolysis, glutaminolysis, fatty acid catabolism, and low or impaired oxidative phosphorylation [267,269]. The production and removal of reactive oxygen species (ROS) is involved in glucose and glutamine metabolism, and vice versa [267,269,270]. There is increasing evidence for a bidirectional link between ectoproteases and tumour metabolism. For instance, increased expression of APN from liver CSCs promotes cell survival by limiting the increase in ROS [271]. APN-mediated downregulation of ROS levels results in the inactivation of the MAPK signalling pathway and increased expression of multidrug resistance-associated proteins (including ABC transporters) [272]. Activation of tyrosine metabolism by APN in liver CSCs contributes to stem cell maintenance, thus leading to tumour relapse [273]. Similarly, MMP9 limits ROS accumulation in a model of colon cancer [274]. Depletion of FAP+ cells improves the metabolism and functions of CD8+ T cells within tumours [275,276]. Conversely, the deregulated metabolism pathways can influence the expression and/or activity of ectoproteases. Hexokinase 2 (HK2) converts glucose to glucose-6-phosphate, the first committed step in glucose metabolism. HK2 contributes to ovarian cancer metastasis via a signalling pathway activating MMP9 expression [277]. Similarly, HK2 promotes the metastasis of colon cancer cells in nude mice through MMP2/9 upregulation [278]. Glucose transporter 1 (GLUT1), the main factor of the Warburg effect, is associated with poor prognosis in many tumours. GLUT1 enhances MMP2 expression and promotes the proliferation and migration of lung cancer cells [279]. Glutamine and pyruvate kinase (a key enzyme in the process of glycolysis) regulate migration and the invasion of ovarian cancer cells through the activation of MMP2/9 [280,281]. Elevated levels of 12-lipoxygenase (12-LOX) are associated with carcinoma progression and invasion. Overexpression of 12-LOX in prostate cancer cells results in the elevated expression of MMP9 [282]. By disrupting the cysteine–zinc binding, ROS stimulate the enzymatic activity of proMMP2/9 [283,284]. Indirectly, ROS mediate the increase in ADAM17 activity through the activation of the p38 signalling pathway in myeloid cells [285]. As a whole, these data highlight the link which exists between cancer-associated ectoproteases and cancer metabolism. Deregulation of metabolic enzymes and their metabolites in TME can increase the expression and/or function of cancer-associated ectoproteases. Conversely, ectoproteases can participate in the metabolic reprogramming in TME. Both ectoproteases and altered metabolism participate in tumour progression. Ongoing pharmacological approaches aim to exploit glycolytic enzymes in cancer therapy [267,268,286]. Thus, ectoproteases may serve as complementary therapeutic targets when aiming to influence metabolic pathways in cancer.




9. Concluding Remarks and Future Directions


Some of the ectoproteases discussed here are already useful as biomarkers in the identification of various solid and haematological cancers. For instance, APN is of diagnostic and/or prognostic relevance for patients with pancreatic, colon, and non-small cell lung cancer [5,6,9]. DPP4 is reported as a positive prognostic factor in ovarian cancer [287] and an established marker for diagnosis in cutaneous T cell lymphoma [288]. For the short term, it can be expected that FAP specific imaging will contribute to a better patient stratification and follow-up of therapy in several solid tumours [14,289]. We want to emphasize the importance of these ectoproteases in TME cell populations (including CSCs, differentiated cancer cells, CAFs, etc.) and tumour associated EVs that are promising not only as biomarkers, but also as therapeutic targets for cancer therapy. The list of ectoproteases as potential targets for cancer therapy is further expanding, as has already been seen with other ADAMs (including ADAM8, ADAM10, ADAM28), MT1-MMP/MMP14, the complex urokinase plasminogen (uPA)/uPAR, and neutral endopeptidase N/CD10 overexpressed in solid and haematological tumours [19,101,290,291]. Biomarker-guided trial design is recognized as pivotal in advancing the field of personalized medicine [292,293]. One of the best examples is breast cancer, where patients with abnormally high levels of HER2 protein in their tumour (HER2+ breast cancer) greatly benefit from combining trastuzumab (Herceptin®, anti-HER2) with chemotherapy [294]. Ectoproteases may also aid in identifying and developing novel strategies for cancer treatment, including the difficult-to-treat triple-negative breast cancer through the inhibition of ADAM17 or MMP9 [295,296]. This implies the use of validated ectoprotease inhibitors.



So far, a large panel of biologicals and low molecular weight synthetic and natural compounds targeting these enzymes have been developed and evaluated (pre)clinically, as summarized in Figure 3. However, none of them are yet included in the standard of care treatments of malignancies. Among the number of drugs tested in clinical trials of solid or haematological tumours (Table 1), only the prodrug Melflufen (activated at the tumour site by APN) has successfully reached clinical trial phase III in relapsed refractory MM, which raises hope for this agent. The therapeutic potential of active-site inhibitors of APN, ADAM17, and MMP2/9 is currently limited, in part due to their lack of appropriate selectivity. Notwithstanding the ongoing development of more selective and metabolically stable molecules, targeting the catalytic activity of these ectoproteases remains, however, a challenge. Recent research efforts have opened up this field by considering ectoproteases in tumour-targeting strategies such as ectoprotease-targeted prodrugs, where one exploits the catalytic activity of the ectoprotease or ectoprotease-targeted radiotherapy using high-affinity small molecules, small molecules blocking exosites of ADAM17, and MMP2/9, NGR-prodrugs for APN, or mAbs (Table 1) (Figure 3). More advanced ectoprotease-directed mAb-based therapies include bispecific mAb-fusion proteins and costimulatory mAb-ligand fusion proteins/oncolytic virus (Table 1) (Figure 3). Similar to the mode of action of bispecific mAbs that crosslink tumour cells with T cells, CAR-T cells offer a novel strategy to treat cancer. FAP-targeting CAR-T cells of 2nd and 4th generation were recently tested in phase I trials of solid tumours (Table 1) (Figure 3). Still, the real added value and broad applicability of these innovative therapies need to be confirmed in the future.



Even more recently, siRNA therapeutics paved their way to the clinic [297,298]. The FDA’s approval of Patisiran for the treatment of hereditary transthyretin amyloidosis is the best example of the potential of siRNA therapeutics for treating various diseases [297,298]. siRNA molecules are used to block the expression of genes involved in cancer. Current efforts are being made on combinations of siRNA and chemotherapeutic drug delivery systems for the treatment of multidrug resistant cancers [297]. Numerous studies have previously indicated that the above ectoproteases can be “manipulated” by siRNA, resulting in both the in vitro and in vivo inhibition of tumour cell growth and migration, enhanced sensitivity to chemotherapeutic agents, and enhanced survival of mouse xenograft models of cancer [299,300,301,302,303,304,305,306,307,308]. Whether this siRNA strategy opens a new avenue for achieving a “knock-out” of cancer-associated ectoproteases is not yet a clinical reality, but deserves attention.



Last, but not least, the importance of metabolic reprogramming in cancer biology is being unveiled. Indeed, metabolic changes in cancer cells represent a novel opportunity for combination therapy approaches [286]. One important new hallmark of cancer-associated ectoproteases concerns their participation in tumour metabolic reprogramming and vice versa. Cotargeting ectoproteases and glycolytic enzymes may offer new therapeutic options to kill cancer cells.



To conclude, highly selective drugs targeting cancer-associated ectoproteases are currently in preclinical and clinical evaluation, and illustrate that this field of research is exciting and promising. Integrating the scientific progress and the challenges discussed in this Review may further stimulate research in the field of these and other ectoenzymes as promising pharmaceutical targets in a combined, personalized approach towards tumour elimination.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers14030624/s1, Table S1: FAP-targeted diagnostic tracers for tumour imaging.





Author Contributions


E.V. wrote the sections on DPP4 and FAP under supervision of I.D.M., developed Table 1 and Table S1 and Figure 3; D.G. wrote the section on the new avenues for ectoproteases in the context of cancer therapy; B.B. designed the review outline, developed Figure 1 and Figure 2 and Table 1, wrote the other sections, edited the manuscript. All the authors revised the manuscript and approved the final version. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Institut National de la Santé et de la Recherche Médicale (Inserm), Flanders Innovation and Entrepreneurship (FAP project) and University Research Council (BOF) Antwerp (grant no. 45146/EVZYM project).




Acknowledgments


This review is dedicated to Siegfried Ansorge (Magdeburg, Germany) and Jürgen Langner (Halle, Germany), two pioneers in the research of DPP4/CD26 and APN/CD13.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bauvois, B. Transmembrane proteases in focus: Diversity and redundancy? J. Leukoc. Biol. 2001, 70, 11–17. [Google Scholar] [PubMed]

	



Fujii, H.; Nakajima, M.; Saiki, I.; Yoneda, J.; Azuma, I.; Tsuruo, T. Human melanoma invasion and metastasis enhancement by high expression of aminopeptidase N/CD13. Clin. Exp. Metastasis 1995, 13, 337–344. [Google Scholar] [CrossRef] [PubMed]

	



Kehlen, A.; Lendeckel, U.; Dralle, H.; Langner, J.; Hoang-Vu, C. Biological significance of aminopeptidase N/CD13 in thyroid carcinomas. Cancer Res. 2003, 63, 8500–8506. [Google Scholar] [PubMed]

	



Antczak, C.; De Meester, I.; Bauvois, B. Ectopeptidases in pathophysiology. Bioessays 2001, 23, 251–260. [Google Scholar] [CrossRef]

	



Hashida, H.; Takabayashi, A.; Kanai, M.; Adachi, M.; Kondo, K.; Kohno, N.; Yamaoka, Y.; Miyake, M. Aminopeptidase N is involved in cell motility and angiogenesis: Its clinical significance in human colon cancer. Gastroenterology 2002, 122, 376–386. [Google Scholar] [CrossRef]

	



Ikeda, N.; Nakajima, Y.; Tokuhara, T.; Hattori, N.; Sho, M.; Kanehiro, H.; Miyake, M. Clinical significance of aminopeptidase N/CD13 expression in human pancreatic carcinoma. Clin. Cancer Res. 2003, 9, 1503–1508. [Google Scholar]

	



Kelly, T. Fibroblast activation protein-alpha and dipeptidyl peptidase IV (CD26): Cell-surface proteases that activate cell signaling and are potential targets for cancer therapy. Drug Resist. Updat. 2005, 8, 51–58. [Google Scholar] [CrossRef]

	



Wickstrom, M.; Larsson, R.; Nygren, P.; Gullbo, J. Aminopeptidase N (CD13) as a target for cancer chemotherapy. Cancer Sci. 2011, 102, 501–508. [Google Scholar] [CrossRef]

	



Schmidt, L.H.; Brand, C.; Stucke-Ring, J.; Schliemann, C.; Kessler, T.; Harrach, S.; Mohr, M.; Görlich, D.; Marra, A.; Hillejan, L.; et al. Potential therapeutic impact of CD13 expression in non-small cell lung cancer. PLoS ONE 2017, 12, e0177146. [Google Scholar] [CrossRef]

	



Busek, P.; Mateu, R.; Zubal, M.; Kotackova, L.; Sedo, A. Targeting fibroblast activation protein in cancer - Prospects and caveats. Front. Biosci. (Landmark Ed.) 2018, 23, 1933–1968. [Google Scholar]

	



Düsterhöft, S.; Babendreyer, A.; Giese, A.A.; Flasshove, C.; Ludwig, A. Status update on iRhom and ADAM17: It’s still complicated. Biochim. Biophys. Acta. Mol. Cell Res. 2019, 1866, 1567–1583. [Google Scholar] [CrossRef] [PubMed]

	



Enz, N.; Vliegen, G.; De Meester, I.; Jungraithmayr, W. CD26/DPP4-A potential biomarker and target for cancer therapy. Pharmacol. Ther. 2019, 198, 135–159. [Google Scholar] [CrossRef] [PubMed]

	



Saad, M.I.; Rose-John, S.; Jenkins, B.J. ADAM17: An Emerging Therapeutic Target for Lung Cancer. Cancers 2019, 11, 1218. [Google Scholar] [CrossRef]

	



Xin, L.; Gao, J.; Zheng, Z.; Chen, Y.; Lv, S.; Zhao, Z.; Yu, C.; Yang, X.; Zhang, R. Fibroblast Activation Protein-α as a Target in the Bench-to-Bedside Diagnosis and Treatment of Tumors: A Narrative Review. Front. Oncol. 2021, 11, 648187. [Google Scholar] [CrossRef]

	



Bauvois, B. Transmembrane proteases in cell growth and invasion: New contributors to angiogenesis? Oncogene 2004, 23, 317–329. [Google Scholar] [CrossRef] [PubMed]

	



O’Brien, P.; O’Connor, B.F. Seprase: An overview of an important matrix serine protease. Biochim. Biophys. Acta. 2008, 1784, 1130–1145. [Google Scholar] [CrossRef] [PubMed]

	



Scheller, J.; Chalaris, A.; Garbers, C.; Rose-John, S. ADAM17: A molecular switch to control inflammation and tissue regeneration. Trends Immunol. 2011, 32, 380–387. [Google Scholar] [CrossRef] [PubMed]

	



Kelly, T.; Huang, Y.; Simms, A.E.; Mazur, A. Fibroblast activation protein-α: A key modulator of the microenvironment in multiple pathologies. Int. Rev. Cell Mol. Biol. 2012, 297, 83–116. [Google Scholar]

	



Mullooly, M.; McGowan, P.M.; Crown, J.; Duffy, M.J. The ADAMs family of proteases as targets for the treatment of cancer. Cancer Biol. Ther. 2016, 17, 870–880. [Google Scholar] [CrossRef]

	



Moss, M.L.; Minond, D. Recent Advances in ADAM17 Research: A Promising Target for Cancer and Inflammation. Mediat. Inflamm. 2017, 2017, 9673537. [Google Scholar] [CrossRef]

	



Zunke, F.; Rose-John, S. The shedding protease ADAM17: Physiology and pathophysiology. Biochim. Biophys. Acta. Mol. Cell Res. 2017, 1864, 2059–2070. [Google Scholar] [CrossRef] [PubMed]

	



Fitzgerald, A.A.; Weiner, L.M. The role of fibroblast activation protein in health and malignancy. Cancer Metastasis Rev. 2020, 39, 783–803. [Google Scholar] [CrossRef] [PubMed]

	



Mina-Osorio, P. The moonlighting enzyme CD13: Old and new functions to target. Trends Mol. Med. 2008, 14, 361–371. [Google Scholar] [CrossRef] [PubMed]

	



Piedfer, M.; Dauzonne, D.; Tang, R.; N’Guyen, J.; Billard, C.; Bauvois, B. Aminopeptidase-N/CD13 is a potential proapoptotic target in human myeloid tumor cells. FASEB J. 2011, 25, 2831–2842. [Google Scholar] [CrossRef]

	



Metzemaekers, M.; Van Damme, J.; Mortier, A.; Proost, P. Regulation of Chemokine Activity - A Focus on the Role of Dipeptidyl Peptidase IV/CD26. Front Immunol. 2016, 7, 483. [Google Scholar] [CrossRef]

	



Grötzinger, J.; Lorenzen, I.; Düsterhöft, S. Molecular insights into the multilayered regulation of ADAM17: The role of the extracellular region. Biochim. Biophys. Acta. Mol. Cell Res. 2017, 1864, 2088–2095. [Google Scholar] [CrossRef]

	



Lu, C.; Amin, M.A.; Fox, D.A. CD13/Aminopeptidase N Is a Potential Therapeutic Target for Inflammatory Disorders. J. Immunol. 2020, 204, 3–11. [Google Scholar] [CrossRef]

	



Calligaris, M.; Cuffaro, D.; Bonelli, S.; Spanò, D.P.; Rossello, A.; Nuti, E.; Scilabra, S.D. Strategies to Target ADAM17 in Disease: From its Discovery to the iRhom Revolution. Molecules 2021, 26, 944. [Google Scholar] [CrossRef]

