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Metalloproteinases (MPs) is a large family of proteinases with metal ions in their active centers. According to the different domains metalloproteinases can be divided into a variety of subtypes mainly including Matrix Metalloproteinases (MMPs), A Disintegrin and Metalloproteases (ADAMs) and ADAMs with Thrombospondin Motifs (ADAMTS). They have various functions such as protein hydrolysis, cell adhesion and remodeling of extracellular matrix. Metalloproteinases expressed in multiple types of cancers and participate in many pathological processes involving tumor genesis and development, invasion and metastasis by regulating signal transduction and tumor microenvironment. In this review, based on the current research progress, we summarized the structure of MPs, their expression and especially immunomodulatory role and mechanisms in cancers. Additionally, a relevant and timely update of recent advances and future directions were provided for the diagnosis and immunotherapy targeting MPs in cancers.
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1 Introduction

Metalloproteinases (MPs) efficiently hydrolyze proteins and peptides. MPs comprise the largest of the five groups of proteases in the human genome and can be divided into two subgroups: endopeptidase and exopeptidase. Endopeptidases are split into three main families; matrix metalloproteinases (MMPs), A disintegrin and metalloproteases (ADAMs), and ADAMs with thrombospondin motifs (ADAMTS) (1, 2). It is well known that metalloproteinases initially produced were in inactive zymogens form, which were activated by intracellular and extracellular proteins such as plasmin and even active members of their family (3). And recently, several new mechanisms have been found increasing a few complications of the regulation of metalloproteinases activity, including binding to the molecules of ECM or some specific cells, such as cancers cells and immune cells (4). For instance, the proteolytic activity of MMP7 can be increased after it’s catalytic site interacted with cholesterol sulfate on the surface of colon cancer cells (5). Active metalloproteinases are dependent on metal ions that are inhibited by tissue inhibitors of metalloproteases (TIMPs) as well as other metal chelating agents such as ethylene diamine tetra-acetic acid and phenanthroline (2, 6, 7).

Studies have shown that MPs are involved in multiple biological and pathological processes including inflammatory and immune interactions, protein homeostasis, processing of peptide hormones, release of cytokines and growth factors, metabolism of antibiotics, cell migration and invasion and tissue morphogenesis (8, 9). Recent studies have demonstrated that MPs and their inhibitors are closely related to the diagnosis, treatment and prognosis of cancers, especially in immunomodulation during tumorigenesis and cancer development (10–12). In fact, MPs not only regulate tumor immunomodulation through signal transduction pathways, but also influence the tumor microenvironment (TME) (13, 14). Most cancers are associated with a TME rich in various immune-infiltrating cells and factors produced by these cells that induce host cells to differentiate and produce growth factors, cytokines, and chemokines that are conducive to tumor cell survival and metastasis (15). MPs can modulate immunoregulatory factors and other immune-related proteins containing cytokine receptors, notch receptors, phagocytic receptors and cell adhesion molecules, all of which play significant roles in immune system function (11, 16).

MPs are also responsible for matrix protein degradation and remodeling of the extracellular matrix (ECM), either directly or through the liberation of growth factors and cell surface receptors (14). The ECM, a non-cellular three-dimensional macromolecular network structure secreted by cells, is composed of collagen, proteoglycan/glycosaminoglycan, elastin, fibronectin, laminin and other glycoproteins (17). Proteoglycan and hyaluronic acid, which are rich in the ECM, have been found to be elevated during inflammatory progression in a variety of diseases, including cancers (18, 19). The ECM becomes highly dysregulated in tumors and the loss of matrix homeostasis is considered a hallmark of solid tumors (20). Moreover, the ECM contains bioactive motifs that can directly modulate immune responses in cancer (21). For a long time, studies of tumor invasion and metastasis have focused on the inherent adhesion and migration ability of tumor cells themselves. MPs are known to assist tumor cells to break through the tissue barrier via adhesion and protease hydrolysis, and facilitate ECM remodeling during the migration process, leading to invasion and metastasis (22, 23).

In this review, we provide an overview of MPs structure, expression and regulation in various tumors, principally MMPs, ADAMs and ADAMTS, with a focus on their emerging immunomodulatory role in cancers. We also review investigational MP-targeting therapies.



2 The structure, expression and role of MPs in cancer

There are numerous members of the MP family that have similar but not identical structure. Importantly, each MP has a varying but equally important roles in the occurrence and development of various cancers (Figure 1 and Table 1).




Figure 1 | The typical domain structure of human metalloproteinases (MMP, ADAM, ADAMTS). An archetypal MMP orderly contains a propeptide, a catalytic metalloproteinase domain, a linker peptide (hinge region) and a hemopexin domain. ADAM is a class of transmembrane protein with characterized structure including a propeptide, a metalloproteinase domain, a disintegrin domain, a cysteine-rich domain, an EGF-like domain, a membrane-spanning region and a cytoplasmic tail. The basic domain organization of ADAMTS comprises a propeptide, a metalloproteinase and disintegrin-like domain, a thrombospondin type 1 repeat (TSR), a cysteine-rich domain and a spacer region, while lacked a transmembrane region, cytoplasmic domain and EGF-like domain.




Table 1 | The prognostic role and functions of several representative metalloproteinases involved in pan-cancers.




2.1 Matrix metalloproteinases

The MMP family consists of 28 members, at least 23 of which are expressed in human tissues (83). Typically MMPs comprise a pro-peptide of about 80 amino acids maintaining the stability of zymogen, a catalytic metalloproteinase domain of about 170 amino acids with zinc ion binding sites, a linker peptide (hinge region) of variable length rich in proline, and a hemopexin domain of about 200 amino acids in length (84, 85). Although MMPs have a common core structure, they are classified either as collagenases (MMP1, MMP8, MMP13), gelatinases (MMP2, MMP9), stromelysins (MMP3, MMP10, MMP11), matrilysins (MMP7, MMP26), membrane-type MMPs (MT-MMPs) or other MMPs according to the structure of their substrates and structural domains (86). PRCGXPD is a cysteine-switch motif in the MMP pro-peptide that is responsible for the characteristic proteolytic activity (84). Different types of MMPs have specific structural characteristics that are different from typical MMPs (86). For instance, MT-MMPs lack the pro-domain, while MMP7 (matrilysin 1), MMP26 (matrilysin 2) and MMP23 lack the Hpx domain and the linker peptide. In addition, MMP2 and MMP9 contain three repeats of a fibronectin. These various domains, modules, and motifs in MMPs are involved in interactions with other molecules, thereby influencing or determining MMP activity, substrate specificity, cellular and tissue localization (87). MMPs participate in both broad-spectrum turnover and some proteolysis of extracellular proteins, which includes ectodomain shedding at the plasma membrane in a complementary fashion to ADAMs (24). In addition, MMPs can degrade the ECM and participate in almost the whole process of tumor growth and development, including tumor invasion, metastasis and angiogenesis (38).

