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Abstract: The development of therapeutic matrix metalloproteinase (MMP) inhibitors has
evolved from broad-spectrum peptidomimetic inhibitors with deleterious side effects, to highly
selective agents. These range from small molecules to antibodies, antisense inhibitors, and
engineered N-terminal tissue inhibitors of metalloproteinase domain. The advances in inhibitor
design along with promising new global molecular insights into MMP structures, the protease
web, and the role of extracellular matrix in diseases have contributed toward a renewed interest
in using MMPs as valid drug targets. This review aims to address the advances and challenges
concerning the design, development, and current status of anti-MMP agents in this new era of
post-broad-spectrum MMP inhibitors. Highly selective inhibitors of MMPs promise to usher
in an era of specific targeting of diseased tissue proteolysis networks, with markedly reduced
negative repercussions, and to uncover the molecular and mechanistic roles of MMP isoforms
in cancer, inflammation, and infection.
Keywords: matrix metalloproteinase inhibitors, MMPI, small molecules, MMP-inhibiting
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Matrix metalloproteinases (MMPs)1 play a pivotal role in extracellular matrix (ECM)
remodeling during homeostasis as well as in dysregulated diseased tissues. These
pleiotropic zinc endopeptidases cleave the core matrisome proteins2 and non-matrix
substrates including cytokines, chemokines, adhesion molecules, growth factors, and
their receptors. MMPs thus affect cell–cell signaling milieu3 and cellular contacts4 along
with their key roles in proteolytic alteration of matrix architecture and its biophysical
properties. Upregulation in cancer microenvironment brought MMPs to the limelight
as candidate targets, but owing to their evolutionarily conserved central role in tissue
proteolysis, they have also been implicated as candidate drug and theranostic (therapeutic as well as diagnostic) targets in diabetes, sepsis, neurodegenerative diseases,
dentine erosion, ocular maladies, cardiovascular diseases, skin disorders, arthritis,
respiratory tract disorders, glomerulonephritis, and inflammatory bowel disease.5–13
MMPs form a small subgroup of ECM-remodeling proteases within the metzin
cin family (containing an HEXXHXXGXXH consensus motif in their catalytic
site). MMPs can be classified into six groups on the basis of substrate specificity:
collagenases (MMP-1, MMP-8, and MMP-13), gelatinases (MMP-2 and MMP-9),
stromelysins (MMP-3, MMP-10, and MMP-11), matrilysins (MMP-7 and MMP-26),
membrane-type (MT) MMPs (MMP-14, MMP-15, MMP-16, MMP-17, MMP-24, and
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MMP-25), and others (MMP-12, MMP-19, MMP-20, MMP-21,
MMP-23, MMP-27, and MMP-28), and into four groups on
the basis of their domain organization (archetypal MMPs,
matrilysins, gelatinases, or furin-activatable MMPs).1,14
The extensive research invested in developing their
roles as drug targets is reflected by the fact that almost all of
MMPs have been knocked down in murine models (17 out
of 23). Surprisingly, only a small fraction of these mice
present substantive spontaneous phenotypes;15 a probable
reason behind it is suggested to be functional redundancy.16
Interestingly, human MMP genes occur in clusters (the
most striking of which is at chromosome 11q22, containing
nine out of 24 MMPs) pointing toward coevolution. This
coevolution of enzymes could further explain the observed
structural homology.
The MMPs are tightly regulated at transcriptional, translational, and protein levels (produced as inactive zymogens
whose pro-peptides are shed to release active enzymes) and
have a delicate balance with levels of their endogenous inhibitors: tissue inhibitors of metalloproteinases (TIMPs).17 Other
endogenous inhibitors of MMPs include α2-macroglobulin,
thrombospondin 1/2, and RECK (reversion-inducing
cysteine-rich protein with Kazal motifs).18 Cell–ECM and
cell–cell interactions, as well as ECM bioactive products,
all contribute to an additional layer of MMP regulation.
Hence, MMP expression and activity in vivo are dynamically coordinated with tissue-specific processes.19 This vast
complexity often designated as the protease web, and the
lack of knowledge pertaining to implications on targeting one
or few members of it, has been blamed as the major reason
for negative outcomes in clinical trials of early anti-MMP
inhibitors (MMPIs).