	



De Zutter, A.; Van Damme, J.; Struyf, S. The Role of Post-Translational Modifications of Chemokines by CD26 in Cancer. Cancers 2021, 13, 4247. [Google Scholar] [CrossRef]

	



Mina-Osorio, P.; Winnicka, B.; O’Conor, C.; Grant, C.L.; Vogel, L.K.; Rodriguez-Pinto, D.; Holmes, K.V.; Ortega, E.; Shapiro, L.H. CD13 is a novel mediator of monocytic/endothelial cell adhesion. J. Leukoc. Biol. 2008, 84, 448–459. [Google Scholar] [CrossRef]

	



Gonzalez-Gronow, M.; Grenett, H.E.; Weber, M.R.; Gawdi, G.; Pizzo, S.V. Interaction of plasminogen with dipeptidyl peptidase IV initiates a signal transduction mechanism which regulates expression of matrix metalloproteinase-9 by prostate cancer cells. Biochem. J. 2001, 355, 397–407. [Google Scholar] [CrossRef] [PubMed]

	



Waumans, Y.; Baerts, L.; Kehoe, K.; Lambeir, A.M.; De Meester, I. The Dipeptidyl Peptidase Family, Prolyl Oligopeptidase, and Prolyl Carboxypeptidase in the Immune System and Inflammatory Disease, Including Atherosclerosis. Front Immunol. 2015, 6, 387. [Google Scholar] [CrossRef] [PubMed]

	



Bauvois, B. New facets of matrix metalloproteinases MMP-2 and MMP-9 as cell surface transducers: Outside-in signaling and relationship to tumor progression. Biochim. Biophys. Acta-Rev. Cancer 2012, 1825, 29–36. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhary, A.K.; Pandya, S.; Ghosh, K.; Nadkarni, A. Matrix metalloproteinase and its drug targets therapy in solid and hematological malignancies: An overview. Mutat. Res. 2013, 753, 7–23. [Google Scholar] [CrossRef]

	



Daniele, A.; Abbate, I.; Oakley, C.; Casamassima, P.; Savino, E.; Casamassima, A.; Sciortino, G.; Fazio, V.; Gadaleta-Caldarola, G.; Catino, A.; et al. Clinical and prognostic role of matrix metalloproteinase-2, -9 and their inhibitors in breast cancer and liver diseases: A review. Int. J. Biochem. Cell Biol. 2016, 77, 91–101. [Google Scholar] [CrossRef]

	



Kessenbrock, K.; Plaks, V.; Werb, Z. Matrix metalloproteinases: Regulators of the tumor microenvironment. Cell 2010, 141, 52–67. [Google Scholar] [CrossRef]

	



Klein, T.; Bischoff, R. Physiology and pathophysiology of matrix metalloproteases. Amino. Acids. 2011, 41, 271–290. [Google Scholar] [CrossRef]

	



Hosono, O.; Ohnuma, K.; Dang, N.H.; Morimoto, C. CD26: A key molecule in immune regulation and autoimmune diseases. Mod. Rheumatol. 2003, 13, 199–204. [Google Scholar] [CrossRef]

	



Weber, A.E. Dipeptidyl peptidase IV inhibitors for the treatment of diabetes. J. Med. Chem. 2004, 47, 4135–4141. [Google Scholar] [CrossRef]

	



Mentlein, R. Therapeutic assessment of glucagon-like peptide-1 agonists compared with dipeptidyl peptidase IV inhibitors as potential antidiabetic drugs. Expert Opin. Investig. Drugs 2005, 14, 57–64. [Google Scholar] [CrossRef]

	



Mortier, A.; Gouwy, M.; Van Damme, J.; Proost, P.; Struyf, S. CD26/dipeptidylpeptidase IV-chemokine interactions: Double-edged regulation of inflammation and tumor biology. J. Leukoc. Biol. 2016, 99, 955–969. [Google Scholar] [CrossRef] [PubMed]

	



Pan, K.; Ohnuma, K.; Morimoto, C.; Dang, N.H. CD26/Dipeptidyl Peptidase IV and Its Multiple Biological Functions. Cureus 2021, 13, e13495. [Google Scholar] [CrossRef] [PubMed]

	



Subrahmanyan, N.A.; Koshy, R.M.; Jacob, K.; Pappachan, J.M. Efficacy and Cardiovascular Safety of DPP-4 Inhibitors. Curr. Drug Saf. 2021, 16, 154–164. [Google Scholar] [CrossRef] [PubMed]

	



Deacon, C.F. Dipeptidyl peptidase-4 inhibitors in the treatment of type 2 diabetes: A comparative review. Diabetes Obes. Metab. 2011, 13, 7–18. [Google Scholar] [CrossRef]

	



Zhong, J.; Maiseyeu, A.; Davis, S.N.; Rajagopalan, S. DPP4 in cardiometabolic disease: Recent insights from the laboratory and clinical trials of DPP4 inhibition. Circ. Res. 2015, 116, 1491–1504. [Google Scholar] [CrossRef]

	



Femia, A.P.; Raimondi, L.; Maglieri, G.; Lodovici, M.; Mannucci, E.; Caderni, G. Long-term treatment with Sitagliptin, a dipeptidyl peptidase-4 inhibitor, reduces colon carcinogenesis and reactive oxygen species in 1,2-dimethylhydrazine-induced rats. Int. J. Cancer 2013, 133, 2498–2503. [Google Scholar] [CrossRef]

	



Nishina, S.; Yamauchi, A.; Kawaguchi, T.; Kaku, K.; Goto, M.; Sasaki, K.; Hara, Y.; Tomiyama, Y.; Kuribayashi, F.; Torimura, T.; et al. Dipeptidyl Peptidase 4 Inhibitors Reduce Hepatocellular Carcinoma by Activating Lymphocyte Chemotaxis in Mice. Cell. Mol. Gastroenterol. Hepatol. 2019, 7, 115–134. [Google Scholar] [CrossRef]

	



Jang, J.H.; Janker, F.; De Meester, I.; Arni, S.; Borgeaud, N.; Yamada, Y.; Gil Bazo, I.; Weder, W.; Jungraithmayr, W. The CD26/DPP4-inhibitor vildagliptin suppresses lung cancer growth via macrophage-mediated NK cell activity. Carcinogenesis 2019, 40, 324–334. [Google Scholar] [CrossRef]

	



Li, Y.; Li, Y.; Li, D.; Li, K.; Quan, Z.; Wang, Z.; Sun, Z. Repositioning of Hypoglycemic Drug Linagliptin for Cancer Treatment. Front. Pharmacol. 2020, 11, 187. [Google Scholar] [CrossRef]

	



Kamada, S.; Namekawa, T.; Ikeda, K.; Suzuki, T.; Kagawa, M.; Takeshita, H.; Yano, A.; Okamoto, K.; Ichikawa, T.; Horie-Inoue, K.; et al. Functional inhibition of cancer stemness-related protein DPP4 rescues tyrosine kinase inhibitor resistance in renal cell carcinoma. Oncogene 2021, 40, 3899–3913. [Google Scholar] [CrossRef]

	



Wilson, A.L.; Moffitt, L.R.; Wilson, K.L.; Bilandzic, M.; Wright, M.D.; Gorrell, M.D.; Oehler, M.K.; Plebanski, M.; Stephens, A.N. DPP4 Inhibitor Sitagliptin Enhances Lymphocyte Recruitment and Prolongs Survival in a Syngeneic Ovarian Cancer Mouse Model. Cancers 2021, 13, 487. [Google Scholar] [CrossRef] [PubMed]

	



Barreira da Silva, R.; Laird, M.E.; Yatim, N.; Fiette, L.; Ingersoll, M.A.; Albert, M.L. Dipeptidylpeptidase 4 inhibition enhances lymphocyte trafficking, improving both naturally occurring tumor immunity and immunotherapy. Nat. Immunol. 2015, 16, 850–858. [Google Scholar] [CrossRef] [PubMed]

	



Bishnoi, R.; Hong, Y.R.; Shah, C.; Ali, A.; Skelton, W.P.T.; Huo, J.; Dang, N.H.; Dang, L.H. Dipeptidyl peptidase 4 inhibitors as novel agents in improving survival in diabetic patients with colorectal cancer and lung cancer: A Surveillance Epidemiology and Endpoint Research Medicare study. Cancer Med. 2019, 8, 3918–3927. [Google Scholar] [CrossRef] [PubMed]

	



Shah, C.; Hong, Y.R.; Bishnoi, R.; Ali, A.; Skelton, W.P.T.; Dang, L.H.; Huo, J.; Dang, N.H. Impact of DPP4 Inhibitors in Survival of Patients With Prostate, Pancreas, and Breast Cancer. Front. Oncol. 2020, 10, 405. [Google Scholar] [CrossRef] [PubMed]

	



Kawakita, E.; Koya, D.; Kanasaki, K. CD26/DPP-4: Type 2 Diabetes Drug Target with Potential Influence on Cancer Biology. Cancers 2021, 13, 2191. [Google Scholar] [CrossRef]

	



Hollande, C.; Boussier, J.; Ziai, J.; Nozawa, T.; Bondet, V.; Phung, W.; Lu, B.; Duffy, D.; Paradis, V.; Mallet, V.; et al. Inhibition of the dipeptidyl peptidase DPP4 (CD26) reveals IL-33-dependent eosinophil-mediated control of tumor growth. Nat. Immunol. 2019, 20, 257–264. [Google Scholar] [CrossRef]

	



Huang, Y.; Simms, A.E.; Mazur, A.; Wang, S.; León, N.R.; Jones, B.; Aziz, N.; Kelly, T. Fibroblast activation protein-α promotes tumor growth and invasion of breast cancer cells through non-enzymatic functions. Clin Exp Metastasis 2011, 28, 567–579. [Google Scholar] [CrossRef]

	



De Meester, I.; Vanham, G.; Kestens, L.; Vanhoof, G.; Bosmans, E.; Gigase, P.; Scharpé, S. Binding of adenosine deaminase to the lymphocyte surface via CD26. Eur. J. Immunol. 1994, 24, 566–570. [Google Scholar] [CrossRef]

	



Cekic, C.; Linden, J. Purinergic regulation of the immune system. Nat. Rev. Immunol. 2016, 16, 177–192. [Google Scholar] [CrossRef]

	



Dong, R.P.; Kameoka, J.; Hegen, M.; Tanaka, T.; Xu, Y.; Schlossman, S.F.; Morimoto, C. Characterization of adenosine deaminase binding to human CD26 on T cells and its biologic role in immune response. J. Immunol. 1996, 156, 1349–1355. [Google Scholar]

	



Martín, M.; Huguet, J.; Centelles, J.J.; Franco, R. Expression of ecto-adenosine deaminase and CD26 in human T cells triggered by the TCR-CD3 complex. Possible role of adenosine deaminase as costimulatory molecule. J. Immunol. 1995, 155, 4630–4643. [Google Scholar] [PubMed]

	



Pacheco, R.; Martinez-Navio, J.M.; Lejeune, M.; Climent, N.; Oliva, H.; Gatell, J.M.; Gallart, T.; Mallol, J.; Lluis, C.; Franco, R. CD26, adenosine deaminase, and adenosine receptors mediate costimulatory signals in the immunological synapse. Proc. Natl. Acad. Sci. USA 2005, 102, 9583–9588. [Google Scholar] [CrossRef] [PubMed]

	



Inamoto, T.; Yamochi, T.; Ohnuma, K.; Iwata, S.; Kina, S.; Inamoto, S.; Tachibana, M.; Katsuoka, Y.; Dang, N.H.; Morimoto, C. Anti-CD26 monoclonal antibody-mediated G1-S arrest of human renal clear cell carcinoma Caki-2 is associated with retinoblastoma substrate dephosphorylation, cyclin-dependent kinase 2 reduction, p27(kip1) enhancement, and disruption of binding to the extracellular matrix. Clin. Cancer. Res. 2006, 12, 3470–3477. [Google Scholar] [PubMed]

	



Inamoto, T.; Yamada, T.; Ohnuma, K.; Kina, S.; Takahashi, N.; Yamochi, T.; Inamoto, S.; Katsuoka, Y.; Hosono, O.; Tanaka, H.; et al. Humanized anti-CD26 monoclonal antibody as a treatment for malignant mesothelioma tumors. Clin. Cancer Res. 2007, 13, 4191–4200. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, M.; Madokoro, H.; Yamada, K.; Nishida, H.; Morimoto, C.; Sakamoto, M.; Yamada, T. A humanized anti-CD26 monoclonal antibody inhibits cell growth of malignant mesothelioma via retarded G2/M cell cycle transition. Cancer Cell Int. 2016, 16, 35. [Google Scholar] [CrossRef] [PubMed]

	



Angevin, E.; Isambert, N.; Trillet-Lenoir, V.; You, B.; Alexandre, J.; Zalcman, G.; Vielh, P.; Farace, F.; Valleix, F.; Podoll, T.; et al. First-in-human phase 1 of YS110, a monoclonal antibody directed against CD26 in advanced CD26-expressing cancers. Br. J. Cancer 2017, 116, 1126–1134. [Google Scholar] [CrossRef]

	



Takeda, M.; Ohe, Y.; Horinouchi, H.; Hida, T.; Shimizu, J.; Seto, T.; Nosaki, K.; Kishimoto, T.; Miyashita, I.; Yamada, M.; et al. Phase I study of YS110, a recombinant humanized monoclonal antibody to CD26, in Japanese patients with advanced malignant pleural mesothelioma. Lung Cancer 2019, 137, 64–70. [Google Scholar] [CrossRef]

	



Nakagawa, K.; Kijima, T.; Okada, M.; Morise, M.; Kato, M.; Hirano, K.; Fujimoto, N.; Takenoyama, M.; Yokouchi, H.; Ohe, Y.; et al. Phase 2 Study of YS110, a Recombinant Humanized Anti-CD26 Monoclonal Antibody, in Japanese Patients with Advanced Malignant Pleural Mesothelioma. JTO Clin. Res. Rep. 2021, 2, 100178. [Google Scholar] [CrossRef]

	



Titov, D.V.; Gilman, B.; He, Q.L.; Bhat, S.; Low, W.K.; Dang, Y.; Smeaton, M.; Demain, A.L.; Miller, P.S.; Kugel, J.F.; et al. XPB, a subunit of TFIIH, is a target of the natural product triptolide. Nat. Chem. Biol. 2011, 7, 182–188. [Google Scholar] [CrossRef]

	



Hayashi, M.; Madokoro, H.; Yamada, K.; Nishida, H.; Morimoto, C.; Sakamoto, M.; Yanagawa, H.; Yamada, T. Novel Antibody-Drug Conjugate with Anti-CD26 Humanized Monoclonal Antibody and Transcription Factor IIH (TFIIH) Inhibitor, Triptolide, Inhibits Tumor Growth via Impairing mRNA Synthesis. Cancers 2019, 11, 1138. [Google Scholar] [CrossRef]

	



Keane, J.T.; Posey, A.D., Jr. Chimeric Antigen Receptors Expand the Repertoire of Antigenic Macromolecules for Cellular Immunity. Cells 2021, 10, 3356. [Google Scholar] [CrossRef] [PubMed]

	



Abrantes, R.; Duarte, H.O.; Gomes, C.; Wälchli, S.; Reis, C.A. CAR-Ts: New Perspectives in Cancer Therapy. FEBS Lett. 2022. on line ahead of print. [Google Scholar] [CrossRef] [PubMed]

	



Herrmann, H.; Sadovnik, I.; Cerny-Reiterer, S.; Rülicke, T.; Stefanzl, G.; Willmann, M.; Hoermann, G.; Bilban, M.; Blatt, K.; Herndlhofer, S.; et al. Dipeptidylpeptidase IV (CD26) defines leukemic stem cells (LSC) in chronic myeloid leukemia. Blood 2014, 123, 3951–3962. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, X. Distinguishing CML LSCs from HSCs using CD26. Blood 2014, 123, 3851–3852. [Google Scholar] [CrossRef] [PubMed]