Reportedly, MMPs have been detected in a variety of human cancers, and high expression of MMPs is usually associated with poor survival in most cancers (25) including colorectal cancer (39), lung cancer (40), breast cancer (26), ovarian cancer (41), and gastric cancer (70). However, upregulation of a specific MMP does not always lead to promotion of tumor growth or metastasis. The gelatinase protein family including MMP2 (gelatinase A) and MMP9 (gelatinase B) are able to degrade type IV collagen in basement membranes and are the most extensively studied metalloproteinases that are associated with disease progression and poorer survival in patients with various cancers (88). A meta-analysis comprising 41 studies and 6517 patients with primary breast cancer reported that MMP2 and MMP9 overexpression conferred a higher risk of distant and lymph node metastasis, respectively, and were both associated with higher clinical stage and histological grade (26). Similarly, high levels of MMP12 are strongly associated with poor survival in patients with gastric cancer. In contrast, MMP12 overexpression is related to increased survival in patients with colorectal cancer (70, 89).



2.2 A disintegrin and metalloproteases

Also known as Metalloprotease Disintegrin Cysteine-rich (MDC), ADAMs are type I transmembrane proteins anchored to cell surface membranes. Over 30 types of ADAM have been discovered so far (90). Similar to MMPs, ADAMs include a pro-domain and a zinc-binding metalloprotease domain. ADAMs also include a disintegrin domain, which is unique among cell surface proteins (91). The metalloproteinase domain of ADAM is highly conserved, and most ADAMs have an EGF-like domain adjacent to a cysteine-rich domain and a membrane-spanning region, followed by a cytoplasmic tail that varies widely in length and sequence between different ADAM family members (90–92). Due to the presence of these domains, ADAMs can bind substrates and affect changes in cell adhesion and migration, and the proteolytic release of cell surface molecules. Their major substrates are intact transmembrane proteins such as growth factors, adhesion molecules, and precursor forms of cytokines (71).

Cancer cells often express high levels of ADAMs, suggesting a selective advantage for tumors. Interestingly, overexpression of ADAMs is not carcinogenic (52). There are two functional attributes of ADAM proteins, namely proteolytic activity and cell adhesion, which supports the hypothesis that ADAMs may have a crucial role in cell migration as well as extracellular remodeling (93) ADAM17 is the most widely studied of all the ADAM proteins. One study evaluating ADAM17 as a potential blood biomarker for ovarian cancer showed that ADAM17 levels are significantly higher in culture medium supernatants of cultured ovarian cancer cell lines and also in the serum and ascites of patients with ovarian cancer, compared with controls (94). Toshie et al. reported that ADAM10 could be a potential lung cancer biomarker through investigating enzyme-specific proteolytic activities, rather than ADAM17 (95). Proteomics technologies can be used to identify ADAM proteins that are shed by tumor cells (52).



2.3 ADAMs with thrombospondin motifs

As close relatives of ADAMs, ADAMTS also belong to the Adamalysins family of proteins (79, 80). Unlike ADAMs, ADAMTS are secreted metalloproteinases characterized by an ancillary domain containing a thrombospondin type 1 repeat (TSR) and a spacer region, and the absence of a transmembrane region, cytoplasmic domain and (EGF)-like (81). The human ADAMTS family includes 19 proteins that can be sub-grouped on the basis of their known substrates, namely aggrecanases or proteoglycanases (ADAMTS1, 4, 5, 8, 9, 15 and 20), procollagen N-propeptidases (ADAMTS2, 3 and 14), cartilage oligomeric matrix protein (also known as thrombospondin-5), cleaving proteinases (ADAMTS7 and 12), von Willebrand factor (VWF), cleaving proteinase (ADAMTS13) and a group of orphan enzymes (ADAMTS6, 10, 16, 17, 18 and 19) (81, 82). ADAMTS proteases are involved in the maturation of procollagen and von Willebrand factor, as well as in ECM proteolysis relating to morphogenesis, angiogenesis and cancer (82, 96, 97).

Although major ADAMTS members were identified as suppressors or oncogenes in cancers, studies have shown that different ADAMTS exhibit diverse biological functions and that individual ADAMTS can play distinct roles in different cancers or depending on the clinical setting (98). For example, high expression of ADAMTS8 was associated with better survival in patients with lung cancer by inhibiting cell proliferation and promoting apoptosis.ADAMTS8 overexpression was also associated with decreased levels of vascular endothelial growth factor A (VEGFA), which is a major regulator of angiogenesis and contributes to tumor growth and metastasis (99). A study using topological data analysis identified 38 elusive cancer-related genes, including an inactivating mutation in ADAMTS12 in lung adenocarcinoma. Mice with ADAMTS12 deletion mutations have a five-fold increased susceptibility to lung cancer, confirming the role of ADAMTS12 as a tumor suppressor gene (100). In general, the involvement of ADAMTS in the TME is less well studied compared with MMPs and ADAMs, and studies systematically characterizing their functions in cancers are urgently needed.




3 The relationship between metalloproteases and immunomodulation in cancers


3.1 Signal pathway involving MPs related to immunity in cancer cells

Signal transduction pathways are comprised of multiple molecules recognizing and interacting with each other and transmitting signals to regulate many important biological processes such as tumor cell proliferation, metastasis and immune regulation. Three signaling pathways in particular are closely related to MPs in immunomodulation and are described below (Figure 2).




Figure 2 | Signal pathway involving metalloproteinases related to immunity in cancer cells. Tumor Necrosis Factor (TNF) signal pathway: The transmembrane TNF-α (tmTNF-α) cleaved by proteolytic enzyme ADAM17 produced soluble TNF-α (sTNF-α), which binds to TNFR1 and then recruits TNFR-associated death domain (TRADD), TNFR-associated factor (TRF)-1 and TRF-2 generating two different results: mediating caspase activation to apoptosis or leading to activation of the NF-κB and AP-1 for tumor cell proliferation. When tmTNF-α binds to TNFR2 as ligands to inhibite NF-κB mediated activation of anti-apoptotic genes, then apoptosis and tumor suppression will be triggered; as a receptor tmTNF-α transect the reverse signal to promote tumor proliferation by constitutively activating NF-κB. The activity of ADAM17 can be stimulate by pseudoprotease enzyme iRhom2. Transforming growth factor β (TGF-β) signal pathway: MMP9 and MMP2 cleave the inactive latent TGF-β propeptide (LAP) and produce different activated TGF-β proteolytic cleavage products. In the canonical pathway, active TGF-β triggers TGFβRII to phosphorylate TGFβRI, which in turn recognizes and phosphorylate SMAD2 and SMAD3 proteins to interact with SMAD4 to form a complex that can enter the nucleus and regulate the transcription of target genes. For example, down-regulating the expression of proto-oncogene Myc to inhibit cell proliferation, inducing the Snail1 and ZEB1 to promote epithelial mesenchymal transition (EMT) in tumors. The co-aggregation of CD44 and MMP9 can promoted the protein activity of MMP9. Notch signaling pathway: ADAM10 and ADAM17 have been indicated in many studies that they can act on cleaving S2, and subsequent cleavage S3 mediated by γ-secretase occurs in the transmembrane region, leading to the release of Notch intracellular domain (NICD), which translocate into the nucleus and combines Mastermind-like (MAML) and DNA-binding protein Recombination Signal-binding Protein for Immunoglobulin kappa J region (RBPJ) to recruits additional coactivators (CoA) triggering the transcription of target genes, such as Myc, P21, HES1 and so on.