MMPs as therapeutic targets
Cancer
The overwhelming volume of tumor stroma is composed
of ECM and ECM-sequestered molecules. Protease degradomes comprising 1.7% of the human genome modulate
this environment20 and hence are considered prime targets
for therapy in diseased tissue, and are almost always accompanied by perturbations in this complex enzymatic web.
Proteases help cancer cells to achieve crucial landmarks of
tumor progression such as proliferative signaling, evasion
of growth suppressors and host defense, resistance of cell
death, angiogenesis, and initiation and sustenance of invasion and metastasis.17
Upregulated MMP and tissue inhibitor of metalloproteinases (TIMP) expression has been related to increased
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aggressiveness and is a predictor of poor prognosis in
cancer21,22 MMPs were first noticed as druggable targets after
realizing their central role in the degradation of basement
membrane by invading cells23 in metastasis. It is clear that
irrespective of the tissue type, from which the cancer originates, unregulated MMP expression points toward a tumor
in its advanced and aggressive stages. Table 1 summarizes
a few of the molecular mechanisms through which major
MMPs are known to impact tumor progression.
Because of these important roles that MMPs play in
cancer, numerous MMPIs, in the form of small molecules
and peptidomimetics of natural MMP ligands and inhibitors,
have been designed in the past 30 years. The first generation of MMPIs, mainly small molecules and peptides with
a hydroxamate zinc-binding group, showed promising broadspectrum MMP-inhibiting activity in preclinical studies.
For example, prinomastat, a small-molecule inhibitor with
a zinc-chelating hydroxamic acid group, showed high affinity toward MMP-2, MMP-9, MMP-13, and MMP-14 and
exhibited promising tumor-inhibiting activity in several
in vivo cancer models, such as malignant glioma,64 colon,
lung, breast cancers, and melanoma.65 Despite its preclinical success, prinomastat failed in Phase III clinical trials of
non-small cell lung cancer and resulted in musculoskeletal
pain66 as a debilitating side effect. The major difference
was the targeted tumor stage, ie, the progressive and highly
metastatic stage of the patients with cancer vs the early stage
tumors in preclinical studies.67,68
Other examples of peptidomimetic broad-spectrum
MMPIs include batimastat and marimastat, which showed
nanomolar affinity for several MMPs.69 Batimastat showed
tumor-reducing activity in preclinical xenograft models, such
as breast cancer, pancreas cancer, and melanoma.70 However,
due to its poor oral bioavailability, batimastat was superseded
by its more bioavailable oral analog marimastat in breast
cancer clinical trials. Yet, marimastat-treated patients also
did not show clinical improvement and suffered from severe
side effects of musculoskeletal pain.71
The overarching reason for the failure of these MMPIs,
in addition to inadequate study designs, was that they were
designed to chelate Zn2+ within the extended structurally
conserved protease cleft that is not exclusive to the MMP
family and is abundant in related proteins, such as the ADAM
and ADAMTs families.72 It is thus likely that the hydroxamate small-molecule and peptidomimetic inhibitors were not
selective enough in vivo. MMPIs that bind non-selectively
to many MMP family members are also not desirable, since
some MMPs such as MMP-8 and MMP-12 exhibit benefi-
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Table 1 MMPs aid cancer progression and are a quintessential partner for malignancy
MMPs

Cancer type

Molecular insight

References

Collagenases
MMP-1

Breast cancer

Reduced level is associated with decreased TGF-α release and phospho-EGFR
expression accompanied by reduced cell migration. Overexpression increases brain
metastases
Double KO mice show decreased susceptibility to carcinomas induced by chemical
carcinogens, and MMP-1 modulates the polarization of a Th1/Th2 inflammatory
response
In bone metastases, tumor cells activated MMP-13 expression, which leads to preosteoclast differentiation
Promote VEGF-A release resulting in tumor angiogenesis