	



Warfvinge, R.; Geironson, L.; Sommarin, M.N.E.; Lang, S.; Karlsson, C.; Roschupkina, T.; Stenke, L.; Stentoft, J.; Olsson-Strömberg, U.; Hjorth-Hansen, H.; et al. Single-cell molecular analysis defines therapy response and immunophenotype of stem cell subpopulations in CML. Blood 2017, 129, 2384–2394. [Google Scholar] [CrossRef]

	



Zhou, S.; Li, W.; Xiao, Y.; Zhu, X.; Zhong, Z.; Li, Q.; Cheng, F.; Zou, P.; You, Y.; Zhu, X. A novel chimeric antigen receptor redirecting T-cell specificity towards CD26(+) cancer cells. Leukemia 2021, 35, 119–129. [Google Scholar] [CrossRef]

	



Zhou, S.; Zhu, X.; Shen, N.; Li, Q.; Wang, N.; You, Y.; Zhong, Z.; Cheng, F.; Zou, P.; Zhu, X. T cells expressing CD26-specific chimeric antigen receptors exhibit extensive self-antigen-driven fratricide. Immunopharmacol. Immunotoxicol. 2019, 41, 490–496. [Google Scholar] [CrossRef]

	



Baum, R.P.; Schuchardt, C.; Singh, A.; Chantadisai, M.; Robiller, F.C.; Zhang, J.; Mueller, D.; Eismant, A.; Almaguel, F.; Zboralski, D.; et al. Feasibility, Biodistribution and Preliminary Dosimetry in Peptide-Targeted Radionuclide Therapy (PTRT) of Diverse Adenocarcinomas using (177)Lu-FAP-2286: First-in-Human Results. J. Nucl. Med. 2021. [Google Scholar] [CrossRef]

	



Melero, I.; Sanmamed, S.M.; Calvo, E.; Moreno, I.; Moreno, V.; Guerrero, T.C.H.; Martinez-Garcia, M.; Rodriguez-Vida, A.; Tabernero, J.; Azaro Pedrazzoli, A.B.; et al. First-in-human (FIH) phase I study of RO7122290 (RO), a novel FAP-targeted 4-1BB agonist, administered as single agent and in combination with atezolizumab (ATZ) to patients with advanced solid tumours. Ann. Oncol. 2020, 31, S707. [Google Scholar] [CrossRef]

	



Velloso, M.J.G.; Penuelas, I.; Ponz-Sarvise, M.; Sanmamed, M.; Rodriguez-Ruiz, M.; Melero, I.; Vugts, D.; Boellaard, R.; Huisman, M.; van Dongen, G.; et al. Tumor targeting and tissue biodistribution of RO7122290, a novel FAP-targeted 4–1BB (CD137) agonist, in patients with advanced solid tumors, using [89Zr]-RO7122290 as a PET tracer. J. Immunother. Cancer 2020, 8, A175. [Google Scholar]

	



Perez-Gracia, J.L.; Hansen, A.R.; Eefsen, R.H.L.; Gomez-Roca, C.A.; Negrier, S.; Pedrazzoli, P.; Lee, J.-L.; Gordoa, T.A.; Rodriguez, C.S.; Mellado, B.; et al. Randomized phase Ib study to evaluate safety, pharmacokinetics and therapeutic activity of simlukafusp α in combination with atezolizumab ± bevacizumab in patients with unresectable advanced/metastatic renal cell carcinoma (RCC) (NCT03063762). J. Clin. Oncol. 2021, 39, 4556. [Google Scholar] [CrossRef]

	



Italiano, A.; Verlingue, L.; Prenen, H.; Guerra, E.M.; Tosi, D.; Perets, R.; Lugowska, I.; Moiseenko, V.; Gumus, M.; Arslan, C.; et al. Clinical activity and safety of simlukafusp alfa, an engineered interleukin-2 variant targeted to fibroblast activation protein-α, combined with atezolizumab in patients with recurrent or metastatic cervical cancer. J. Clin. Oncol. 2021, 39, 5510. [Google Scholar] [CrossRef]

	



Petrausch, U.; Schuberth, P.C.; Hagedorn, C.; Soltermann, A.; Tomaszek, S.; Stahel, R.; Weder, W.; Renner, C. Re-directed T cells for the treatment of fibroblast activation protein (FAP)-positive malignant pleural mesothelioma (FAPME-1). BMC Cancer 2012, 12, 615. [Google Scholar] [CrossRef] [PubMed]

	



Curioni, A.; Britschgi, C.; Hiltbrunner, S.; Bankel, L.; Gulati, P.; Weder, W.; Opitz, I.; Lauk, O.; Caviezel, C.; Knuth, A.; et al. A phase I clinical trial of malignant pleural mesothelioma treated with locally delivered autologous anti-FAP-targeted CAR T-cells. Ann. Oncol. 2019, 30, v501. [Google Scholar] [CrossRef]

	



Grierson, P.; Teague, A.; Suresh, R.; Lim, K.H.; Amin, M.; Pedersen, K.; Tan, B.; Huffman, J.; Boice, N.; Du, L.; et al. Phase Ib/II study combining tosedostat with capecitabine in patients with advanced pancreatic adenocarcinoma. J. Gastrointest. Oncol. 2020, 11, 61–67. [Google Scholar] [CrossRef]

	



Lee, S.; Desai, P.; Edirisinghe, B.; Pianello, S.; Curcio, T.; Samuel, M.; Ritchie, E.K.; Roboz, G.J. Phase II study of the clinical efficacy and safety of tosedostat in patients with myelodysplastic syndromes (MDS) after failure of hypomethylating agent-based therapy. Leuk. Lymphoma 2020, 62, 498–500. [Google Scholar] [CrossRef]

	



Ferreri, A.J.M.; Calimeri, T.; Conte, G.M.; Cattaneo, D.; Fallanca, F.; Ponzoni, M.; Scarano, E.; Curnis, F.; Nonis, A.; Lopedote, P.; et al. R-CHOP preceded by blood-brain barrier permeabilization with engineered tumor necrosis factor-α in primary CNS lymphoma. Blood 2019, 134, 252–262. [Google Scholar] [CrossRef]

	



Gregorc, V.; Cavina, R.; Novello, S.; Grossi, F.; Lazzari, C.; Capelletto, E.; Genova, C.; Salini, G.; Lambiase, A.; Santoro, A. NGR-hTNF and Doxorubicin as Second-Line Treatment of Patients with Small Cell Lung Cancer. Oncologist 2018, 23, 1133. [Google Scholar] [CrossRef]

	



Gregorc, V.; Gaafar, R.M.; Favaretto, A.; Grossi, F.; Jassem, J.; Polychronis, A.; Bidoli, P.; Tiseo, M.; Shah, R.; Taylor, P.; et al. NGR-hTNF in combination with best investigator choice in previously treated malignant pleural mesothelioma (NGR015): A randomised, double-blind, placebo-controlled phase 3 trial. Lancet. Oncol. 2018, 19, 799–811. [Google Scholar] [CrossRef]

	



Schliemann, C.; Gerwing, M.; Heinzow, H.; Harrach, S.; Schwöppe, C.; Wildgruber, M.; Hansmeier, A.A.; Angenendt, L.; Berdel, A.F.; Stalmann, U.; et al. First-In-Class CD13-Targeted Tissue Factor tTF-NGR in Patients with Recurrent or Refractory Malignant Tumors: Results of a Phase I Dose-Escalation Study. Cancers 2020, 12, 1488. [Google Scholar] [CrossRef]

	



Mateos, M.V.; Bladé, J.; Bringhen, S.; Ocio, E.M.; Efebera, Y.; Pour, L.; Gay, F.; Sonneveld, P.; Gullbo, J.; Richardson, P.G. Melflufen: A Peptide-Drug Conjugate for the Treatment of Multiple Myeloma. J. Clin. Med. 2020, 9, 3120. [Google Scholar] [CrossRef] [PubMed]

	



Richardson, P.G.; Oriol, A.; Larocca, A.; Bladé, J.; Cavo, M.; Rodriguez-Otero, P.; Leleu, X.; Nadeem, O.; Hiemenz, J.W.; Hassoun, H.; et al. Melflufen and Dexamethasone in Heavily Pretreated Relapsed and Refractory Multiple Myeloma. J. Clin. Oncol. 2021, 39, 757–767. [Google Scholar] [CrossRef] [PubMed]

	



Schjesvold, F.; Robak, P.; Pour, L.; Aschan, J.; Sonneveld, P. OCEAN: A randomized Phase III study of melflufen + dexamethasone to treat relapsed refractory multiple myeloma. Future Oncol. 2020, 16, 631–641. [Google Scholar] [CrossRef] [PubMed]

	



Bachanova V, K.B.; Cao, Q.; Weisdorf, D.; Rashidi, A.; Warlick, E.; El Jurdi, N.; Wangen, R.; Arora, M.; Brunstein, C.; Miller, J. ADAM17 InhibitorINCB7839 with Rituximab as Consolidation after Autologous Hct for Diffuse Large B Cell Lymphoma: A Novel Relapse Prevention Strategy. In Proceedings of the Virtual 46th Annual Meeting of the EBMT, Online, 29 August–1 September 2020; Volume 133. [Google Scholar]

	



Yamaguchi, K.; Satoh, T.; Muro, K.; Takashima, A.; Ichimura, T.; Sakai, D.; Kadowaki, S.; Chin, K.; Kudo, T.; Mitani, S.; et al. Phase 1b study of andecaliximab (GS-5745, ADX) as monotherapy and in combination with nivolumab (nivo) in Japanese subjects with gastric or GEJ adenocarcinoma. J. Clin. Oncol. 2019, 37, 137. [Google Scholar] [CrossRef]

	



Bendell, J.; Sharma, S.; Patel, M.R.; Windsor, K.S.; Wainberg, Z.A.; Gordon, M.; Chaves, J.; Berlin, J.; Brachmann, C.B.; Zavodovskaya, M.; et al. Safety and Efficacy of Andecaliximab (GS-5745) Plus Gemcitabine and Nab-Paclitaxel in Patients with Advanced Pancreatic Adenocarcinoma: Results from a Phase I Study. Oncologist 2020, 25, 954–962. [Google Scholar] [CrossRef]

	



Shah, M.A.; Starodub, A.; Sharma, S.; Berlin, J.; Patel, M.; Wainberg, Z.A.; Chaves, J.; Gordon, M.; Windsor, K.; Brachmann, C.B.; et al. Andecaliximab/GS-5745 Alone and Combined with mFOLFOX6 in Advanced Gastric and Gastroesophageal Junction Adenocarcinoma: Results from a Phase I Study. Clin. Cancer Res. 2018, 24, 3829–3837. [Google Scholar] [CrossRef]

	



Shah, M.A.; Bodoky, G.; Starodub, A.; Cunningham, D.; Yip, D.; Wainberg, Z.A.; Bendell, J.; Thai, D.; He, J.; Bhargava, P.; et al. Phase III Study to Evaluate Efficacy and Safety of Andecaliximab With mFOLFOX6 as First-Line Treatment in Patients with Advanced Gastric or GEJ Adenocarcinoma (GAMMA-1). J. Clin. Oncol. 2021, 39, 990–1000. [Google Scholar] [CrossRef]

	



Park, J.E.; Lenter, M.C.; Zimmermann, R.N.; Garin-Chesa, P.; Old, L.J.; Rettig, W.J. Fibroblast activation protein, a dual specificity serine protease expressed in reactive human tumor stromal fibroblasts. J. Biol. Chem. 1999, 274, 36505–36512. [Google Scholar] [CrossRef]

	



Rawlings, N.D.; Barrett, A.J.; Thomas, P.D.; Huang, X.; Bateman, A.; Finn, R.D. The MEROPS database of proteolytic enzymes, their substrates and inhibitors in 2017 and a comparison with peptidases in the PANTHER database. Nucleic Acids Res 2018, 46, 624–632. [Google Scholar] [CrossRef]

	



Metrangolo, V.; Ploug, M.; Engelholm, L.H. The Urokinase Receptor (uPAR) as a “Trojan Horse” in Targeted Cancer Therapy: Challenges and Opportunities. Cancers 2021, 13, 5376. [Google Scholar] [CrossRef]

	



Adams, S.; Miller, G.T.; Jesson, M.I.; Watanabe, T.; Jones, B.; Wallner, B.P. PT-100, a small molecule dipeptidyl peptidase inhibitor, has potent antitumor effects and augments antibody-mediated cytotoxicity via a novel immune mechanism. Cancer Res. 2004, 64, 5471–5480. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, M.P.; Duncan, B.; Larabee, S.; Krauss, A.; Davis, J.P.; Cui, Y.; Kim, S.Y.; Guimond, M.; Bachovchin, W.; Fry, T.J. Val-boroPro accelerates T cell priming via modulation of dendritic cell trafficking resulting in complete regression of established murine tumors. PLoS ONE 2013, 8, e58860. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, D.C.; Taabazuing, C.Y.; Okondo, M.C.; Chui, A.J.; Rao, S.D.; Brown, F.C.; Reed, C.; Peguero, E.; de Stanchina, E.; Kentsis, A.; et al. DPP8/DPP9 inhibitor-induced pyroptosis for treatment of acute myeloid leukemia. Nat. Med. 2018, 24, 1151–1156. [Google Scholar] [CrossRef] [PubMed]

	



Meany, H.; Balis, F.M.; Aikin, A.; Whitcomb, P.; Murphy, R.F.; Steinberg, S.M.; Widemann, B.C.; Fox, E. Pediatric phase I trial design using maximum target inhibition as the primary endpoint. J. Natl. Cancer Inst. 2010, 102, 909–912. [Google Scholar] [CrossRef]

	



Cunningham, C.; Richards, D.; Salgia, R.; Leonard, R.; Raju, R.; Arseneau, J.; Packer, S.; Gregoire, L.; Haltom, E.; Uprichard, M.J. Phase 2 trial of talabostat and docetaxel in patients with stage IIIb/IV NSCLC. J. Clin. Oncol. 2005, 23, 7120. [Google Scholar] [CrossRef]

	



Narra, K.; Mullins, S.R.; Lee, H.O.; Strzemkowski-Brun, B.; Magalong, K.; Christiansen, V.J.; McKee, P.A.; Egleston, B.; Cohen, S.J.; Weiner, L.M.; et al. Phase II trial of single agent Val-boroPro (Talabostat) inhibiting Fibroblast Activation Protein in patients with metastatic colorectal cancer. Cancer Biol. Ther. 2007, 6, 1691–1699. [Google Scholar] [CrossRef]

	



Eager, R.M.; Cunningham, C.C.; Senzer, N.; Richards, D.A.; Raju, R.N.; Jones, B.; Uprichard, M.; Nemunaitis, J. Phase II trial of talabostat and docetaxel in advanced non-small cell lung cancer. Clin. Oncol. 2009, 21, 464–472. [Google Scholar] [CrossRef]

	



Eager, R.M.; Cunningham, C.C.; Senzer, N.N.; Stephenson, J., Jr.; Anthony, S.P.; O’Day, S.J.; Frenette, G.; Pavlick, A.C.; Jones, B.; Uprichard, M.; et al. Phase II assessment of talabostat and cisplatin in second-line stage IV melanoma. BMC Cancer 2009, 9, 263. [Google Scholar] [CrossRef]

	



Aggarwal, R.; Costin, D.; Zhang, J.S.; Monk, P.; Linch, M.; Karsh, L.; Healey, D.; Corsi-Travali, S.; Adurthi, S.; Adedoyin, A.; et al. Phase 1b/2 study of BXCL701, an oral activator of the systemic innate immunity pathway, combined with pembrolizumab (pembro), in men with metastatic castration-resistant prostate cancer (mCRPC). J. Immunother. Cancer 2020, 8, A208–A209. [Google Scholar] [CrossRef]