3.1.1 Tumor necrosis factor signaling

Tumor necrosis factor-α (TNF-α) is an important proinflammatory cytokine that is involved in the maintenance and homeostasis of the immune system, as well as inflammation and host defense (72). Substantial experimental and clinical data have been shown that TNF-α is involved in the promotion and progression of cancer (72, 101–104). TNF-α is found in both a soluble and transmembrane form. Soluble TNF-α is cleaved from transmembrane TNF-α (tmTNF-α) by proteolytic enzyme ADAM17, also known as TNF-a-converting enzyme (TACE), which can orchestrate immune and inflammatory responses via activation of TNF-α (73, 90). Both tmTNF-α and soluble TNF-α initiate signaling cascades by binding to TNF-α receptors. There are two types of TNF-receptors: TNF receptor 1 (TNFR1), which is activated by soluble ligands, and TNF receptor 2 (TNFR2) that binds primarily to tmTNF-α. The shedding of tmTNF-α and TNFR both require pseudoprotease enzyme iRhom2, which is an important cofactor of ADAM17 and can stimulate the activity of ADAM17 on the cell surface to control the specificity of ADAM17 protein breakdown (105).

Soluble TNF-α and tmTNF-α all possess dual abilities to promote tumor growth and survival, while tmTNF-α has much broader anti-proliferative capabilities (106). The binding of soluble TNF-α to TNFR1 generates two different out comes. First, TNFR1 recruits TNFR-associated death domain (TRADD), TNFR-associated factor (TRF)-1 and TRF-2. If the complex activates nuclear factor κB (NF-κB), tumor cell proliferation is observed. Otherwise, the complex enters the cytoplasm and the recruitment of FAS-associated via death domain (FADD) mediates caspase8 activation leading to apoptosis, which was found to contribute to ADAM17-mediated shedding of TNFR1 (74, 107). It should also be noted that the activity of ADAM17 plays a crucial role in TNFR1-dependent tumor cell–induced endothelial cell death. This is because ADAM17-mediated ectodomain shedding and subsequent γ-secretase-mediated regulated intramembrane proteolysis (RIP) of TNFR1 is a prerequisite for TNF-induced cell death (108). TmTNF-α can be transduced bidirectionally as a ligand or membrane receptor. Apoptosis and tumor suppression are triggered when TmTNF-α binds to TNFR2, leading to the inhibition of NF-κB-mediated activation of anti-apoptotic genes, which is regulated in part by the actin cytoskeleton. However, if tmTNF-α is expressed on the cell surface, it will act as a receptor and transect the reverse signal to promote tumor proliferation by constitutively activating NF-κB (106). Although the exact mechanism has not been elucidated, TNF-signaling in cancer cells has an overall pro-tumor effect, promoting survival, proliferation, and evasion of immune surveillance (109, 110). Therefore, in view of the action of ADAM17 on the receptors and ligands of TNF-signaling pathway, ADAM17 is deemed to affect TNF-α signaling in a variety of ways. For example, a decrease in the production of soluble TNF-α would lead to accumulation of tmTNF-α, which would bind to TNFR2 and lead to a different biological outcome (111).



3.1.2 Transforming growth factor–β signaling

As a key regulator of tumor behavior, transforming growth factor- β (TGF-β) plays an important role in tumor invasion and metastasis, immune regulation and therapeutic resistance (42). TGF-β is also the core of immune suppression in the TME, which has bidirectional effects on the immune system depending on the specific situation (43). In general, TGF‐β inhibits cell proliferation during the early stages of cancer development. Inactivation of the TGF‐β pathway or decoupling from tumor suppressor effects can promote tumor progression, which affects ECM and cell adhesion molecules, promotes metastasis and angiogenesis, and induces immune suppression. Through a classic membrane-to-nucleus signaling process, the TGF-β pathway involves direct receptor-mediated activation of small mother against decapentaplegic (SMAD) transcription factors (43). TGF-β1, TGF-β2, and TGF-β3 are three closely related isoforms secreted by an inactive complex that covalently combine mature TGF-β with the latent TGF-β pro-peptide (LAP) via disulfide bonds in the endoplasmic reticulum (112). There are also three known TGF-β receptors (TGFβRI, TGFβRII and TGFβRIII). In the canonical pathway, active TGF‐β triggers TGFβRII to phosphorylate TGFβRI, which in turn recognizes and phosphorylates SMAD2 and SMAD3 proteins to interact with SMAD4 to form a complex that can enter the nucleus and regulate the transcription of target genes (113).

MMP9 and MMP2 are two metalloproteinases known to cleave the inactive latent TGF‐β and produce different TGF-β proteolytic cleavage products, which leads to transforming growth factor-B activation (114). Hyaluronic acid-mediated CD44 cross-linking induced co-aggregation of CD44 and MMP9 promotes the protein degradation activity of MMP9. Moreover, degradation of fibronectin by MMP9 bound to CD44 results in release of the active TGF‐β (115). The levels of MMP9 in cancer cells may not only influence the proteolysis of TGF‐β, but also the expression of TGF‐β and substances downstream of the TGF signaling pathway. A study on the relationship between MMP9 and the TGF signaling pathway in breast cancer showed that overexpression of MMP9 in breast cancer cells not only significantly up-regulated the expression of SMAD2, SMAD3 and SMAD4, but also enhanced the phosphorylation of SMAD2 (116). Subsequently, the target gene KLF10 binds to the promoters of SMAD2 and TGF-β1 and to form a positive feedback loop regulating the TGF-β signaling pathway by inducing SMAD2 expression (117). In addition, decorin, which is expressed in the stroma of various cancers and can be cleaved by MMP2, 3, 7 and MT1-MMP, recognizes and binds to all isoforms of TGF-β to form an inactive complex, which inhibits TGF-β signaling in vitro and indirectly attenuates downstream signaling pathways (118).



3.1.3 Notch signaling pathway

Notch signaling is involved in multiple aspects of tumor biology, and its role in the development and regulation of immune responses is complex, including shaping the immune system and components of the TME, such as intricate crosstalk between antigen presenting cells, T-cell subsets and cancer cells (119). In particular, Notch plays a crucial role in the development and maintenance of different immune cells such as adaptive T-cells, Natural killer cells and innate immune myeloid cells e.g., granulocytes, macrophages, and dendritic cells (53). Several studies have found that Notch is a target of tumor-mediated immune suppression, and reactivation of Notch in T cells may protect T cells from tumor-mediated immune suppression and enhance their anti-tumor activity (54, 119). The Notch signaling pathway mediates the activation effect after two cells come into contact with each other. Notch receptors comprise four isoforms (Notch1–4), which are single-pass transmembrane proteins that receive signals from transmembrane ligands comprised of three delta-like ligands (DLL1, DLL3, and DLL4) and two jagged ligands (Jag1 and Jag2) expressed on neighboring cells (75). Following binding of transmembrane ligands to Notch receptors, downstream signaling is mediated by some proteases including members of the ADAM family (55).