24,25

Induce amoeboid cell migration in an MAP-kinase-independent manner through EGFR
stimulation
RCC cell lines show a TGF-β1-mediated induction of expression
Associated with elevated blood neutrophil count, distant metastases, and decreased BMI
Upregulated in peritumoral inflammatory cells, but found associated with a possible
anti-lymph node metastasis protective property

29

Cysteine-rich WISP-1 enhances the migration by increased expression through the α5β1
integrin receptor, FAK, MEK, ERK, p65, and NF-κB signal transduction pathways
Valuable negative prognosis marker, primarily contributed by cancer cells
GOLPH3 transcription factor is a negative marker of tumor progression and mediates
metastasis through MMP-2 and MMP-9
CAFs produced MMP-2 that induced keratinocyte discohesion and epithelial invasion in
a TGF-β–dependent manner
MCP-1 of adipocyte origin enhances growth and invasion via MMP-2 action
Downregulation of SCC-S2, an NF-κB-inducible transcription factor associated with
enhanced invasiveness, coincided with the decreased expression of MMP-9 and MMP-1
High expression of MMP-2 and MMP-9 in carcinoma cells, not in stromal cells, is related
to high transcription factor AP-2. Positive stromal MMP-9 expression is related to HER2
overexpression in ER-positive disease.
Resulted in the activation of αvβ3 integrin. Expression of activated αvβ3 in cells showed
enhanced migration toward vitronectin and fibrinogen
NDRG2 expression mediates increase in BMP-4 levels and reduces metastasis via
suppression of MMP-9
Neutrophil-derived MMP-9 releases biologically active VEGF165 from the ECM cells by
cleaving heparan sulfates leading to angiogenesis
KiSS-1 (human melanoma metastasis suppressor gene) suppresses proliferation and
metastasis by reduced MMP-9 levels via restricted NF-κB binding to its promoter
region
Expression promoted by neurotensin and causes cell migration via the ERK pathway

34

Metastasis is upregulated via concomitant MMP-3 and MMP-9 action induced by CypA
(a member of peptidyl prolyl isomerases)
PLGF causes expression of MMP-3 via ERK/MAPK signaling pathway believed to play an
important role in metastasis
Co-expressed with K-Ras in pancreatic ductal adenocarcinoma and is associated with
Rac1b, leading to stimulation of metaplasia and immune infiltration of stroma
CAF ER-α functions through a CAF–epithelial axis of interaction and downregulates
MMP-3. Abrogation of ER-α leads to reduced MMP-3 expression and cell migration
Produced predominantly by infiltrating myeloid cells in both murine and human colitis
DSS model, and the absence of the enzyme leads to bad inflammation score and an
onset of dysplasia
Required for maintenance of a stem-like cell population, presenting itself as a potent
drug target in this system

46

Lung cancer

MMP-13

Breast cancer
Head and neck
squamous cell
carcinoma
Melanoma

MMP-8

RCC
Colorectal cancer
Cutaneous
squamous cell
carcinomas

Gelatinases
MMP-2

Chondrosarcoma

MMP-9

Gastric cancer
Non-small cell
lung cancer
Oral squamous
cell carcinoma
Prostate cancer
Breast cancer

MMP-9

Breast cancer

Colorectal cancer
Gastric cancer

Stromelysins
MMP-3

Hepatocarcinoma
Larynx cancer
Pancreatic ductal
adenocarcinoma
Prostate cancer

MMP-10

Colorectal cancer

Lung cancer

26

27
28

30
31
32,33

35
36
37
38
39
40

41
42
41
43,44

45

47
48
49
50

51
(Continued)
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Table 1 (Continued)
MMP-11

Matrilysin
MMP-7

MMP-7

Cancer type

Molecular insight

References

Breast cancer

Gli1, an established oncogene, upregulates MMP-11 expression and increases potency
toward an invasive phenotype in ER-α-negative breast cancer cell lines
MMP-11+ mononuclear inflammatory cells form metastases along with concomitant
high levels of ILs (IL-1, IL-5, IL-6, and IL-17) and IFN-β and NF-κB as well as exhibit an
increased CD68+/(CD3+CD20+) cell ratio at their invasive front