	



Monk, P.; Zhang, J.; Costin, D.; Petrylak, D.P.; Tagawa, S.T.; Karsh, L.I.; Zhu, X.; Linch, M.; Jones, R.; Borderies, P.; et al. 610P BXCL701-1st-in-class oral activator of systemic innate immunity-combined with pembrolizumab, in men with metastatic castration-resistant prostate cancer (mCRPC): Phase II results. Ann. Oncol. 2021, 32, S561. [Google Scholar] [CrossRef]

	



Karakuzu, O.; Tsimberidou, A.M.; Holley, V.R.; Adat, A.; Patel, S.P.; Sood, A.K.; Conley, A.P.; Urschel, G.E.; Healey, D.I.; O’Neill, V.; et al. Targeting innate immunity with BXCL701 in combination with pembrolizumab in patients with advanced solid cancers: Phase 2 basket study. J. Clin. Oncol. 2021, 39, 2558. [Google Scholar] [CrossRef]

	



Duncan, B.B.; Highfill, S.L.; Qin, H.; Bouchkouj, N.; Larabee, S.; Zhao, P.; Woznica, I.; Liu, Y.; Li, Y.; Wu, W.; et al. A pan-inhibitor of DASH family enzymes induces immune-mediated regression of murine sarcoma and is a potent adjuvant to dendritic cell vaccination and adoptive T-cell therapy. J. Immunother. 2013, 36, 400–411. [Google Scholar] [CrossRef] [PubMed]

	



Donahue, R.N.; Duncan, B.B.; Fry, T.J.; Jones, B.; Bachovchin, W.W.; Kiritsy, C.P.; Lai, J.H.; Wu, W.; Zhao, P.; Liu, Y.; et al. A pan inhibitor of DASH family enzymes induces immunogenic modulation and sensitizes murine and human carcinoma cells to antigen-specific cytotoxic T lymphocyte killing: Implications for combination therapy with cancer vaccines. Vaccine 2014, 32, 3223–3231. [Google Scholar] [CrossRef] [PubMed]

	



Henderson, J.M.; Xiang, M.S.W.; Huang, J.C.; Wetzel, S.; Jiang, L.; Lai, J.H.; Wu, W.; Kench, J.G.; Bachovchin, W.W.; Roediger, B.; et al. Dipeptidyl Peptidase Inhibition Enhances CD8 T Cell Recruitment and Activates Intrahepatic Inflammasome in a Murine Model of Hepatocellular Carcinoma. Cancers 2021, 13, 5495. [Google Scholar] [CrossRef]

	



Ryabtsova, O.; Jansen, K.; Van Goethem, S.; Joossens, J.; Cheng, J.D.; Lambeir, A.M.; De Meester, I.; Augustyns, K.; Van der Veken, P. Acylated Gly-(2-cyano)pyrrolidines as inhibitors of fibroblast activation protein (FAP) and the issue of FAP/prolyl oligopeptidase (PREP)-selectivity. Bioorg. Med. Chem. Lett. 2012, 22, 3412–3417. [Google Scholar] [CrossRef]

	



Jansen, K.; Heirbaut, L.; Cheng, J.D.; Joossens, J.; Ryabtsova, O.; Cos, P.; Maes, L.; Lambeir, A.M.; De Meester, I.; Augustyns, K.; et al. Selective Inhibitors of Fibroblast Activation Protein (FAP) with a (4-Quinolinoyl)-glycyl-2-cyanopyrrolidine Scaffold. ACS Med. Chem. Lett. 2013, 4, 491–496. [Google Scholar] [CrossRef]

	



Jansen, K.; Heirbaut, L.; Verkerk, R.; Cheng, J.D.; Joossens, J.; Cos, P.; Maes, L.; Lambeir, A.M.; De Meester, I.; Augustyns, K.; et al. Extended structure-activity relationship and pharmacokinetic investigation of (4-quinolinoyl)glycyl-2-cyanopyrrolidine inhibitors of fibroblast activation protein (FAP). J. Med. Chem. 2014, 57, 3053–3074. [Google Scholar] [CrossRef]

	



Gunderson, A.J.; Yamazaki, T.; McCarty, K.; Phillips, M.; Alice, A.; Bambina, S.; Zebertavage, L.; Friedman, D.; Cottam, B.; Newell, P.; et al. Blockade of fibroblast activation protein in combination with radiation treatment in murine models of pancreatic adenocarcinoma. PLoS ONE 2019, 14, e0211117. [Google Scholar] [CrossRef]

	



Meletta, R.; Müller Herde, A.; Chiotellis, A.; Isa, M.; Rancic, Z.; Borel, N.; Ametamey, S.M.; Krämer, S.D.; Schibli, R. Evaluation of the radiolabeled boronic acid-based FAP inhibitor MIP-1232 for atherosclerotic plaque imaging. Molecules 2015, 20, 2081–2099. [Google Scholar] [CrossRef]

	



Qin, C.; Song, Y.; Liu, X.; Gai, Y.; Liu, Q.; Ruan, W.; Liu, F.; Hu, F.; Lan, X. Increased uptake of (68)Ga-DOTA-FAPI-04 in bones and joints: Metastases and beyond. Eur. J. Nucl. Med. Mol. Imaging 2021. [Google Scholar] [CrossRef]

	



Loktev, A.; Lindner, T.; Burger, E.M.; Altmann, A.; Giesel, F.; Kratochwil, C.; Debus, J.; Marmé, F.; Jäger, D.; Mier, W.; et al. Development of Fibroblast Activation Protein-Targeted Radiotracers with Improved Tumor Retention. J. Nucl. Med. 2019, 60, 1421–1429. [Google Scholar] [CrossRef]

	



Watabe, T.; Liu, Y.; Kaneda-Nakashima, K.; Shirakami, Y.; Lindner, T.; Ooe, K.; Toyoshima, A.; Nagata, K.; Shimosegawa, E.; Haberkorn, U.; et al. Theranostics Targeting Fibroblast Activation Protein in the Tumor Stroma: (64)Cu- and (225)Ac-Labeled FAPI-04 in Pancreatic Cancer Xenograft Mouse Models. J. Nucl. Med. 2020, 61, 563–569. [Google Scholar] [CrossRef] [PubMed]

	



Brennen, W.N.; Isaacs, J.T.; Denmeade, S.R. Rationale behind targeting fibroblast activation protein-expressing carcinoma-associated fibroblasts as a novel chemotherapeutic strategy. Mol. Cancer Ther. 2012, 11, 257–266. [Google Scholar] [CrossRef] [PubMed]

	



Brennen, W.N.; Rosen, D.M.; Wang, H.; Isaacs, J.T.; Denmeade, S.R. Targeting carcinoma-associated fibroblasts within the tumor stroma with a fibroblast activation protein-activated prodrug. J. Natl. Cancer Inst. 2012, 104, 1320–1334. [Google Scholar] [CrossRef] [PubMed]

	



Brennen, W.N.; Rosen, D.M.; Chaux, A.; Netto, G.J.; Isaacs, J.T.; Denmeade, S.R. Pharmacokinetics and toxicology of a fibroblast activation protein (FAP)-activated prodrug in murine xenograft models of human cancer. Prostate 2014, 74, 1308–1319. [Google Scholar] [CrossRef]

	



LeBeau, A.M.; Brennen, W.N.; Aggarwal, S.; Denmeade, S.R. Targeting the cancer stroma with a fibroblast activation protein-activated promelittin protoxin. Mol. Cancer Ther. 2009, 8, 1378–1386. [Google Scholar] [CrossRef] [PubMed]

	



Akinboye, E.S.; Brennen, W.N.; Rosen, D.M.; Bakare, O.; Denmeade, S.R. Iterative design of emetine-based prodrug targeting fibroblast activation protein (FAP) and dipeptidyl peptidase IV DPPIV using a tandem enzymatic activation strategy. Prostate 2016, 76, 703–714. [Google Scholar] [CrossRef]

	



Deng, L.J.; Wang, L.H.; Peng, C.K.; Li, Y.B.; Huang, M.H.; Chen, M.F.; Lei, X.P.; Qi, M.; Cen, Y.; Ye, W.C.; et al. Fibroblast Activation Protein α Activated Tripeptide Bufadienolide Antitumor Prodrug with Reduced Cardiotoxicity. J. Med. Chem. 2017, 60, 5320–5333. [Google Scholar] [CrossRef]

	



Chen, M.; Lei, X.; Shi, C.; Huang, M.; Li, X.; Wu, B.; Li, Z.; Han, W.; Du, B.; Hu, J.; et al. Pericyte-targeting prodrug overcomes tumor resistance to vascular disrupting agents. J. Clin. Investig. 2017, 127, 3689–3701. [Google Scholar] [CrossRef]

	



Ke, M.R.; Chen, S.F.; Peng, X.H.; Zheng, Q.F.; Zheng, B.Y.; Yeh, C.K.; Huang, J.D. A tumor-targeted activatable phthalocyanine-tetrapeptide-doxorubicin conjugate for synergistic chemo-photodynamic therapy. Eur. J. Med. Chem. 2017, 127, 200–209. [Google Scholar] [CrossRef]

	



Garin-Chesa, P.; Old, L.J.; Rettig, W.J. Cell surface glycoprotein of reactive stromal fibroblasts as a potential antibody target in human epithelial cancers. Proc. Natl. Acad. Sci. USA 1990, 87, 7235–7239. [Google Scholar] [CrossRef] [PubMed]

	



Scott, A.M.; Wiseman, G.; Welt, S.; Adjei, A.; Lee, F.T.; Hopkins, W.; Divgi, C.R.; Hanson, L.H.; Mitchell, P.; Gansen, D.N.; et al. A Phase I dose-escalation study of sibrotuzumab in patients with advanced or metastatic fibroblast activation protein-positive cancer. Clin. Cancer Res. 2003, 9, 1639–1647. [Google Scholar] [PubMed]

	



Hofheinz, R.D.; Al-Batran, S.E.; Hartmann, F.; Hartung, G.; Jäger, D.; Renner, C.; Tanswell, P.; Kunz, U.; Amelsberg, A.; Kuthan, H.; et al. Stromal antigen targeting by a humanised monoclonal antibody: An early phase II trial of sibrotuzumab in patients with metastatic colorectal cancer. Onkologie 2003, 26, 44–48. [Google Scholar] [CrossRef] [PubMed]

	



Claus, C.; Ferrara, C.; Xu, W.; Sam, J.; Lang, S.; Uhlenbrock, F.; Albrecht, R.; Herter, S.; Schlenker, R.; Hüsser, T.; et al. Tumor-targeted 4-1BB agonists for combination with T cell bispecific antibodies as off-the-shelf therapy. Sci. Transl. Med. 2019, 11, eaav5989. [Google Scholar] [CrossRef]

	



Trüb, M.; Uhlenbrock, F.; Claus, C.; Herzig, P.; Thelen, M.; Karanikas, V.; Bacac, M.; Amann, M.; Albrecht, R.; Ferrara-Koller, C.; et al. Fibroblast activation protein-targeted-4-1BB ligand agonist amplifies effector functions of intratumoral T cells in human cancer. J. Immunother. Cancer 2020, 8, e000238. [Google Scholar] [CrossRef]

	



Sum, E.; Rapp, M.; Fröbel, P.; Le Clech, M.; Dürr, H.; Giusti, A.M.; Perro, M.; Speziale, D.; Kunz, L.; Menietti, E.; et al. Fibroblast Activation Protein α-Targeted CD40 Agonism Abrogates Systemic Toxicity and Enables Administration of High Doses to Induce Effective Antitumor Immunity. Clin. Cancer Res. 2021, 27, 4036–4053. [Google Scholar] [CrossRef]

	



Brünker, P.; Wartha, K.; Friess, T.; Grau-Richards, S.; Waldhauer, I.; Koller, C.F.; Weiser, B.; Majety, M.; Runza, V.; Niu, H.; et al. RG7386, a Novel Tetravalent FAP-DR5 Antibody, Effectively Triggers FAP-Dependent, Avidity-Driven DR5 Hyperclustering and Tumor Cell Apoptosis. Mol. Cancer Ther. 2016, 15, 946–957. [Google Scholar] [CrossRef]

	



Forero, A.; Bendell, J.C.; Kumar, P.; Janisch, L.; Rosen, M.; Wang, Q.; Copigneaux, C.; Desai, M.; Senaldi, G.; Maitland, M.L. First-in-human study of the antibody DR5 agonist DS-8273a in patients with advanced solid tumors. Investig. New Drugs 2017, 35, 298–306. [Google Scholar] [CrossRef]

	



Bendell, J.; Blay, J.-Y.; Cassier, P.; Bauer, T.; Terret, C.; Mueller, C.; Morel, A.; Chesne, E.; Xu, Z.X.; Tessier, J.; et al. Phase 1 trial of RO6874813, a novel bispecific FAP-DR5 antibody, in patients with solid tumors. Mol. Cancer Ther. 2018, 17, A092. [Google Scholar]

	



Waldhauer, I.; Gonzalez-Nicolini, V.; Freimoser-Grundschober, A.; Nayak, T.K.; Fahrni, L.; Hosse, R.J.; Gerrits, D.; Geven, E.J.W.; Sam, J.; Lang, S.; et al. Simlukafusp alfa (FAP-IL2v) immunocytokine is a versatile combination partner for cancer immunotherapy. MAbs 2021, 13, 1913791. [Google Scholar] [CrossRef]

	



Di, Y.; Seymour, L.; Fisher, K. Activity of a group B oncolytic adenovirus (ColoAd1) in whole human blood. Gene Ther. 2014, 21, 440–443. [Google Scholar] [CrossRef] [PubMed]

	



Howells, A.; Marelli, G.; Lemoine, N.R.; Wang, Y. Oncolytic Viruses-Interaction of Virus and Tumor Cells in the Battle to Eliminate Cancer. Front. Oncol. 2017, 7, 195. [Google Scholar] [CrossRef] [PubMed]

	



Freedman, J.D.; Duffy, M.R.; Lei-Rossmann, J.; Muntzer, A.; Scott, E.M.; Hagel, J.; Campo, L.; Bryant, R.J.; Verrill, C.; Lambert, A.; et al. An Oncolytic Virus Expressing a T-cell Engager Simultaneously Targets Cancer and Immunosuppressive Stromal Cells. Cancer Res. 2018, 78, 6852–6865. [Google Scholar] [CrossRef] [PubMed]

	



Freedman, J.D.; Hagel, J.; Scott, E.M.; Psallidas, I.; Gupta, A.; Spiers, L.; Miller, P.; Kanellakis, N.; Ashfield, R.; Fisher, K.D.; et al. Oncolytic adenovirus expressing bispecific antibody targets T-cell cytotoxicity in cancer biopsies. EMBO Mol. Med. 2017, 9, 1067–1087. [Google Scholar] [CrossRef]

	



Champion, B.R.; Besneux, M.; Patsalidou, M.; Silva, A.; Zonca, M.; Marino, N.; di Genova, G.; Illingworth, S.; Fedele, S.; Slater, L.; et al. An oncolytic T-SIGn virus targeting cancer-associated fibroblasts in the stromal microenvironment of human carcinomas. Cancer Res. 2019, 79, 5013. [Google Scholar]

	



Lo, A.; Wang, L.S.; Scholler, J.; Monslow, J.; Avery, D.; Newick, K.; O’Brien, S.; Evans, R.A.; Bajor, D.J.; Clendenin, C.; et al. Tumor-Promoting Desmoplasia Is Disrupted by Depleting FAP-Expressing Stromal Cells. Cancer Res. 2015, 75, 2800–2810. [Google Scholar] [CrossRef]

	