Firstly, the receptor/ligand interaction exposes the proteolytic cleavage site, S2, which is cleaved by ADAM metalloproteases. Subsequent cleavage at S3, mediated by γ-secretase occurs in the transmembrane region, leading to the release of Notch intracellular domain (NICD), which translocated into the nucleus and combines Mastermind-like (MAML) with DNA-binding protein Recombination Signal-binding Protein for Immunoglobulin kappa J region (RBPJ) to recruit additional coactivators (CoA), triggering the transcription of target genes such as Myc, P21, and HES1 (120). ADAM10 and ADAM17 are known to be involved in cleaving S2, while ADAM17 leads to ligand-independent Notch activation, and ADAM10 causes ligand-dependent activation (27, 121, 122). One study tested whether restoring Notch signaling in ADAM10-deficient mice would block tumor development and showed that the loss of ADAM10 promotes head and neck squamous cell carcinoma (HNSCC) tumorigenesis by impairing Notch signaling (28).




3.2 Tumor microenvironment regulation by MPs

The TME refers to the surrounding microenvironment of tumor cells including blood vessels, immune cells, fibroblasts, bone marrow-derived inflammatory cells, various signaling molecules and the ECM. Previous studies have shown that tumors can modulate their microenvironment, and in turn, the TME can influence tumor growth and spread. The TME plays a key role in regulating the immune response in cancers. Tumor cells and their microenvironment typically produce multiple immunomodulatory molecules that have either negative or positive effects on immune cell function. Thus, the TME is able to switch the immune response from tumor-destructive mode to tumor-promoting mode depending on the composition of the TME.


3.2.1 The influence of MPs on the ECM

The ECM is a non-cellular component of the TME stroma, and remodeling of the ECM plays a significant role in the development and homeostasis of cancers, as well as immune cell recruitment and tissue transfer. Extensive remodeling of the ECM during cancer progression leads to changes in its density and composition, and ECM degradation is an important consequence (14). Specifically, protease-induced breakdown of ECM components is essential for tumor cells to cross tissue barriers. MMPs and ADAMs are the main enzymes involved in ECM degradation, either directly or through the release of growth factors and cell-surface receptors (29, 123). The MMPs involved in ECM degradation can be broadly divided into membrane-anchored MMPs and soluble MMPs (Figure 3). They are first synthesized as inactive precursors (zymogens) in the endoplasmic reticulum and then transported to the Golgi apparatus, where they are sorted and transported to specific membrane domains on the cell surface (56). Although membrane-anchored MMP14, which also called membrane-type 1 matrix metalloproteinase (MT1-MMP), localizes preferentially at membrane protrusions called invadopodia where it plays a central role in degradation of the surrounding ECM. ECM degradation is mainly achieved by MT1-MMP-activated soluble MMPs such as soluble gelatinases MMP2, MMP9 and soluble collagenase MMP13, and there is a significant decrease in total ECM degradation when soluble MMP dynamics are switched off (124–126).




Figure 3 | The influence of metalloproteinases on ECM degradation and angiogenesis. Various types of metalloproteinases in ECM-degrading are firstly synthesized as inactive precursors (zymogens) in the endoplasmic reticulum and then transported to the Golgi apparatus, which can be divided into membrane-type 1 matrix metalloproteinase (MT1-MMP) and other soluble MMPs. Several immune cells and cancer-associated fibroblasts (CAFs) can also produce metalloproteinases. ECM degradation is mainly performed by MT1-MMP-activated soluble MMPs, such as soluble gelatinases MMP2, MMP9 and soluble collagenase MMP13. The MMPs degrade the basement membrane structure of vascular endothelial cells and release VEGF bound to the extracellular matrix to initiate vessel maturation.



The ECM has three main components: fiber, proteoglycans and polysaccharides. MMPs play an important role in tissue remodeling by binding to these substrates to promote turnover of various ECM proteins. The catalytic activity of metalloproteinases usually requires zinc ions and water molecules, and water bound to zinc ions performs a nucleophilic attack on the substrate, causing it to rupture and release the water molecules (86). Matrix degradation can also remove physical barriers (such as basement membranes), and destruction of the normal matrix facilitates malignancy and metastatic dissemination. The specific mechanism by which MMPs degrade the ECM remains unclear, although multiple studies have identified a role for MMPs in ECM degradation (125).

Cancer-associated fibroblasts (CAFs) are the main contributors to ECM stiffness and degradation, and alterations in CAFs contribute to tumor growth and dissemination as well as regulation of T-cell infiltration in cancers (14). High expression of TGF-β induces the transition of endothelial cells into mesenchymal cells, leading to the formation of CAFs and promoting tumor formation (127). In addition, a wide range of MPs controlled by the TIMP gene family influence the TME in cancer. Loss of TIMP1-4 in fibroblasts results in the acquisition of CAF-like features, manifested by increased collagen contractility and expression of activation markers such as A-SMA, stromal derived factor 1 (SDF-1), and TGF-β. ADAM10 inhibits RhoA and Notch activation induced by exonucleosome treatment, and down-regulation of ADAM10 expression in TIMP-free fibroblasts reduces their tumor-promoting and metastatic potential in vivo (128). Immune cells in the TME also release MMPs to assist with ECM degradation. For instance, mast cell precursors may spontaneously produce MMP9 during local tissue migration, which is directly or indirectly activated by MMP3 released from fibroblasts, chymase released from mast cells, and plasminogen activator released from microvascular endothelial cells, thereby causing degradation of the ECM (129).



3.2.2 The relationship between MPs and immune cells

Immune cells in the TME play an important role in tumorigenesis and possess tumor-antagonistic or tumor-promoting functions. Although anti-tumor immune cells in the TME tend to target and kill cancer cells in the early stages of tumorigenesis, cancer cells appear to inhibit the cytotoxic function of anti-tumor immune cells in a variety of ways, resulting in immune escape (130). Tumor-associated immune cells can be divided into two types according to their function: innate immune cells and adaptive immune cells. Innate immune cells, comprised of natural killer cells, eosinophils, basophils, and phagocytes, participate in tumor suppression by directly killing tumor cells or triggering adaptive immune responses. The adaptive immune system is comprised of lymphocytes (B cells and T cells), with B cells playing a major role in the humoral immune response and T cells participating in the cellular immune response (57). MPs play an important role in promoting immune cell activity and regulating immune cell migration (58, 59). The relationship between MPs and immune cells is depicted in Figure 4.