Gulati, P.; Rühl, J.; Kannan, A.; Pircher, M.; Schuberth, P.; Nytko, K.J.; Pruschy, M.; Sulser, S.; Haefner, M.; Jensen, S.; et al. Aberrant Lck Signal via CD28 Costimulation Augments Antigen-Specific Functionality and Tumor Control by Redirected T Cells with PD-1 Blockade in Humanized Mice. Clin. Cancer Res. 2018, 24, 3981–3993. [Google Scholar] [CrossRef]

	



Sjöström, H.; Norén, O.; Olsen, J. Structure and function of aminopeptidase N. Adv. Exp. Med. Biol. 2000, 477, 25–34. [Google Scholar]

	



Amin, S.A.; Adhikari, N.; Jha, T. Design of Aminopeptidase N Inhibitors as Anti-cancer Agents. J. Med. Chem. 2018, 61, 6468–6490. [Google Scholar] [CrossRef]

	



Bauvois, B.; Dauzonne, D. Aminopeptidase-N/CD13 (EC 3.4.11.2) inhibitors: Chemistry, biological evaluations, and therapeutic prospects. Med. Res. Rev. 2006, 26, 88–130. [Google Scholar] [CrossRef]

	



Zhang, X.; Xu, W. Aminopeptidase N (APN/CD13) as a target for anti-cancer agent design. Curr. Med. Chem. 2008, 15, 2850–2865. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Fang, H.; Zhang, J.; Yuan, Y.; Xu, W. Recent advance in aminopeptidase N (APN/CD13) inhibitor research. Curr. Med. Chem. 2011, 18, 5011–5021. [Google Scholar] [CrossRef] [PubMed]

	



Su, L.; Fang, H.; Xu, W. Aminopeptidase N (EC 3.4.11.2) inhibitors (2006–2010): A patent review. Expert. Opin. Ther. Pat. 2011, 21, 1241–1265. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, S.; Yao, K.; Li, D.; Liu, K.; Jin, G.; Yan, M.; Wu, Q.; Chen, H.; Shin, S.H.; Bai, R.; et al. Inhibition of LTA4H by bestatin in human and mouse colorectal cancer. EBioMedicine 2019, 44, 361–374. [Google Scholar] [CrossRef] [PubMed]

	



Hitzerd, S.M.; Verbrugge, S.E.; Ossenkoppele, G.; Jansen, G.; Peters, G.J. Positioning of aminopeptidase inhibitors in next generation cancer therapy. Amino. Acids. 2014, 46, 793–808. [Google Scholar] [CrossRef] [PubMed]

	



Jenkins, C.; Hewamana, S.; Krige, D.; Pepper, C.; Burnett, A. Aminopeptidase inhibition by the novel agent CHR-2797 (tosedostat) for the therapy of acute myeloid leukemia. Leuk. Res. 2011, 35, 677–681. [Google Scholar] [CrossRef]

	



Löwenberg, B.; Morgan, G.; Ossenkoppele, G.J.; Burnett, A.K.; Zachée, P.; Dührsen, U.; Dierickx, D.; Müller-Tidow, C.; Sonneveld, P.; Krug, U.; et al. Phase I/II clinical study of Tosedostat, an inhibitor of aminopeptidases, in patients with acute myeloid leukemia and myelodysplasia. J. Clin. Oncol. 2010, 28, 4333–4338. [Google Scholar] [CrossRef]

	



Mathisen, M.S.; Ravandi, F. Efficacy of tosedostat, a novel, oral agent for elderly patients with relapsed or refractory acute myeloid leukemia: A review of the Phase II OPAL trial. Future Oncol. 2012, 8, 351–357. [Google Scholar] [CrossRef]

	



Cortes, J.; Feldman, E.; Yee, K.; Rizzieri, D.; Advani, A.S.; Charman, A.; Spruyt, R.; Toal, M.; Kantarjian, H. Two dosing regimens of tosedostat in elderly patients with relapsed or refractory acute myeloid leukaemia (OPAL): A randomised open-label phase 2 study. Lancet. Oncol. 2013, 14, 354–362. [Google Scholar] [CrossRef]

	



Mawad, R.; Becker, P.S.; Hendrie, P.; Scott, B.; Wood, B.L.; Dean, C.; Sandhu, V.; Deeg, H.J.; Walter, R.; Wang, L.; et al. Phase II study of tosedostat with cytarabine or decitabine in newly diagnosed older patients with acute myeloid leukaemia or high-risk MDS. Br. J. Haematol. 2016, 172, 238–245. [Google Scholar] [CrossRef]

	



Visani, G.; Loscocco, F.; Dennis, M.; Zuffa, E.; Candoni, A.; Sensi, A.; Giannini, B.; Musuraca, G.; Mianulli, A.M.; Clavio, M.; et al. Gene expression profile predicts response to the combination of tosedostat and low-dose cytarabine in elderly AML. Blood Adv. 2020, 4, 5040–5049. [Google Scholar] [CrossRef] [PubMed]

	



Janssen, J.; Löwenberg, B.; Manz, M.; Bargetzi, M.; Biemond, B.; Borne, P.V.D.; Breems, D.; Brouwer, R.; Chalandon, Y.; Deeren, D.; et al. Inferior Outcome of Addition of the Aminopeptidase Inhibitor Tosedostat to Standard Intensive Treatment for Elderly Patients with AML and High Risk MDS. Cancers 2021, 13, 672. [Google Scholar] [CrossRef] [PubMed]

	



Dennis, M.; Burnett, A.; Hills, R.; Thomas, I.; Ariti, C.; Severinsen, M.T.; Hemmaway, C.; Greaves, P.; Clark, R.E.; Copland, M.; et al. A randomised evaluation of low-dose cytosine arabinoside (ara-C) plus tosedostat versus low-dose ara-C in older patients with acute myeloid leukaemia: Results of the LI-1 trial. Br. J. Haematol. 2021, 194, 298–308. [Google Scholar] [CrossRef] [PubMed]

	



Reid, A.H.; Protheroe, A.; Attard, G.; Hayward, N.; Vidal, L.; Spicer, J.; Shaw, H.M.; Bone, E.A.; Carter, J.; Hooftman, L.; et al. A first-in-man phase i and pharmacokinetic study on CHR-2797 (Tosedostat), an inhibitor of M1 aminopeptidases, in patients with advanced solid tumors. Clin. Cancer Res. 2009, 15, 4978–4985. [Google Scholar] [CrossRef] [PubMed]

	



Corti, A.; Pastorino, F.; Curnis, F.; Arap, W.; Ponzoni, M.; Pasqualini, R. Targeted drug delivery and penetration into solid tumors. Med. Res. Rev. 2011, 32, 1078–1091. [Google Scholar] [CrossRef] [PubMed]

	



Svensen, N.; Walton, J.G.; Bradley, M. Peptides for cell-selective drug delivery. Trends. Pharmacol. Sci. 2012, 33, 186–192. [Google Scholar] [CrossRef] [PubMed]

	



Wang, R.E.; Niu, Y.; Wu, H.; Hu, Y.; Cai, J. Development of NGR-based anti-cancer agents for targeted therapeutics and imaging. Anticancer Agents Med. Chem. 2012, 12, 76–86. [Google Scholar] [CrossRef]

	



Zou, M.; Zhang, L.; Xie, Y.; Xu, W. NGR-based strategies for targeting delivery of chemotherapeutics to tumor vasculature. Anticancer Agents Med. Chem. 2012, 12, 239–246. [Google Scholar] [CrossRef]

	



Zheng, Y.B.; Gong, J.H.; Liu, X.J.; Li, Y.; Zhen, Y.S. A CD13-targeting peptide integrated protein inhibits human liver cancer growth by killing cancer stem cells and suppressing angiogenesis. Mol. Carcinog. 2017, 56, 1395–1404. [Google Scholar] [CrossRef]

	



Bouchet, S.; Tang, R.; Fava, F.; Legrand, O.; Bauvois, B. The CNGRC-GG-D(KLAKLAK)2 peptide induces a caspase-independent, Ca2+-dependent death in human leukemic myeloid cells by targeting surface aminopeptidase N/CD13. Oncotarget 2016, 7, 19445–19467. [Google Scholar] [CrossRef]

	



Dijkgraaf, I.; Van de Vijver, P.; Dirksen, A.; Hackeng, T.M. Synthesis and application of cNGR-containing imaging agents for detection of angiogenesis. Bioorg. Med. Chem. 2013, 21, 3555–3564. [Google Scholar] [CrossRef] [PubMed]

	



Corti, A.; Curnis, F.; Rossoni, G.; Marcucci, F.; Gregorc, V. Peptide-mediated targeting of cytokines to tumor vasculature: The NGR-hTNF example. BioDrugs 2013, 27, 591–603. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Fang, C.; Qu, M.; Wu, H.; Wang, X.; Zhang, H.; Ma, H.; Zhang, Z.; Huang, Y.; Shi, L.; et al. CD13 Inhibition Enhances Cytotoxic Effect of Chemotherapy Agents. Front. Pharmacol. 2018, 9, 1042. [Google Scholar] [CrossRef] [PubMed]

	



Domínguez, J.M.; Pérez-Chacón, G.; Guillén, M.J.; Muñoz-Alonso, M.J.; Somovilla-Crespo, B.; Cibrián, D.; Acosta-Iborra, B.; Adrados, M.; Muñoz-Calleja, C.; Cuevas, C.; et al. CD13 as a new tumor target for antibody-drug conjugates: Validation with the conjugate MI130110. J. Hematol. Oncol. 2020, 13, 32. [Google Scholar] [CrossRef]

	



Kaneko, T.; Fusauchi, Y.; Kakui, Y.; Masuda, M.; Akahoshi, M.; Teramura, M.; Motoji, T.; Okumura, K.; Mizoguchi, H.; Oshimi, K. A bispecific antibody enhances cytokine-induced killer-mediated cytolysis of autologous acute myeloid leukemia cells. Blood 1993, 81, 1333–1341. [Google Scholar] [CrossRef]

	



He, X.; Feng, Z.; Ma, J.; Zhang, X.; Ling, S.; Cao, Y.; Xing, B.; Wu, Y.; Wang, L.; Katona, B.W.; et al. CAR T cells targeting CD13 controllably induce eradication of acute myeloid leukemia with a single domain antibody switch. Leukemia 2021, 35, 3309–3313. [Google Scholar] [CrossRef]

	



Berglund, Å.; Ullén, A.; Lisyanskaya, A.; Orlov, S.; Hagberg, H.; Tholander, B.; Lewensohn, R.; Nygren, P.; Spira, J.; Harmenberg, J.; et al. First-in-human, phase I/IIa clinical study of the peptidase potentiated alkylator melflufen administered every three weeks to patients with advanced solid tumor malignancies. Investig. New Drugs 2015, 33, 1232–1241. [Google Scholar] [CrossRef]

	



Murumkar, P.R.; Ghuge, R.B.; Chauhan, M.; Barot, R.R.; Sorathiya, S.; Choudhary, K.M.; Joshi, K.D.; Yadav, M.R. Recent developments and strategies for the discovery of TACE inhibitors. Expert Opin. Drug Discov. 2020, 15, 779–801. [Google Scholar] [CrossRef]

	



Le Gall, S.M.; Maretzky, T.; Issuree, P.D.; Niu, X.D.; Reiss, K.; Saftig, P.; Khokha, R.; Lundell, D.; Blobel, C.P. ADAM17 is regulated by a rapid and reversible mechanism that controls access to its catalytic site. J. Cell Sci. 2010, 123, 3913–3922. [Google Scholar] [CrossRef]

	



Zhang, Y.; Hegen, M.; Xu, J.; Keith, J.C., Jr.; Jin, G.; Du, X.; Cummons, T.; Sheppard, B.J.; Sun, L.; Zhu, Y.; et al. Characterization of (2R, 3S)-2-([[4-(2-butynyloxy)phenyl]sulfonyl]amino)-N,3-dihydroxybutanamide, a potent and selective inhibitor of TNF-alpha converting enzyme. Int. Immunopharmacol. 2004, 4, 1845–1857. [Google Scholar] [CrossRef]

	



Thabet, M.M.; Huizinga, T.W. Drug evaluation: Apratastat, a novel TACE/MMP inhibitor for rheumatoid arthritis. Curr. Opin. Investig. Drugs 2006, 7, 1014–1019. [Google Scholar] [PubMed]

	



Zhou, B.B.; Peyton, M.; He, B.; Liu, C.; Girard, L.; Caudler, E.; Lo, Y.; Baribaud, F.; Mikami, I.; Reguart, N.; et al. Targeting ADAM-mediated ligand cleavage to inhibit HER3 and EGFR pathways in non-small cell lung cancer. Cancer Cell 2006, 10, 39–50. [Google Scholar] [CrossRef] [PubMed]

	



Fridman, J.S.; Caulder, E.; Hansbury, M.; Liu, X.; Yang, G.; Wang, Q.; Lo, Y.; Zhou, B.B.; Pan, M.; Thomas, S.M.; et al. Selective inhibition of ADAM metalloproteases as a novel approach for modulating ErbB pathways in cancer. Clin. Cancer Res. 2007, 13, 1892–1902. [Google Scholar] [CrossRef]

	



Witters, L.; Scherle, P.; Friedman, S.; Fridman, J.; Caulder, E.; Newton, R.; Lipton, A. Synergistic inhibition with a dual epidermal growth factor receptor/HER-2/neu tyrosine kinase inhibitor and a disintegrin and metalloprotease inhibitor. Cancer Res. 2008, 68, 7083–7089. [Google Scholar] [CrossRef] [PubMed]

	



Tape, C.J.; Willems, S.H.; Dombernowsky, S.L.; Stanley, P.L.; Fogarasi, M.; Ouwehand, W.; McCafferty, J.; Murphy, G. Cross-domain inhibition of TACE ectodomain. Proc. Natl. Acad. Sci. USA 2011, 108, 5578–5583. [Google Scholar] [CrossRef]

	



Richards, F.M.; Tape, C.J.; Jodrell, D.I.; Murphy, G. Anti-tumour effects of a specific anti-ADAM17 antibody in an ovarian cancer model in vivo. PLoS ONE 2012, 7, e40597. [Google Scholar] [CrossRef]

	



Kwok, H.F.; Botkjaer, K.A.; Tape, C.J.; Huang, Y.; McCafferty, J.; Murphy, G. Development of a ‘mouse and human cross-reactive’ affinity-matured exosite inhibitory human antibody specific to TACE (ADAM17) for cancer immunotherapy. Protein Eng. Des. Sel. 2014, 27, 179–190. [Google Scholar] [CrossRef]

	



Trad, A.; Hedemann, N.; Shomali, M.; Pawlak, V.; Grötzinger, J.; Lorenzen, I. Development of sandwich ELISA for detection and quantification of human and murine a disintegrin and metalloproteinase17. J. Immunol. Methods 2011, 371, 91–96. [Google Scholar] [CrossRef]

	



Yamamoto, K.; Trad, A.; Baumgart, A.; Hüske, L.; Lorenzen, I.; Chalaris, A.; Grötzinger, J.; Dechow, T.; Scheller, J.; Rose-John, S. A novel bispecific single-chain antibody for ADAM17 and CD3 induces T-cell-mediated lysis of prostate cancer cells. Biochem. J. 2012, 445, 135–144. [Google Scholar] [CrossRef]

	



Trad, A.; Hansen, H.P.; Shomali, M.; Peipp, M.; Klausz, K.; Hedemann, N.; Yamamoto, K.; Mauermann, A.; Desel, C.; Lorenzen, I.; et al. ADAM17-overexpressing breast cancer cells selectively targeted by antibody-toxin conjugates. Cancer Immunol. Immunother. 2013, 62, 411–421. [Google Scholar] [CrossRef]

	