Figure 4 | The relationship between metalloproteinases and immune cells. When T-cell receptor (TCR) of T cells interact with the major histocompatibility complex (MHC II) of antigen presenting cells (APCs), co-stimulatory receptor CD40L(CD154) expression is rapidly upregulated and linked to CD40,  and subsequently released from the T cell surface by cleavage by ADAM10 and ADAM17. Lymphocyte Activation Gene-3 (LAG-3), T-cell immunoglobulin and mucin domain-containing protein-3 (TIM-3) are T-cell coinhibitory receptors can be cleaved by ADAM10 and ADAM17 yielding soluble form sLAG-3 and sTIM-3. SLAG-3 binds to MHCII inhibiting the activation of T cells and inducing dendritic cell maturation, sTIM-3 can impair the antitumor immune response of T cells. ADAM10 and ADAM17 can both produce different cleavage products of PD-L1, which called soluble PD-L1 (sPD-L1) and shed from the surface of tumor cells, inducing apoptosis of CD8+ T cells and inhibiting antitumor immunity. In B cells, Notch2 heterodimers bind to ligands DLL1 presented on antigen presenting cells (APCs), which initiates ADAM10 resulting in the release of the Notch intracellular domain that translocating to the nucleus to trigger the expression of downstream target genes. The IgG Fc receptor FcγRIII (CD16), recognizing blinding the Fc part of the IgG antibody of tumor cells and dissolving the cells by Ab-dependent cell-mediated cytotoxicity (ADCC), on NK cells can be cleaved by the metalloprotease ADAM17, leading to NK cell dysfunction and reduced ADCC capacity. MMPs and ADAMs can cleave ligands of the activated receptor NKG2D, such as MIC, on the surface of tumor cells, they bind to NKG2D inducing endocytosis this receptor and causing tumors to evade immune surveillance. Tumour-associated macrophages (TAM) can secret MMPs to promote tumor angiogenesis, invasion and regulate immune response. The chemokine CCL2 secreted by MMP11-overexpressing macrophages activates MAPK pathway, including Phosphorylation of ERK1/2 and JNK, through combined with its receptor CCR2, thereby promoting the migration of cancer cells by up-regulating MMP9. MMP11-expressing macrophages can also upregulate PD-L1 expression and induce immunosuppression of cancer cells. MMP2 and MMP9 released by mast cells (MCs) can promote tumor angiogenesis and tumor invasiveness, respectively. MMP2 as a physiological TLR2 ligand can specifically trigger TLR2 and then increase OX40 ligand (OX40L), which interacted with OX40, on dendritic cells (DCs) to drive T cell responses leading to modulation of immune responses.




3.2.2.1 T cells

T cells are involved in the immune response through direct secretion of soluble cytokines or cell contact-dependent mechanisms. They also play an increasingly important role in tumor immunotherapy. T cells are complex, heterogeneous and are constantly regenerating. They can also be divided into several subpopulations according to their function. Helper T (Th) cells are central regulators of the adaptive immune response, (also known as CD4+ cells because they express CD4 on their surface). They are activated by engagement of the T-cell receptor (TCR) with the major histocompatibility complex (MHC II), which is expressed on the surface of antigen-presenting cells (APCs) (60, 61). ADAM10 and ADAM17 are expressed on the surface of resting CD4+ Th cells and are important for regulating the development and function of CD4+ Th cells (16). ADAM10/17 play crucial roles in shedding of the T-cell costimulatory receptor as well as co-inhibitory receptors (62). For instance, CD154 (CD40L) is a type II membrane co-stimulatory receptor that is expressed by all antigen-activated CD4+ Th cells with the exception of “regulatory” T cells (Tregs). Following the interaction between a T cell and an APC, CD154 expression is rapidly upregulated within a few hours and is subsequently released from the T cell surface following cleavage by ADAM10 and ADAM17 (131, 132). In addition, ADAM10 and/or ADAM17 also act on the costimulatory receptor CD137, which is expressed on CD4+ and CD8+ T cells following TCR activation (63) Lymphocyte Activation Gene-3 (LAG-3; CD223) and T-cell immunoglobulin and mucin domain-containing protein-3 (TIM-3) are both T-cell coinhibitory receptors acting as substrates for ADAM10/17 protease. The soluble form of each protein (sLAG-3 and sTIM-3, respectively) in humans are formed after proteolytic cleavage of ADAM10 and ADAM17 (15, 16). Hydrolytic cleavage of LAG-3 proximal linker peptides by ADAM10 and ADAM17 yields sLAG-3, which has been shown to bind to MHCII thereby inhibiting binding of LAG3,reducing the activation of T cells, and inducing dendritic cell maturation (133, 134). Anti-cleavage of LAG-3 can inhibit antitumor T-cell responses in mice, and sTIM-3 can impair the anti-tumor immune response in T cells by reducing the expression of Th1 cytokines in CD4 effector T cells (135). Similarly, CD8+ T cells are a subset of cells that express CD8 on the cell surface. Successful binding between naive CD8+ T cells and APCs stimulates immature T cells to become activated CD8+ T cells with cytotoxic capabilities (136). It is well known that the transmembrane glycoprotein PD-L1 is expressed on the surface of tumor cells and binds to the PD-1 receptor on the surface of immune cells to inhibit T cell proliferation, block cytokine production and inhibit T-cell survival. ADAM10 and ADAM17 were recently shown to produce different cleavage products of PD-L1 that are shed from the surface of tumor cells, leading to apoptosis of CD8+ T cells and inhibition of anti-tumor immunity (137).



3.2.2.2 B cells

B cells are key cellular components of humoral immunity and play a role in immune regulation and tolerance induction through various mechanisms. Unlike T cells, B cells can respond directly to antigens. Activated B cells express both MHC class I and class II molecules on the cell surface; therefore, they can present intracellular and extracellular antigens to CD4+ Th and CD8+ T cytotoxic lymphocytes (64, 65). In particular, marginal zone B (MZB) cells located in the spleen express high levels of CD80/86 costimulatory molecules leading to activation of T cells (66). Notch2 signaling is required for the development of MZB cells, which play an important role in antigen trafficking and presentation. During the development of MZB, Notch2 heterodimers bind to ligands such as DLL1 on stromal cells and APCs, which initiates an unknown metalloproteinase hydrolytic receptor resulting in the release of the Notch intracellular domain that translocate to the nucleus and triggers the expression of downstream target genes (16, 138, 139). The unknown metalloproteinase may be ADAM10. Taok3 transports ADAM10 to the surface of immature B cells, which then promote the development of immature B cells into MZB cells (16, 76, 140). In addition, studies have shown that glioma cells produce ADAM10 upon activation, and ADAM10 can induce the development of regulatory B cells (Bregs) by converting latency associated peptide (LAP) into TGF-β in B cells. Bregs not only exert immunosuppressive effects by inhibiting the activity of CD8+ T cells, but also have the ability to induce the production of Tregs, which play an important role in the evasion of tumor cells from immune surveillance (77).



3.2.2.3 NK cells

Natural killer (NK) cells are specialized immune effector cells that are able to kill tumor cells and are the main source of cytokines and chemokines such as interferon (IFN)-γ and TNF-α, which regulate the function of lymphocytes and enhance the antigen-specific T-cell response (78). NK cells express an IgG Fc receptor FcγRIII (CD16). Activated NK cells can effectively recognize the Fc part of the IgG antibody that binds to tumor cells and dissolve cells by antibody-dependent cell-mediated cytotoxicity (ADCC) (141, 142). Notably, the CD16 molecule can be cleaved from the surface of activated NK cells by ADAM17, and inhibition of ADAM17 impairs the exocytotic abscission of CD16 and CD62L, which significantly increases intracellular levels of TNF-α and IFN-γ (143–145). In addition, the critical interaction between activating receptors on NK cells and MHC-I molecules (MIC) is important to prevent autoimmune destruction and facilitate evasion of immune surveillance by NK cells (146). For example, MMPs and ADAMS can cleave ligands of the activated receptor NKG2D from the surface of tumor cells. The soluble forms of these lysed proteins bind to NKG2D and induce endocytosis and degradation of this receptor, causing tumors to evade surveillance (147). Overall, there are multiple substrates lysed by ADAM17 that are associated with diverse effects on NK cells.



3.2.2.4 Macrophages

Among the immune inflammatory cells in the TME, macrophages are one of the most common (148). Although macrophages have anti-tumor effects as immune cells, experimental and clinical evidence suggests that tumor-associated macrophages (TAM) contribute to cancer initiation and malignant progression, and high levels of TAMs are associated with poor prognosis and reduced overall survival (44, 149–151). Activated macrophages include M1 and M2 subtypes. M1 macrophages can kill tumor cells, while M2 macrophages mainly play a role in promoting tumor growth. However, most of the macrophages in tumor tissues have the phenotype and function of M2 macrophages. In a variety of cancers, TAMs have been found to promote tumor angiogenesis and invasion as well as regulation of the immune response by secreting MMPs (45). MMP regulation is closely related to the chemokines secreted by TAMs. MMP11 expression on macrophages is an independent negative prognostic factor in breast cancer. The chemokine CCL2 secreted by MMP11-overexpressing macrophages activates the MAPK pathway, inducing phosphorylation of ERK1/2 and JNK and promotion of HER2+ breast cancer cell migration facilitated by the upregulation of MMP9. Additionally, MMP11-expressing macrophages play a role in promoting tumor through via the upregulation of PD-L1 expression and inducing immunosuppression in breast cancer cells (46). In GMB, CCL5 (derived from glioma-associated microglia/brain macrophages [GAMs]) enhances glioma cell invasiveness through a novel calcium-dependent MMP2 signaling pathway (47). SLIT2 has been found to be functionally deficient in breast cancer. Mechanistic studies have shown that SLIT2-activated macrophages have high phagocytic capacity, are polarized into an anti-tumor M1 phenotype, and inhibit tumor fibrosis by activating MMP13 secreted by macrophages (48). Although evidence has suggested that MT-MMPs are expressed in primary brain tumors as effective mediators of tumor cell infiltration into central nervous system tissues, recent studies have revealed that glioma cells, rather than macrophages/microglia, are the main source of MT-MMPs (152).



3.2.2.5 Mast cells

In the TME, MCs have both pro-tumor and anti-tumor properties. Once activated and degranulated, they recruit immune system cells to coordinate the anti-tumor immune response. However, their presence may contribute to tumor progression by releasing vascular endothelial growth factor to support MMP9 degradation of the ECM (153, 154). In prostate cancer, infiltrating MCs can reduce androgen receptor (AR) transcription and increase the aggressiveness of prostate cancer cells by increasing MMP9 expression (155). The invasive ability of bladder cancer cells is enhanced by upregulation of estrogen receptor β(ERβ) expression in both MCs and bladder cancer cells, resulting in increased signaling related to CCL2, CCR2, EMT, and MMP9 (156). MC progenitors may spontaneously produce MMP9 during local tissue migration, and stem cell factors can down-regulate mast cell motility by reducing MMP9 production (129). In addition, MMP2 and MMP9 released by MCs can promote angiogenesis and tumor invasiveness, respectively (157).



3.2.2.6 Dendritic cells

Dendritic cells (DC)are APCs that can extract, process and present endogenous antigens to T and B lymphocytes (158, 159) Although DCs do not have the ability to kill tumor cells directly, they play a crucial role in the immune system. Recent studies have shown that in solid tumors, of the number of infiltrating DCs is directly proportional to prognosis, and DC-based vaccines have been applied in the study of tumor immunotherapy (49, 160, 161). Most DCs are in an immature state with strong antigen-phagocytosis ability. They eventually and evolve into mature DCs when they ingest antigens or are stimulated. During maturation, DCs migrate from antigen-exposed peripheral tissues into secondary lymphoid organs, where they present antigen peptides on the surface of MHC molecules to antigen-specific cognate responder T cells through the TCR, which stimulates immune responses (162, 163). The ability of mature DCs to migrate to secondary lymphoid tissues requires expression of a collagenase type IV protein, such as MMP9 (164). In a study of cervical cancer, monocyte-derived cells maintained MMP9 expression during differentiation into immature and phenotypically mature DCs (165). OX40 ligand (OX40L), which is expressed on DCs and modulated by molecules such as toll-like receptor 2 (TLR2), is a key costimulatory molecule that primes Th cells (166). MMP2 is a physiological TLR2 ligand/agonist that specifically triggers TLR2, leading to increased cytokine production and OX40L on DCs through activating components of the canonical NF-kB pathway, which results in modulation of immune responses (167). Additionally, ADAM23 expression on DCs partially governs antigen-presentation capacities to responder CD4+ T cells. Knockdown of ADAM23 in murine BMDCs did not alter the maturation profile of DCs but markedly depressed the activation, proliferation and total levels of cytokine production in CD4+ T cells, such as IL-2, IFN-γ, IL-4, and IL-17 (168). Notably, DCs have podosomes that can degrade the ECM and are proposed to be involved in cell migration (169). The podosome-related domains contain MMP14, which generates guidance tunnels within collagen gels in endothelial cells, and cancer cells use a similar mechanism as they move through the matrix (51).




3.2.3 Immunomodulatory substances associated with MPs

Cytokines are proteins secreted by immune and related cells that mediate and regulate immune processes (170). According to their structure and function, cytokines can be generally divided into interleukins, interferons, TNFs, colony-stimulating factors, chemokines, and growth factors. Cytokines coordinate the interaction between the TME and tumor immune cells, and their release can inhibit or promote tumor development (57). The interaction between cytokines and MPs plays an important role in regulating the TME. Inflammatory cytokines generally upregulate the expression, secretion and activation of MPs in immune cells (11, 171, 172). In addition, they are shed as substrates or become active after cleavage by MPs leading to various immune-inflammatory responses in multiple cancers (12, 173, 174).

A variety of cytokines derived from tumor cells, including TGF-β, EGF, HGF and TNF-α, mediate the expression of many MPs. The most important of these is MMP9, which is elevated in serum and tissues associated with tumors, and is involved in the degradation of the ECM to facilitate the migration of immune cells in cancer (11). A study on breast cancer showed that MMP9 was secreted predominantly by fibroblasts, and its expression in tumor fibroblasts is regulated by multiple cytokines and complex cellular signaling pathways (175). Interleukin, as one of the most widely studied cytokines, is associated with the occurrence and development of cancer. Various cell sources, receptors and signaling pathways determine that interleukins have pleiotropic effects in cancers, including participating in immune responses through interaction with MPs (173, 176). The members can be divided into several protein families according to their structural homology. Biochemical and cell-based assays suggest that IL-2 is subject to proteolytic processing by neutrophil MMP9. The proliferation of IL-2-dependent cells, including primary human regulatory T cells, significantly decreased after IL-2 was cleaved (173).

In addition, these cytokines must be cleaved by MPs to participate in tumor immune process. TmTNF-α, cleaved by ADAM17, generates active sTNF-α (106). IL-12 also plays a critical role in T-cell development and expansion and stimulates activated T cells and NK cells to release toxic enzymes or secrete effector cytokines in the TME, which are essential for tumor clearance (50). It was hypothesized that pro-IL-12 is mostly inactive before cleavage and switches to an active state in the TME after cleavage by MMP14. The amino acid sequence recognized by MMP14 (SGRSENIRTA) was chosen as the cleavable substrate linker. The hydrolysis efficiency of this peptide sequence is 79% for MMP14, 4% for MMP2 and 9% for MMP9. Therefore, pro-IL-12 was almost completely cleaved and activity was significantly recovered after incubation with MMP14 (174).