Rios-Doria, J.; Sabol, D.; Chesebrough, J.; Stewart, D.; Xu, L.; Tammali, R.; Cheng, L.; Du, Q.; Schifferli, K.; Rothstein, R.; et al. A Monoclonal Antibody to ADAM17 Inhibits Tumor Growth by Inhibiting EGFR and Non-EGFR-Mediated Pathways. Mol. Cancer Ther. 2015, 14, 1637–1649. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Benaich, N.; Tape, C.; Kwok, H.F.; Murphy, G. Targeting the sheddase activity of ADAM17 by an anti-ADAM17 antibody D1(A12) inhibits head and neck squamous cell carcinoma cell proliferation and motility via blockage of bradykinin induced HERs transactivation. Int. J. Biol. Sci. 2014, 10, 702–714. [Google Scholar] [CrossRef] [PubMed]

	



Caiazza, F.; McGowan, P.M.; Mullooly, M.; Murray, A.; Synnott, N.; O’Donovan, N.; Flanagan, L.; Tape, C.J.; Murphy, G.; Crown, J.; et al. Targeting ADAM-17 with an inhibitory monoclonal antibody has antitumour effects in triple-negative breast cancer cells. Br. J. Cancer 2015, 112, 1895–1903. [Google Scholar] [CrossRef] [PubMed]

	



Ye, J.; Yuen, S.M.; Murphy, G.; Xie, R.; Kwok, H.F. Anti-tumor effects of a ‘human & mouse cross-reactive’ anti-ADAM17 antibody in a pancreatic cancer model in vivo. Eur. J. Pharm. Sci. 2017, 110, 62–69. [Google Scholar]

	



Peng, L.; Cook, K.; Xu, L.; Cheng, L.; Damschroder, M.; Gao, C.; Wu, H.; Dall’Acqua, W.F. Molecular basis for the mechanism of action of an anti-TACE antibody. MAbs 2016, 8, 1598–1605. [Google Scholar] [CrossRef]

	



Dosch, J.; Ziemke, E.; Wan, S.; Luker, K.; Welling, T.; Hardiman, K.; Fearon, E.; Thomas, S.; Flynn, M.; Rios-Doria, J.; et al. Targeting ADAM17 inhibits human colorectal adenocarcinoma progression and tumor-initiating cell frequency. Oncotarget 2017, 8, 65090–65099. [Google Scholar] [CrossRef]

	



Mondal, S.; Adhikari, N.; Banerjee, S.; Amin, S.A.; Jha, T. Matrix metalloproteinase-9 (MMP-9) and its inhibitors in cancer: A minireview. Eur. J. Med. Chem. 2020, 194, 112260. [Google Scholar] [CrossRef]

	



Wong, E.; Cohen, T.; Romi, E.; Levin, M.; Peleg, Y.; Arad, U.; Yaron, A.; Milla, M.E.; Sagi, I. Harnessing the natural inhibitory domain to control TNFα Converting Enzyme (TACE) activity in vivo. Sci. Rep. 2016, 6, 35598. [Google Scholar] [CrossRef]

	



Kefaloyianni, E.; Muthu, M.L.; Kaeppler, J.; Sun, X.; Sabbisetti, V.; Chalaris, A.; Rose-John, S.; Wong, E.; Sagi, I.; Waikar, S.S.; et al. ADAM17 substrate release in proximal tubule drives kidney fibrosis. JCI Insight 2016, 1, e87023. [Google Scholar] [CrossRef]

	



Soto-Gamez, A.; Chen, D.; Nabuurs, A.G.E.; Quax, W.J.; Demaria, M.; Boersma, Y.L. A Bispecific Inhibitor of the EGFR/ADAM17 Axis Decreases Cell Proliferation and Migration of EGFR-Dependent Cancer Cells. Cancers 2020, 12, 411. [Google Scholar] [CrossRef]

	



Cathcart, J.; Pulkoski-Gross, A.; Cao, J. Targeting Matrix Metalloproteinases in Cancer: Bringing New Life to Old Ideas. Genes Dis. 2015, 2, 26–34. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.S.; Lin, C.W.; Su, S.C.; Yang, S.F. Pharmacodynamic considerations in the use of matrix metalloproteinase inhibitors in cancer treatment. Expert. Opin. Drug Metab. Toxicol. 2016, 12, 191–200. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, Y.; Lu, Y.T.; Sun, Y.; Shi, Z.H.; Li, N.G.; Tang, Y.P.; Duan, J.A. Recent opportunities in matrix metalloproteinase inhibitor drug design for cancer. Expert. Opin. Drug Discov. 2018, 13, 75–87. [Google Scholar] [CrossRef] [PubMed]

	



Henriet, P.; Emonard, H. Matrix metalloproteinase-2: Not (just) a “hero” of the past. Biochimie 2019, 166, 223–232. [Google Scholar] [CrossRef]

	



Barillari, G. The Impact of Matrix Metalloproteinase-9 on the Sequential Steps of the Metastatic Process. Int. J. Mol. Sci. 2020, 21, 4526. [Google Scholar] [CrossRef]

	



Baidya, S.K.; Amin, S.A.; Jha, T. Outline of gelatinase inhibitors as anti-cancer agents: A patent mini-review for 2010-present. Eur. J. Med. Chem. 2021, 213, 113044. [Google Scholar] [CrossRef]

	



Nguyen, T.T.; Ding, D.; Wolter, W.R.; Pérez, R.L.; Champion, M.M.; Mahasenan, K.V.; Hesek, D.; Lee, M.; Schroeder, V.A.; Jones, J.I.; et al. Validation of Matrix Metalloproteinase-9 (MMP-9) as a Novel Target for Treatment of Diabetic Foot Ulcers in Humans and Discovery of a Potent and Selective Small-Molecule MMP-9 Inhibitor That Accelerates Healing. J. Med. Chem. 2018, 61, 8825–8837. [Google Scholar] [CrossRef]

	



Das, S.; Amin, S.A.; Jha, T. Inhibitors of gelatinases (MMP-2 and MMP-9) for the management of hematological malignancies. Eur. J. Med. Chem. 2021, 223, 113623. [Google Scholar] [CrossRef]

	



Kirchhain, A.; Zubrienė, A.; Kairys, V.; Vivaldi, F.; Bonini, A.; Biagini, D.; Santalucia, D.; Matulis, D.; Di Francesco, F. Biphenyl substituted lysine derivatives as recognition elements for the matrix metalloproteinases MMP-2 and MMP-9. Bioorg. Chem. 2021, 115, 105155. [Google Scholar] [CrossRef]

	



Bjorklund, M.; Heikkila, P.; Koivunen, E. Peptide inhibition of catalytic and noncatalytic activities of matrix metalloproteinase-9 blocks tumor cell migration and invasion. J. Biol. Chem. 2004, 279, 29589–29597. [Google Scholar] [CrossRef]

	



Dufour, A.; Zucker, S.; Sampson, N.S.; Kuscu, C.; Cao, J. Role of matrix metalloproteinase-9 dimers in cell migration: Design of inhibitory peptides. J. Biol. Chem. 2010, 285, 35944–35956. [Google Scholar] [CrossRef] [PubMed]

	



Alford, V.M.; Kamath, A.; Ren, X.; Kumar, K.; Gan, Q.; Awwa, M.; Tong, M.; Seeliger, M.A.; Cao, J.; Ojima, I.; et al. Targeting the Hemopexin-like Domain of Latent Matrix Metalloproteinase-9 (proMMP-9) with a Small Molecule Inhibitor Prevents the Formation of Focal Adhesion Junctions. ACS Chem. Biol. 2017, 12, 2788–2803. [Google Scholar] [CrossRef] [PubMed]

	



Dufour, A.; Sampson, N.S.; Li, J.; Kuscu, C.; Rizzo, R.C.; Deleon, J.L.; Zhi, J.; Jaber, N.; Liu, E.; Zucker, S.; et al. Small-molecule anticancer compounds selectively target the hemopexin domain of matrix metalloproteinase-9. Cancer Res. 2011, 71, 4977–4988. [Google Scholar] [CrossRef] [PubMed]

	



Scannevin, R.H.; Alexander, R.; Haarlander, T.M.; Burke, S.L.; Singer, M.; Huo, C.; Zhang, Y.M.; Maguire, D.; Spurlino, J.; Deckman, I.; et al. Discovery of a highly selective chemical inhibitor of matrix metalloproteinase-9 (MMP-9) that allosterically inhibits zymogen activation. J. Biol. Chem. 2017, 292, 17963–17974. [Google Scholar] [CrossRef] [PubMed]

	



Fields, G.B. The Rebirth of Matrix Metalloproteinase Inhibitors: Moving Beyond the Dogma. Cells 2019, 8, 984. [Google Scholar] [CrossRef]

	



Fischer, T.; Riedl, R. Inhibitory Antibodies Designed for Matrix Metalloproteinase Modulation. Molecules 2019, 24, 2265. [Google Scholar] [CrossRef]

	



Shimanovich, I.; Mihai, S.; Oostingh, G.J.; Ilenchuk, T.T.; Bröcker, E.B.; Opdenakker, G.; Zillikens, D.; Sitaru, C. Granulocyte-derived elastase and gelatinase B are required for dermal-epidermal separation induced by autoantibodies from patients with epidermolysis bullosa acquisita and bullous pemphigoid. J. Pathol. 2004, 204, 519–527. [Google Scholar] [CrossRef]

	



Martens, E.; Leyssen, A.; Van Aelst, I.; Fiten, P.; Piccard, H.; Hu, J.; Descamps, F.J.; Van den Steen, P.E.; Proost, P.; Van Damme, J.; et al. A monoclonal antibody inhibits gelatinase B/MMP-9 by selective binding to part of the catalytic domain and not to the fibronectin or zinc binding domains. Biochim. Biophys. Acta 2007, 1770, 178–186. [Google Scholar] [CrossRef]

	



Goffin, L.; Fagagnini, S.; Vicari, A.; Mamie, C.; Melhem, H.; Weder, B.; Lutz, C.; Lang, S.; Scharl, M.; Rogler, G.; et al. Anti-MMP-9 Antibody: A Promising Therapeutic Strategy for Treatment of Inflammatory Bowel Disease Complications with Fibrosis. Inflamm. Bowel. Dis. 2016, 22, 2041–2057. [Google Scholar] [CrossRef]

	



Marshall, D.C.; Lyman, S.K.; McCauley, S.; Kovalenko, M.; Spangler, R.; Liu, C.; Lee, M.; O’Sullivan, C.; Barry-Hamilton, V.; Ghermazien, H.; et al. Selective Allosteric Inhibition of MMP9 Is Efficacious in Preclinical Models of Ulcerative Colitis and Colorectal Cancer. PLoS ONE 2015, 10, e0127063. [Google Scholar] [CrossRef]

	



Juric, V.; O’Sullivan, C.; Stefanutti, E.; Kovalenko, M.; Greenstein, A.; Barry-Hamilton, V.; Mikaelian, I.; Degenhardt, J.; Yue, P.; Smith, V.; et al. MMP-9 inhibition promotes anti-tumor immunity through disruption of biochemical and physical barriers to T-cell trafficking to tumors. PLoS ONE 2018, 13, e0207255. [Google Scholar] [CrossRef] [PubMed]

	



Appleby, T.C.; Greenstein, A.E.; Hung, M.; Liclican, A.; Velasquez, M.; Villaseñor, A.G.; Wang, R.; Wong, M.H.; Liu, X.; Papalia, G.A.; et al. Biochemical characterization and structure determination of a potent, selective antibody inhibitor of human MMP9. J. Biol. Chem. 2017, 292, 6810–6820. [Google Scholar] [CrossRef] [PubMed]

	



Sandborn, W.J.; Bhandari, B.R.; Fogel, R.; Onken, J.; Yen, E.; Zhao, X.; Jiang, Z.; Ge, D.; Xin, Y.; Ye, Z.; et al. Randomised clinical trial: A phase 1, dose-ranging study of the anti-matrix metalloproteinase-9 monoclonal antibody GS-5745 versus placebo for ulcerative colitis. Aliment. Pharmacol. Ther. 2016, 44, 157–169. [Google Scholar] [CrossRef] [PubMed]

	



Sandborn, W.J.; Bhandari, B.R.; Randall, C.; Younes, Z.H.; Romanczyk, T.; Xin, Y.; Wendt, E.; Chai, H.; McKevitt, M.; Zhao, S.; et al. Andecaliximab [Anti-matrix Metalloproteinase-9] Induction Therapy for Ulcerative Colitis: A Randomised, Double-Blind, Placebo-Controlled, Phase 2/3 Study in Patients With Moderate to Severe Disease. J. Crohns. Colitis. 2018, 12, 1021–1029. [Google Scholar] [CrossRef] [PubMed]

	



Gossage, D.L.; Cieslarová, B.; Ap, S.; Zheng, H.; Xin, Y.; Lal, P.; Chen, G.; Smith, V.; Sundy, J.S. Phase 1b Study of the Safety, Pharmacokinetics, and Disease-related Outcomes of the Matrix Metalloproteinase-9 Inhibitor Andecaliximab in Patients With Rheumatoid Arthritis. Clin. Ther. 2018, 40, 156–165. [Google Scholar] [CrossRef]

	



Higashi, S.; Hirose, T.; Takeuchi, T.; Miyazaki, K. Molecular design of a highly selective and strong protein inhibitor against matrix metalloproteinase-2 (MMP-2). J. Biol. Chem. 2013, 288, 9066–9076. [Google Scholar] [CrossRef]

	



Sarkar, P.; Li, Z.; Ren, W.; Wang, S.; Shao, S.; Sun, J.; Ren, X.; Perkins, N.G.; Guo, Z.; Chang, C.A.; et al. Inhibiting Matrix Metalloproteinase-2 Activation by Perturbing Protein-Protein Interactions Using a Cyclic Peptide. J. Med. Chem. 2020, 63, 6979–6990. [Google Scholar] [CrossRef]

	



Huang, T.X.; Guan, X.Y.; Fu, L. Therapeutic targeting of the crosstalk between cancer-associated fibroblasts and cancer stem cells. Am. J. Cancer Res. 2019, 9, 1889–1904. [Google Scholar]

	



Ashrafizadeh, M.; Farhood, B.; Eleojo Musa, A.; Taeb, S.; Najafi, M. The interactions and communications in tumor resistance to radiotherapy: Therapy perspectives. Int. Immunopharmacol. 2020, 87, 106807. [Google Scholar] [CrossRef]

	



López de Andrés, J.; Griñán-Lisón, C.; Jiménez, G.; Marchal, J.A. Cancer stem cell secretome in the tumor microenvironment: A key point for an effective personalized cancer treatment. J. Hematol. Oncol. 2020, 13, 136. [Google Scholar] [CrossRef]

	



Lim, S.K.; Khoo, B.Y. An overview of mesenchymal stem cells and their potential therapeutic benefits in cancer therapy. Oncol. Lett. 2021, 22, 785. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Shi, P.; Zhao, G.; Xu, J.; Peng, W.; Zhang, J.; Zhang, G.; Wang, X.; Dong, Z.; Chen, F.; et al. Targeting cancer stem cell pathways for cancer therapy. Signal Transduct. Target. Ther. 2020, 5, 8. [Google Scholar] [CrossRef] [PubMed]

	



Davies, S.; Beckenkamp, A.; Buffon, A. CD26 a cancer stem cell marker and therapeutic target. Biomed. Pharmacother. 2015, 71, 135–138. [Google Scholar] [CrossRef] [PubMed]

	



Haraguchi, N.; Ishii, H.; Mimori, K.; Tanaka, F.; Ohkuma, M.; Kim, H.M.; Akita, H.; Takiuchi, D.; Hatano, H.; Nagano, H.; et al. CD13 is a therapeutic target in human liver cancer stem cells. J. Clin. Investig. 2010, 120, 3326–3339. [Google Scholar] [CrossRef] [PubMed]

	