3.2.4 Relationship between metalloproteinases and angiogenesis

Tumor blood vessels can provide oxygen and nutrients and remove waste products as well as serve as a conduit for tumor cell metastasis and immune cell infiltration. In terms of structure and function, these vessels are abnormal compared with those in non-malignant tissues, which promotes progression of cancers through impaired perfusion leading to hypoxia and low pH in the TME (30). The hypoxic microenvironment caused by impaired tumor blood perfusion can promote the invasion of tumor cells and hinder the anti-cancer effect of immune cells, which produce chemokines, cytokines, proteases and microvesicles. VEGF and inflammatory chemokines are not only major proangiogenic factors, but also immune modulators, increasing angiogenesis and immune suppression (177).

To date, several types of tumor angiogenesis have been reported, including sprouting angiogenesis and vasculogenic mimicry (VM) (178). Sprouting angiogenesis is achieved by the upregulation of various hydrolases such as MPs and tissue plasmin activators in the vascular basement membrane, which leads to degradation and remodeling of the basement membrane and the ECM (Figure 4) (179). MMPs secreted by CAFs degrade the basement membrane of vascular endothelial cells and release VEGF bound to the extracellular matrix to initiate angiogenesis. For example, in pancreatic neuroendocrine tumors, increased secretion of MMP9 releases sequestered VEGF from the matrix, which switches vascular quiescence to active angiogenesis (31). In lung cancer cells, inhibition of MMP2 activity reduces its interaction with integrin-AVB3, and inhibits the expression of VEGF mediated by downstream PI3K/AKT signaling, leading to decreased angiogenesis (32).

VM is a newer model for invasive tumors to form new blood vessels, which provides blood supply for tumor growth (33). Studies have shown that the initial hypoxic environment of solid tumors is inseparable from VM, and that hypoxia is closely related to the expression and activity of MMPs (34, 35, 180). Hypoxia-inducible factor-1α (HIF-1α) has been shown to directly regulate the expression of MMP14, MMP9 and MMP2 (36, 180, 181). In the early stage of VM formation, MMPs dissolve ECM adhesion proteins and connexins, leading to the release of individual epithelial cells from the epithelium. Some cell fragments then initiate signal transduction pathways, leading to extensive changes in gene transcription. MMP2, activated by MMP14, causes the lysis of Ln5γ2 (laminin) and promotes the formation of VM ducts. In addition, cell protrusions termed invasive pseudopodia, aggregate the proteolytic enzymes MMP2, MMP9, and MMP14 at their leading edge where they degrade collagen and the ECM basement membrane (182). However, other studies have shown that MMP2 and MMP9 are upregulated in cancer cells through a HIF1 -dependent mechanism, whereas MMP14 is upregulated in a HIF2-dependent manner, and their enhanced activity is due to increased expression of HIF-dependent urokinase-type plasminogen activator surface receptors (183).





4 Recent advances and future trends in application targeting MPs in tumors diagnosis and immunotherapy


4.1 The crucial role of metalloproteinases in cancers diagnosis

As MPs have been found to play an important role in the occurrence and development of tumors, several diagnostic methods involving MPs have emerged in recent years. Various molecular imaging techniques have been used in cancer diagnosis to show the activity of MPs in vivo. For the past decade or so, MP imaging has been limited to optical imaging (OIM), positron emission tomography (PET), single photon emission computed tomography (SPECT), and magnetic resonance imaging (MRI), all of which have been inadequate in quantifying MP expression levels (184). Recently, a method has been developed for that precise quantification of MT1-MMP in cancer tissue sections using metal clusters composed of intrinsic red fluorescence and a specific mass signal. MMP14 can be directly observed via optical fluorescence microscopy and quantified by mass spectrometry 2D imaging (MSI) (185).

Highly selective fluorescent nanoprobes have also been developed to improve the diagnostic accuracy in early and metastatic cancers. MMP-2-responsive nanoprobes were prepared by immobilizing fluorescent fusion proteins, which consists of a fluorescent mCherry protein with a cell penetrating peptide (CPP) moiety with MMP-2 cleavage site, on nickel ferrite nanoparticles via the His-tag nickel chelation mechanism. The high selectivity of nanoprobes is due to the steric hindrance effect between nanoprobes and MMPs formed by hiding the cleavage site of MMP-2 substrates inside the system, which allows detection of soluble MMP-2 in the TME (186). Fluorescence nanoprobe technology can not only be used to accurately diagnose distant lymph node metastasis, but also as a prognostic tool for cancer treatment after treatment with photodynamic therapy (PDT) treatment (187). Rapid diagnosis during surgery has become an indispensable tool in cancer diagnostics. MP-mediated fluorescence nanoprobe technology has been proposed as a rapid and accurate method to assist decision-making during surgery (188).



4.2 Metalloproteinases inhibitors can be a potential partner for combination therapy in cancer immunotherapy

In view of the role of MPs in cancer immune regulation, it is conceivable that MPs can play a pivotal role in immunotherapy. The main immunotherapy modalities currently available are immune checkpoint blockade (ICB) therapy, chimeric antigen receptor (CAR)-T cell therapy, and cancer vaccines. Notably, the role of MP inhibitors or activators in different immunotherapy modalities is diverse. A variety of broad-spectrum MP inhibitors have emerged in clinical trials. However, due to the non-specificity of drugs and the complex role of MPs in immune regulation, MP inhibitors have so far failed to improve survival and prognosis of patients with cancer (10, 189). Recently, it has been reported that MP inhibitors can be used in combination therapy to improve the efficacy of immunotherapy (67–69).


4.2.1 The mechanism of MPs as an immunomodulator

ICB has been revolutionary for cancer treatment by suppressing immunosuppressive components in the TME including programmed cell death protein 1 and its ligand (PD-1/PD-L1) and cytotoxic T lymphocyte-associated antigen 4(CTLA-4) (190). Importantly, clinical response rates of ICB have been relatively low in some cancers, despite improved treatment outcomes; therefore, combination therapy has the potential to improve ICB therapy (191). SB-3CT, as an MMP2/9 inhibitor, has been suggested to improve the efficacy of anti-PD-1 and anti-CTLA4 treatment in mouse models of melanoma and lung cancer, as well as metastatic melanoma in the lung. SB-3CT treatment not only causes a reduction of PD-L1 expression through reducing multiple oncogenic pathways, but substantially improved immune cell infiltration and cytotoxicity of T cells in combination with anti-PD-1 treatment. In addition, the combination of SB-3CT with anti-CTLA-4 enhanced the downregulation of PD-L1 expression and increased the concentration of activated tumor-infiltrating CD8+ T cells in the tumor (67). Conversely, abundant expression of MMP2 in TME could trigger a gradual enzymatic-degradation of DOX-aTIGIT-GAB hydrogel that is composed of drugs including doxorubicin (DOX) and anti-TIGIT monoclonal antibody (aTIGIT) co-packaged in an injectable enzyme-responsive hydrogel. After being stimulated by released DOX, the immunogenic tumor recruits the infiltration of NK cells and effector T cells that could be further stimulated by the subsequently released aTIGIT to boost multilayered innate and adaptive immune responses (192).