Valent, P.; Sadovnik, I.; Ráčil, Z.; Herrmann, H.; Blatt, K.; Cerny-Reiterer, S.; Eisenwort, G.; Lion, T.; Holyoake, T.; Mayer, J. DPPIV (CD26) as a novel stem cell marker in Ph+ chronic myeloid leukaemia. Eur. J. Clin. Investig. 2014, 44, 1239–1245. [Google Scholar] [CrossRef]

	



Colvin, H.; Mori, M. Getting to the heart of the matter in cancer: Novel approaches to targeting cancer stem cells. Proc. Jpn. Acad. Ser. B. Phys. Biol. Sci. 2017, 93, 146–154. [Google Scholar] [CrossRef]

	



Wang, R.; Li, Y.; Tsung, A.; Huang, H.; Du, Q.; Yang, M.; Deng, M.; Xiong, S.; Wang, X.; Zhang, L.; et al. iNOS promotes CD24(+)CD133(+) liver cancer stem cell phenotype through a TACE/ADAM17-dependent Notch signaling pathway. Proc. Natl. Acad. Sci. USA 2018, 115, 10127–10136. [Google Scholar] [CrossRef]

	



Xin, Y.H.; Bian, B.S.; Yang, X.J.; Cui, W.; Cui, H.J.; Cui, Y.H.; Zhang, X.; Xu, C.; Bian, X.W. POU5F1 enhances the invasiveness of cancer stem-like cells in lung adenocarcinoma by upregulation of MMP-2 expression. PLoS ONE 2013, 8, e83373. [Google Scholar] [CrossRef]

	



Habič, A.; Novak, M.; Majc, B.; Lah Turnšek, T.; Breznik, B. Proteases Regulate Cancer Stem Cell Properties and Remodel Their Microenvironment. J. Histochem. Cytochem. 2021, 69, 775–794. [Google Scholar] [CrossRef]

	



Nishida, H.; Hayashi, M.; Morimoto, C.; Sakamoto, M.; Yamada, T. CD26 is a potential therapeutic target by humanized monoclonal antibody for the treatment of multiple myeloma. Blood Cancer J. 2018, 8, 99. [Google Scholar] [CrossRef]

	



Sun, J.; Lu, Z.; Fu, W.; Lu, K.; Gu, X.; Xu, F.; Dai, J.; Yang, Y.; Jiang, J. Exosome-Derived ADAM17 Promotes Liver Metastasis in Colorectal Cancer. Front. Pharmacol. 2021, 12, 734351. [Google Scholar] [CrossRef] [PubMed]

	



Xu, R.; Rai, A.; Chen, M.; Suwakulsiri, W.; Greening, D.W.; Simpson, R.J. Extracellular vesicles in cancer - implications for future improvements in cancer care. Nat. Rev. Clin. Oncol. 2018, 15, 617–638. [Google Scholar] [CrossRef] [PubMed]

	



van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell. Biol. 2018, 19, 213–228. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Ren, L.; Li, S.; Li, W.; Zheng, X.; Yang, Y.; Fu, W.; Yi, J.; Wang, J.; Du, G. The biology, function, and applications of exosomes in cancer. Acta Pharm. Sin. B 2021, 11, 2783–2797. [Google Scholar] [CrossRef] [PubMed]

	



Li, S. The basic characteristics of extracellular vesicles and their potential application in bone sarcomas. J. Nanobiotechnol. 2021, 19, 277. [Google Scholar] [CrossRef] [PubMed]

	



Burgos-Ravanal, R.; Campos, A.; Díaz-Vesga, M.C.; González, M.F.; León, D.; Lobos-González, L.; Leyton, L.; Kogan, M.J.; Quest, A.F.G. Extracellular Vesicles as Mediators of Cancer Disease and as Nanosystems in Theranostic Applications. Cancers 2021, 13, 3324. [Google Scholar] [CrossRef]

	



Seibold, T.; Waldenmaier, M.; Seufferlein, T.; Eiseler, T. Small Extracellular Vesicles and Metastasis-Blame the Messenger. Cancers 2021, 13, 4380. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wang, X.F. A niche role for cancer exosomes in metastasis. Nat. Cell Biol. 2015, 17, 709–711. [Google Scholar] [CrossRef]

	



Caivano, A.; Laurenzana, I.; De Luca, L.; La Rocca, F.; Simeon, V.; Trino, S.; D’Auria, F.; Traficante, A.; Maietti, M.; Izzo, T.; et al. High serum levels of extracellular vesicles expressing malignancy-related markers are released in patients with various types of hematological neoplastic disorders. Tumour. Biol. 2015, 36, 9739–9752. [Google Scholar] [CrossRef]

	



Namburi, S.; Broxmeyer, H.E.; Hong, C.S.; Whiteside, T.L.; Boyiadzis, M. DPP4(+) exosomes in AML patients’ plasma suppress proliferation of hematopoietic progenitor cells. Leukemia 2021, 35, 1925–1932. [Google Scholar] [CrossRef]

	



Tugutova, E.A.; Tamkovich, S.N.; Patysheva, M.R.; Afanas’ev, S.G.; Tsydenova, A.A.; Grigor’eva, A.E.; Kolegova, E.S.; Kondakova, I.V.; Yunusova, N.V. Relation between Tetraspanin- Associated and Tetraspanin- Non- Associated Exosomal Proteases and Metabolic Syndrome in Colorectal Cancer Patients. Asian. Pac. J. Cancer Prev. 2019, 20, 809–815. [Google Scholar] [CrossRef] [PubMed]

	



Groth, E.; Pruessmeyer, J.; Babendreyer, A.; Schumacher, J.; Pasqualon, T.; Dreymueller, D.; Higashiyama, S.; Lorenzen, I.; Grötzinger, J.; Cataldo, D.; et al. Stimulated release and functional activity of surface expressed metalloproteinase ADAM17 in exosomes. Biochim. Biophys. Acta 2016, 1863, 2795–2808. [Google Scholar] [CrossRef]

	



Xue, X.; Huang, J.; Yu, K.; Chen, X.; He, Y.; Qi, D.; Wu, Y. YB-1 transferred by gastric cancer exosomes promotes angiogenesis via enhancing the expression of angiogenic factors in vascular endothelial cells. BMC Cancer 2020, 20, 996. [Google Scholar] [CrossRef] [PubMed]

	



Karlsson, T.; Lundholm, M.; Widmark, A.; Persson, E. Tumor Cell-Derived Exosomes from the Prostate Cancer Cell Line TRAMP-C1 Impair Osteoclast Formation and Differentiation. PLoS ONE 2016, 11, e0166284. [Google Scholar] [CrossRef]

	



Shimoda, M.; Khokha, R. Metalloproteinases in extracellular vesicles. Biochim. Biophys. Acta Mol. Cell Res. 2017, 1864, 1989–2000. [Google Scholar] [CrossRef]

	



Shimoda, M. Extracellular vesicle-associated MMPs: A modulator of the tissue microenvironment. Adv. Clin. Chem. 2019, 88, 35–66. [Google Scholar] [PubMed]

	



Zheng, X.; Liu, J.; Li, X.; Tian, R.; Shang, K.; Dong, X.; Cao, B. Angiogenesis is promoted by exosomal DPP4 derived from 5-fluorouracil-resistant colon cancer cells. Cancer Lett. 2021, 497, 190–201. [Google Scholar] [CrossRef] [PubMed]

	



Cardeñes, B.; Clares, I.; Toribio, V.; Pascual, L.; López-Martín, S.; Torres-Gomez, A.; Sainz de la Cuesta, R.; Lafuente, E.M.; López-Cabrera, M.; Yáñez-Mó, M.; et al. Cellular Integrin α5β1 and Exosomal ADAM17 Mediate the Binding and Uptake of Exosomes Produced by Colorectal Carcinoma Cells. Int. J. Mol. Sci. 2021, 22, 9938. [Google Scholar] [CrossRef] [PubMed]

	



Di Vizio, D.; Morello, M.; Dudley, A.C.; Schow, P.W.; Adam, R.M.; Morley, S.; Mulholland, D.; Rotinen, M.; Hager, M.H.; Insabato, L.; et al. Large oncosomes in human prostate cancer tissues and in the circulation of mice with metastatic disease. Am. J. Pathol. 2012, 181, 1573–1584. [Google Scholar] [CrossRef]

	



Kucharzewska, P.; Christianson, H.C.; Welch, J.E.; Svensson, K.J.; Fredlund, E.; Ringnér, M.; Mörgelin, M.; Bourseau-Guilmain, E.; Bengzon, J.; Belting, M. Exosomes reflect the hypoxic status of glioma cells and mediate hypoxia-dependent activation of vascular cells during tumor development. Proc. Natl. Acad. Sci. USA 2013, 110, 7312–7317. [Google Scholar] [CrossRef]

	



Babin, L.; Andraos, E.; Fuchs, S.; Pyronnet, S.; Brunet, E.; Meggetto, F. From circRNAs to fusion circRNAs in hematological malignancies. JCI Insight 2021, 6, e151513. [Google Scholar] [CrossRef] [PubMed]

	



Shaw, A.; Gullerova, M. Home and Away: The Role of Non-Coding RNA in Intracellular and Intercellular DNA Damage Response. Genes 2021, 12, 1475. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez, C.A.; Andahur, E.I.; Valenzuela, R.; Castellón, E.A.; Fullá, J.A.; Ramos, C.G.; Triviño, J.C. Exosomes from bulk and stem cells from human prostate cancer have a differential microRNA content that contributes cooperatively over local and pre-metastatic niche. Oncotarget 2016, 7, 3993–4008. [Google Scholar] [CrossRef] [PubMed]

	



Liu, D.; Kang, H.; Gao, M.; Jin, L.; Zhang, F.; Chen, D.; Li, M.; Xiao, L. Exosome-transmitted circ_MMP2 promotes hepatocellular carcinoma metastasis by upregulating MMP2. Mol. Oncol. 2020, 14, 1365–1380. [Google Scholar] [CrossRef] [PubMed]

	



Wu, D.M.; Deng, S.H.; Liu, T.; Han, R.; Zhang, T.; Xu, Y. TGF-β-mediated exosomal lnc-MMP2-2 regulates migration and invasion of lung cancer cells to the vasculature by promoting MMP2 expression. Cancer Med. 2018, 7, 5118–5129. [Google Scholar] [CrossRef]

	



García-Cañaveras, J.C.; Lahoz, A. Tumor Microenvironment-Derived Metabolites: A Guide to Find New Metabolic Therapeutic Targets and Biomarkers. Cancers 2021, 13, 3230. [Google Scholar] [CrossRef]

	



McCann, C.; Kerr, E.M. Metabolic Reprogramming: A Friend or Foe to Cancer Therapy? Cancers 2021, 13, 3351. [Google Scholar] [CrossRef]

	



Yuneva, M.O.; Fan, T.W.; Allen, T.D.; Higashi, R.M.; Ferraris, D.V.; Tsukamoto, T.; Matés, J.M.; Alonso, F.J.; Wang, C.; Seo, Y.; et al. The metabolic profile of tumors depends on both the responsible genetic lesion and tissue type. Cell Metab. 2012, 15, 157–170. [Google Scholar] [CrossRef]

	



Liemburg-Apers, D.C.; Willems, P.H.; Koopman, W.J.; Grefte, S. Interactions between mitochondrial reactive oxygen species and cellular glucose metabolism. Arch. Toxicol. 2015, 89, 1209–1226. [Google Scholar] [CrossRef]

	



Kim, H.M.; Haraguchi, N.; Ishii, H.; Ohkuma, M.; Okano, M.; Mimori, K.; Eguchi, H.; Yamamoto, H.; Nagano, H.; Sekimoto, M.; et al. Increased CD13 expression reduces reactive oxygen species, promoting survival of liver cancer stem cells via an epithelial-mesenchymal transition-like phenomenon. Ann. Surg. Oncol. 2012, 19 (Suppl. 3), S539–S548. [Google Scholar] [CrossRef]

	



Guo, Q.; Li, X.; Cui, M.N.; Sun, J.L.; Ji, H.Y.; Ni, B.B.; Yan, M.X. CD13: A Key Player in Multidrug Resistance in Cancer Chemotherapy. Oncol. Res. 2020, 28, 533–540. [Google Scholar] [CrossRef] [PubMed]

	



Sun, L.; Zhang, L.; Chen, J.; Li, C.; Sun, H.; Wang, J.; Xiao, H. Activation of Tyrosine Metabolism in CD13+ Cancer Stem Cells Drives Relapse in Hepatocellular Carcinoma. Cancer Res. Treat. 2020, 52, 604–621. [Google Scholar] [CrossRef] [PubMed]

	



Walter, L.; Canup, B.; Pujada, A.; Bui, T.A.; Arbasi, B.; Laroui, H.; Merlin, D.; Garg, P. Matrix metalloproteinase 9 (MMP9) limits reactive oxygen species (ROS) accumulation and DNA damage in colitis-associated cancer. Cell Death Dis. 2020, 11, 767. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Ertl, H.C. Depletion of FAP+ cells reduces immunosuppressive cells and improves metabolism and functions CD8+T cells within tumors. Oncotarget 2016, 7, 23282–23299. [Google Scholar] [CrossRef]

	



Zhang, H.E.; Hamson, E.J.; Koczorowska, M.M.; Tholen, S.; Chowdhury, S.; Bailey, C.G.; Lay, A.J.; Twigg, S.M.; Lee, Q.; Roediger, B.; et al. Identification of Novel Natural Substrates of Fibroblast Activation Protein-alpha by Differential Degradomics and Proteomics. Mol. Cell Proteomics. 2019, 18, 65–85. [Google Scholar] [CrossRef]

	



Siu, M.K.Y.; Jiang, Y.X.; Wang, J.J.; Leung, T.H.Y.; Han, C.Y.; Tsang, B.K.; Cheung, A.N.Y.; Ngan, H.Y.S.; Chan, K.K.L. Hexokinase 2 Regulates Ovarian Cancer Cell Migration, Invasion and Stemness via FAK/ERK1/2/MMP9/NANOG/SOX9 Signaling Cascades. Cancers 2019, 11, 813. [Google Scholar] [CrossRef]

	



Li, H.; Lu, S.; Chen, Y.; Zheng, L.; Chen, L.; Ding, H.; Ding, J.; Lou, D.; Liu, F.; Zheng, B. AKT2 phosphorylation of hexokinase 2 at T473 promotes tumorigenesis and metastasis in colon cancer cells via NF-κB, HIF1α, MMP2, and MMP9 upregulation. Cell Signal 2019, 58, 99–110. [Google Scholar] [CrossRef]

	



Zhao, H.; Sun, J.; Shao, J.; Zou, Z.; Qiu, X.; Wang, E.; Wu, G. Glucose Transporter 1 Promotes the Malignant Phenotype of Non-Small Cell Lung Cancer through Integrin β1/Src/FAK Signaling. J. Cancer 2019, 10, 4989–4997. [Google Scholar] [CrossRef]

	



Miao, Y.; Lu, M.; Yan, Q.; Li, S.; Feng, Y. Inhibition of Proliferation, Migration, and Invasion by Knockdown of Pyruvate Kinase-M2 (PKM2) in Ovarian Cancer SKOV3 and OVCAR3 Cells. Oncol. Res. 2016, 24, 463–475. [Google Scholar] [CrossRef]

	



Prasad, P.; Roy, S.S. Glutamine regulates ovarian cancer cell migration and invasion through ETS1. Heliyon 2021, 7, e07064. [Google Scholar] [CrossRef]

	



Dilly, A.K.; Ekambaram, P.; Guo, Y.; Cai, Y.; Tucker, S.C.; Fridman, R.; Kandouz, M.; Honn, K.V. Platelet-type 12-lipoxygenase induces MMP9 expression and cellular invasion via activation of PI3K/Akt/NF-κB. Int. J. Cancer 2013, 133, 1784–1791. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, K.K.; Melendez, J.A. Mitochondrial redox control of matrix metalloproteinases. Free. Radic. Biol. Med. 2004, 37, 768–784. [Google Scholar] [CrossRef] [PubMed]