As an emerging antitumor immunotherapy, tumor vaccines, including nucleic acid, DC-based, tumor cell, and synthetic long peptide (SLP) vaccines, have achieved notable therapeutic effects in several trials. The combination of tumor vaccines with immune checkpoint inhibition or other therapies may achieve superior therapeutic effects compared with single-agent treatment (37). Many studies in recent years have focused on the use of DC vaccines to initiate and shape an anti-tumor-specific immune response and/or boost existing spontaneous anti-tumor T-cell responses (193). However, the critical pathways by which DC-based vaccines activate effective immunity remain unknown (194). DCs from patients with melanoma have reduced expression of the cell surface inducible T-cell costimulator ligand (ICOSL), which plays an importance role in activating protective T-cell responses (195). Therefore, there is potential to improve therapeutic T-cell responses and treatment outcomes in patients with cancer through improving ICOSL expression on DCs. DCs express ADAM10 and significantly increase levels of ADAM17 after maturation, which can modulate availability of ICOSL co-stimulation during humoral immune activation by cleaving surface ICOSL (196, 197). In addition, inhibition of ADAM10/17 cleavage enzyme activity in DCs can increase surface expression of ICOSL, which yielded a vaccine with more effective anti-tumor capability (198).

CARs are synthetic receptors that enable T cells to recognize tumor-associated antigens (TAAs) independent of MHC (199). Although CAR-T cell therapy has been associated with clinical responses in subsets of B-cell leukemia or lymphoma, there are several challenges for CAR-T therapy in solid tumors and malignant hematological tumors, including tumor heterogeneity (200, 201). The development of CAR-T therapy for glioblastoma (GBM) has been limited by the scarcity and heterogeneity of GBM biomarkers. Chlorotoxin (CLTX), an acid peptide, has been studied in GBM and other neuroectodermal tumors as a method to weaken tumor cell migration and invasiveness, while exhibiting minimal cross-reaction with normal cells in the brain and elsewhere (202). CAR-T cells utilizing CLTX as the targeting domain (CLTX-CAR T cells) address two major hurdles in the way of effective immunotherapy for GBM: reduction of antigen escape and maintenance of tumor cell restriction (202). MMP2, a secreted MMP, specifically and selectively interacts with CLTX and high MMP2 expression facilitates the binding of CLTX (202–204). Accordingly, MMP2 knockdown in GBM cells substantially reduced CLTX-CAR T-cell activation and cytotoxicity (202). Additionally, MMP8 have been indicated that it was positive associated with good prognosis and survival of various cancers patients. The homing of CAR-T cells can be enhanced when CAR-T cells carrying overexpressing MMP8 because MMP8 can damage the collagen fibers surrounding the tumor (205).



4.2.2 Traditional and vanguard immunomodulatory drugs


4.2.2.1 Monoclonal antibodies

With a high target selectivity and favorable pharmacokinetic profiles, mAbs have shown promise for immunotherapy in cancer. These mAbs modulate the activity of these by barring access to the active site, disrupting of exosite binding and preventing protease activation (206). Selective inhibition of single MMP isoforms has been previously demonstrated, e.g., the humanized monoclonal antibody Andecaliximab (GS-5745) that selectively inhibits MMP9 and Fab 3369 acting on MMP14 (207). Structural investigation revealed that GS-5745 inhibits MMP9 by binding to pro-MMP9 and preventing MMP9 activation, whereas binding to active MMP9 allosterically inhibits its activity (208). Fab 3369, derived from a synthetic humanized Fab library, intercepts endogenous MMP14 expressed on the cell surface and inhibits ECM degradation in triple-negative breast cancer (TNBC) (35). There are a variety of mAbs that effectively inhibit ADAM17, including first-generation Administration of D1(A12), second generation mAb A9 and MED13622 (206). mAbs targeting ADAMTS family members have also been studied in inflammatory and cardiovascular diseases, but not in cancer. There are also several small molecule inhibitors in clinical development that have shown positive effects in clinical trials (207).



4.2.2.2 Others

Engineered nanoparticles have also shown promise for the treatment of cancer (209, 210). O-NP, an intelligent nanocarrier, contains a cationic core and a molecule consisting of hydrophobic oleic acid, as well as a MMP9-cleavable peptide and a glutamate-rich segment (OMPE). Once exposed to MMP9 in the TME, OMPE is proteolytically processed, which leads to elimination of glutamic acid residues causing a charge reversal from anionic to cationic, which enhances endocytosis of the nanocarrier in cancer cells. When administrated systemically, this phenomenon results in efficient delivery to MMP9-overexpressing tumors (211). In addition, there is a growing body of research aimed at integrating multiple therapeutic tools into one for precise molecular sensing and site-specific cancer treatment. For instance, gold nanostars (GNS), which can be attached to MMP2 polypeptides (Ac-GPLGIAGQ) and IR-780 iodide, have been utilized for enhanced photothermal therapy (PTT)/PDT in lung cancer (212).





4.3 Current challenge of targeting MPs in the clinical applications

Despite a number of preclinical trials have suggested that targeting MPs can bring benefits to the diagnosis and treatment of cancer, they failed at different phases in researches, mostly because to the non-specificity of the drug and the complicated background for specific effects of MPs. While some studies have begun to test highly selective MP-targeting drugs, such as the monoclonal inhibitors against MPs mentioned above, the field is still at exploring and the efficacy and safety of this approach is not yet known. In addition, whether the addition of targeting MPs will bring some potential toxicity or immune-related adverse reactions while enhancing the efficacy of tumor immunotherapy still need to be explored with more studies in future. For example, inhibition of protease activity has been reported to produce significant joint pain and swelling, as well as myelosuppression and venous thromboembolism [7]. Remarkably, with the continuous breakthroughs in biotechnology, nanoparticles are particularly attractive as a new medium for targeting MPs for cancer diagnosis and treatment. While improving the specificity, the excellent targeting efficiency of nanoparticles is confronted with the selection of the nanocarriers, its stability and sustainability.




5 Conclusion and perspective

In this review, we highlighted the immunomodulatory roles of MPs in the TME including ECM remodeling, signal pathway transduction, cytokine shedding and release, and promotion of angiogenesis. MPs and some relating cleavage substrates may be prospectively used as predictive biomarker candidates of prognosis for certain cancer types; however, large, confirmatory studies are required. Emerging technologies and compounds related to MPs have been increasingly explored in cancer diagnosis and treatment. As such, it is difficult to develop highly selective drugs and nanoprobes targeted towards specific MPs. Better understanding of MP expression patterns and functions in the immunoregulation of cancer will contribute to the development of more effective therapeutic approaches for cancer diagnosis and immunotherapy. Evidence shows that combinations of biomedical technologies may be more efficient for cancer therapy compared with single agents. The new technologies based on MPs are of area constant exploration and great potential. If these technologies can be put into practice, they may provide effective strategies for the diagnosis and treatment of cancer in the future.
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