	



Ra, H.-J.; Parks, W.C. Control of matrix metalloproteinase catalytic activity. Matrix Biol. J. Int. Soc. Matrix Biol. 2007, 26, 587–596. [Google Scholar] [CrossRef] [PubMed]

	



Scott, A.J.; O’Dea, K.P.; O’Callaghan, D.; Williams, L.; Dokpesi, J.O.; Tatton, L.; Handy, J.M.; Hogg, P.J.; Takata, M. Reactive oxygen species and p38 mitogen-activated protein kinase mediate tumor necrosis factor α-converting enzyme (TACE/ADAM-17) activation in primary human monocytes. J. Biol. Chem. 2011, 286, 35466–35476. [Google Scholar] [CrossRef]

	



Curcio, C.; Brugiapaglia, S.; Bulfamante, S.; Follia, L.; Cappello, P.; Novelli, F. The Glycolytic Pathway as a Target for Novel Onco-Immunology Therapies in Pancreatic Cancer. Molecules 2021, 26, 1642. [Google Scholar] [CrossRef]

	



Kajiyama, H.; Shibata, K.; Ino, K.; Mizutani, S.; Nawa, A.; Kikkawa, F. The expression of dipeptidyl peptidase IV (DPPIV/CD26) is associated with enhanced chemosensitivity to paclitaxel in epithelial ovarian carcinoma cells. Cancer Sci. 2010, 101, 347–354. [Google Scholar] [CrossRef]

	



Chitadze, G.; Wehkamp, U.; Janssen, O.; Brüggemann, M.; Lettau, M. The Serine Protease CD26/DPP4 in Non-Transformed and Malignant T Cells. Cancers 2021, 13, 5947. [Google Scholar] [CrossRef]

	



Qin, S.; Li, J.; Bai, Y.; Deng, Y.; Yang, L.; Xu, R.H.; Zhong, H.; Chen, Z.; Pan, H.; Guo, W.; et al. Quality-adjusted survival in patients with metastatic colorectal cancer treated with fruquintinib in the FRESCO trial. Future Oncol. 2021, 17, 1923–1931. [Google Scholar] [CrossRef]

	



Saha, N.; Robev, D.; Himanen, J.P.; Nikolov, D.B. ADAM proteases: Emerging role and targeting of the non-catalytic domains. Cancer Lett. 2019, 467, 50–57. [Google Scholar] [CrossRef]

	



Mizutani, N.; Abe, M.; Kajino, K.; Matsuoka, S. A New CD10 Antibody Inhibits the Growth of Malignant Mesothelioma. Monoclon. Antib. Immunodiagn. Immunother. 2021, 40, 21–27. [Google Scholar] [CrossRef]

	



Bailey, A.M.; Mao, Y.; Zeng, J.; Holla, V.; Johnson, A.; Brusco, L.; Chen, K.; Mendelsohn, J.; Routbort, M.J.; Mills, G.B.; et al. Implementation of biomarker-driven cancer therapy: Existing tools and remaining gaps. Discov. Med. 2014, 17, 101–114. [Google Scholar] [PubMed]

	



Antoniou, M.; Kolamunnage-Dona, R.; Wason, J.; Bathia, R.; Billingham, C.; Bliss, J.M.; Brown, L.C.; Gillman, A.; Paul, J.; Jorgensen, A.L. Biomarker-guided trials: Challenges in practice. Contemp. Clin. Trials. Commun. 2019, 16, 100493. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Colosimo, M.; Lim, E. The management of HER2-positive early breast cancer: Current and future therapies. Asia Pac. J. Clin. Oncol. 2021, 17 (Suppl. 6), 3–12. [Google Scholar] [CrossRef] [PubMed]

	



McGowan, P.M.; Mullooly, M.; Caiazza, F.; Sukor, S.; Madden, S.F.; Maguire, A.A.; Pierce, A.; McDermott, E.W.; Crown, J.; O’Donovan, N.; et al. ADAM-17: A novel therapeutic target for triple negative breast cancer. Ann. Oncol. 2013, 24, 362–369. [Google Scholar] [CrossRef] [PubMed]

	



Yousef, E.M.; Tahir, M.R.; St-Pierre, Y.; Gaboury, L.A. MMP-9 expression varies according to molecular subtypes of breast cancer. BMC Cancer 2014, 14, 609. [Google Scholar] [CrossRef] [PubMed]

	



Subhan, M.A.; Torchilin, V.P. Efficient nanocarriers of siRNA therapeutics for cancer treatment. Transl. Res. 2019, 214, 62–91. [Google Scholar] [CrossRef]

	



Saw, P.E.; Song, E.W. siRNA therapeutics: A clinical reality. Sci. China Life Sci. 2020, 63, 485–500. [Google Scholar] [CrossRef]

	



Hu, X.; Chen, S.; Xie, C.; Li, Z.; Wu, Z.; You, Z. DPP4 gene silencing inhibits proliferation and epithelial-mesenchymal transition of papillary thyroid carcinoma cells through suppression of the MAPK pathway. J. Endocrinol. Investig. 2021, 44, 1609–1623. [Google Scholar] [CrossRef]

	



Loeffler, M.; Krüger, J.A.; Niethammer, A.G.; Reisfeld, R.A. Targeting tumor-associated fibroblasts improves cancer chemotherapy by increasing intratumoral drug uptake. J. Clin. Investig. 2006, 116, 1955–1962. [Google Scholar] [CrossRef]

	



Teichgräber, V.; Monasterio, C.; Chaitanya, K.; Boger, R.; Gordon, K.; Dieterle, T.; Jäger, D.; Bauer, S. Specific inhibition of fibroblast activation protein (FAP)-alpha prevents tumor progression in vitro. Adv. Med. Sci. 2015, 60, 264–272. [Google Scholar] [CrossRef]

	



Yamashita, M.; Kajiyama, H.; Terauchi, M.; Shibata, K.; Ino, K.; Nawa, A.; Mizutani, S.; Kikkawa, F. Involvement of aminopeptidase N in enhanced chemosensitivity to paclitaxel in ovarian carcinoma in vitro and in vivo. Int. J. Cancer 2007, 120, 2243–2250. [Google Scholar] [CrossRef] [PubMed]

	



Lv, X.; Li, Y.; Qian, M.; Ma, C.; Jing, H.; Wen, Z.; Qian, D. ADAM17 silencing suppresses the migration and invasion of non-small cell lung cancer. Mol. Med. Rep. 2014, 9, 1935–1940. [Google Scholar] [CrossRef] [PubMed]

	



Kenny, P.A.; Bissell, M.J. Targeting TACE-dependent EGFR ligand shedding in breast cancer. J. Clin. Investig. 2007, 117, 337–345. [Google Scholar] [CrossRef] [PubMed]

	



Bouchet, S.; Tang, R.; Fava, F.; Legrand, O.; Bauvois, B. Targeting CD13 (aminopeptidase-N) in turn downregulates ADAM17 by internalization in acute myeloid leukaemia cells. Oncotarget 2014, 5, 8211–8222. [Google Scholar] [CrossRef]

	



Sancéau, J.; Truchet, S.; Bauvois, B. Matrix metalloproteinase-9 silencing by RNA interference triggers the migratory-adhesive switch in Ewing’s sarcoma cells. J. Biol. Chem. 2003, 278, 36537–36546. [Google Scholar] [CrossRef] [PubMed]

	



Gondi, C.S.; Rao, J.S. Therapeutic potential of siRNA-mediated targeting of urokinase plasminogen activator, its receptor, and matrix metalloproteinases. Methods Mol. Biol. 2009, 487, 267–281. [Google Scholar]

	



Jezierska, A.; Motyl, T. Matrix metalloproteinase-2 involvement in breast cancer progression: A mini-review. Med. Sci. Monit. 2009, 15, 32–40. [Google Scholar]








[image: Cancers 14 00624 g001 550] 





Figure 1. Structure, overexpression, and involvement of ectoproteases in cancer. The structures are simplified to show the domains of ectoproteases discussed in the text. DPP4, FAP, and APN are dimers of two noncovalently associated monomers. ALL, acute lymphoblastic leukaemia; AML, acute myeloid leukaemia; CAF, cancer-associated fibroblast; CAT, catalytic site; CLL, chronic lymphocytic leukaemia; CML, chronic myeloid leukaemia; CNS, central nervous system; EGFR, epidermal growth factor receptor; MDS, myelodysplastic syndrome; PEX, hemopexin domain; PRO, prodomain; SCC, squamous cell carcinoma. The catalytic type is mentioned according to The MEROPS database of proteolytic enzymes: https://www.ebi.ac.uk/merops/index.shtml (accessed on 16 December 2016). 
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Figure 2. Cancer-associated ectoproteases as potential drug targets and implications in cancer therapy. Cancer is supported by a number of biologic hallmark capabilities that enable tumour development and progression. Ectoproteases participate in cancer by modulating a wide range of these processes. Drug candidates targeting ectoproteases may elicit antitumour effects (T) in a context-dependent manner. 
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Figure 3. Schematic diagram summarizing the panel of drug candidates targeting cancer-associated ectoproteases in the context of cancer therapy. 
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Table 1. Selected results of terminated, completed, ongoing, or recruiting clinical trials with drugs targeting cancer-associated ectoproteases.
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Drug

	
Class

	
Main Effect

	
Disease Setting

	
Phase

	
Study

	
Refs.




	
DPP4/CD26






	
Linagliptin

	
Small molecule

	
Inhibiting DPP4 enzymatic activity thereby protecting chemokine agonist activity

	
Oesophagogastric tumours

	
I/II

	
NCT03281369 EUDRACT 2016-004529-17 (Recruiting)

	




	
Non-small cell lung cancer

	
I/II

	
NCT03337698 EUDRACT 2017-001267-21 (Recruiting)

	




	
Sitagliptin

	
Small molecule

	
Inhibiting DPP4 enzymatic activity thereby protecting chemokine agonist activity

	
Hepatocellular carcinoma

	
I

	
NCT02650427 EUDRACT 2015-002968-17 (Completed)

	
[56]




	
Accelerating engraftment in adults receiving umbilical cord blood transplantation

	
Haematological malignancies

	
I/II

	
NCT01720264

(Completed)

	
[66,67,68]




	
YS110

	
Antibody

	
Promoting internalization and nuclear accumulation of DPP4 leading to cell growth inhibition

	
Advanced malignant pleural mesothelioma

	
I/II

	
NCT03177668

(Completed)

	
[67,68]




	
FAP/Seprase




	
177Lu-FAP-2286

	
Peptido-

mimetic (theranostic)

	
Eliminating FAP+ CAFs and bystander tumour cells

	
Solid tumours

	
I/II

	
LuMIERE NCT04939610 (Recruiting)

	
[78]




	
RG7827/RO7122290

	
Bispecific antibody-

fusion protein

	
Crosslinking FAP+ cells with 4-1BB+ T cells leading to T and NK cell activation

	
Metastatic colorectal tumour

	
Ib/II

	
NCT04826003 (Recruiting)

	
[79,80]




	
Advanced solid tumours

	
Ia/Ib

	
EUDRACT 2017-003961-83 (Completed)




	
Urothelial carcinoma

	
Ib/II

	
EUDRACT 2017-004634-28 (Ongoing)




	
RO7300490

	
Bispecific antibody-

fusion protein

	
Crosslinking FAP+ cells with CD40+ APCs leading to APC immune response

	
Solid tumours

	
I

	
NCT04857138 EUDRACT 2020-004489-21 (Recruiting)

	




	
RG7461/RO6874281/

Simlukafusp α

	
Bispecific antibody-

fusion protein

	
Crosslinking FAP+ cells with IL2R+ T cells, leading to T cell immune response

	
Metastatic/advanced renal cell carcinoma

	
I

	
NCT03063762 EUDRACT 2016-003528-22 (Completed)

	
[81]




	
Advanced solid tumours (breast, head, and neck)

	
I

	
NCT02627274 EUDRACT 2015-002251-97 (Completed)

	
[79]




	
Recurrent/metastatic cervical squamous cell tumours

	
II

	
NCT03386721 EUDRACT 2017-003182-94 (Completed)

	
[82]




	
Metastatic melanoma

	
I

	
NCT03875079 EUDRACT 2018-003872-11 (Active, not recruiting)

	




	
Pancreatic tumours

	
Ib/II

	
NCT03193190 EUDRACT 2016-004126-42 (Active, not recruiting)

	




	
Anti-FAP CAR-T cells

	
CAR-T cells (2nd generation)

	
Eliminating tumour FAP+ CAFs

	
Malignant pleural mesothelioma

	
I

	
NCT01722149 (Completed)

	
[83,84]




	
Autologous anti-nectin4/anti-FAP CAR-T cells

	
CAR-T cells

(4th generation)

	
Eliminating tumour Nectin4+ cells and FAP+ CAFs

	
Nectin4+ advanced malignant solid tumours

	
I

	
NCT03932565 (Recruiting)

	




	
NG-641

	
Bispecific antibody-

fusion oncolytic virus

	
Eliminating virus-infected tumour cells, crosslinking FAP+ cells with CD3+ T cells leading to T cell immune response

	
Metastatic/

advanced epithelial tumours

	
I

	
STAR NCT04053283

(Recruiting)

	




	
APN/CD13




	
CHR2797/

Tosedostat

	
Small molecule

	
Inhibiting APN enzymatic activity

	
Advanced pancreatic ductal adenocarcinoma

	
Ib/II

	
NCT02352831 (Terminated)

	
[85]




	
Myelodysplastic syndromes

	
II

	
NCT02452346 (Completed)

	
[86]




	
NGR-TNFα

	
Peptide-based drug

	
Eliminating tumour-associated vasculature

	
Primary central nervous system lymphoma

	
II

	
NCT03536039 (Recruiting)

	
[87]




	
Metastatic/advanced small cell lung cancer

	
II

	
NCT00483509 (Completed)

	
[88]




	
Malignant pleural mesothelioma

	
III

	
NCT01098266 (Completed)

	
[89]




	
NGR-tTF

	
Peptide-based drug

	
Eliminating tumour-associated vasculature

	
Recurrent/refractory tumours (sarcoma, melanoma, lung, colon, liver, thyroid, lymphoma)

	
I

	
NCT02902237 (Completed)

	
[90]




	
J1/Melflufen

	
Peptide–drug conjugate

	
Delivering alkylating melphalan to tumour cells, leading to tumour cell elimination

	
Relapsed refractory multiple myeloma

	
I/II

	
HORIZON NCT02963493 (Completed)

ANCHOR NCT03481556

(Completed)

	
[91,92]




	
III

	
OCEAN NCT03151811 (Completed)

	
[92,93]




	
ADAM17/TACE




	
INCB7839/

Aderbasib

	
Small molecule

	
Blocking HB-EGF shedding and EGFR/EGF ligand signalling

	
Diffuse large B-cell non-Hodgkin lymphoma

	
I/II

	
NCT02141451 (Completed)

	
[94]




	
MMP9




	
GS-5745/

Andecaliximab

	
Allosteric antibody

	
Inhibiting MMP9 activation and MMP9 activity by binding to (pro)MMP9

	
Advanced solid tumours (pancreatic, non-small cell lung, colorectal, oesophagogastric, breast)

	
I

	
NCT01803282 (Completed)

	
[95,96]




	
Oesophagogastric

tumours

	
I/Ib

	
NCT02862535 (Terminated)

	
[97]




	

	

	

	

	
III

	
NCT02545504 2015-001526-42 (Completed)

	
[98]








Clinical trial identifiers from Clinicaltrials.gov (accessed on 19 December 2021): NCTxxxxxxxx; EU Clinical Trials Register: 20xx-00xxxx-xx.
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