52

Its ability to shed Fas ligand helps to select cancer cells with reduced sensitivity to
apoptosis, thereby permitting an environment of genetic instability
Invading and metastasized tumors show increased activity and increased metastatic
lesions
Stat3 signaling enforces MMP-7 expression, and MMP-7 deletion leads to reduced
primary tumor progression and metastasis
MSLN, in tissues with a poor clinical outcome, induces MMP-7 expression, which
is believed to be through the activation of MAPK/ERK and JNK signal transduction
pathways
Helps avoid anoikis and increases invasive phenotype by shedding E cadherin and
subsequent detachment from cadherin–catenin complex

54

KLF8 activates MMP-14 downstream, and cell surface presentation of it depends on FAK
expression and activity
MMP-14 blockade decreases TGF-β, polarizes macrophages to an antitumor phenotype,
increases iNOS, improves tumor perfusion, reduces primary tumor growth, and
enhances response to radiation therapy
Stromal abundance and tumor progression is stimulated by TGF-β secreted by MCF-7
cells acting in a paracrine manner

59

An inverse correlation exists with the depth of the intestinal wall invasion, the lymphatic
invasion, and the vascular invasion and MMP-12 levels indicating probable protective
effect
Increased expression coincides with ceased expression of E-cadherin pointing toward a
role post-EMT

62

Colorectal cancer

Pancreatic ductal
adenocarcinoma
Ovarian cancer

Prostate cancer
MT
MMP-14

Breast cancer

Others
MMP-12

Colorectal
carcinoma

MMP-19 and
MMP-12

Melanoma

53

55
56
57

58

60

61

63

Abbreviations: AP, activator protein; BMI, body mass index; BMP-4, bone morphogenetic protein-4; CAFs, cancer-associated fibroblasts; CypA, cyclophilin A; DSS, dextran
sulfate sodium; FAK, focal adhesion kinase; ECM, extracellular matrix; EGFR, epidermal growth factor receptor; ER, estrogen receptor; EMT, epithelial–mesenchymal
transition; GOLPH3, Golgi phosphoprotein-3; HER2, human epidermal growth factor receptor 2; IFN, interferon; IL, interleukin; iNOS, inducible nitric oxide synthase; KLF8,
Krüppel-like factor 8; KO, knockout; MCP-1, monocyte chemotactic protein-1; MMP, matrix metalloproteinase; MSLN, mesothelin; MT, membrane type; NDRG2, N-myc
downstream-regulated gene 2; PLGF, placental growth factor; RCC, renal cell carcinoma; TGF, transforming growth factor; VEGF-A, vascular endothelial growth factor.

cial effects and even antitumorigenic functions (Table 1). In
addition, MMPs have been implicated in both positive and
negative regulation of angiogenesis. A prime example is that
of the dual role of MMP-9 in angiogenesis. MMP-9 promotes
angiogenesis (Table 1), but it is also involved in the generation of angiogenesis inhibitors, such as angiostatin, tumstatin,
and endostatin.73,74 The last few years of MMPI development,
since the failure of early MMPI clinical trials, hence, have
focused on improving selectivity profile, reducing drug
toxicity by increasing availability as well as binding efficacy
and inventing a new generation of MMPIs that target only
active upregulated enzymes in diseased tissues. A number of
MMPIs have been showing promising results toward these
ends and are discussed in detail in this review.

Inflammation and infectious diseases
MMPs known mainly for their role in promoting cancer
progression play a central role as regulators of extracellular
34
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homeostasis and innate immunity through their role in
multiple inflammatory and infectious conditions.75 Inflammatory processes that include the recruitment of multiple cell
populations to the infection site and activation of inflammatory cascades result in the eradication of the pathogen, but
cause additional tissue damage to the host. The damage is
partly a result of multiple MMP cascades involving ECM
degradation as well as shedding of cell surface receptors,
cytokines, chemokines, cell adhesion molecules, and clotting factors.76
There are major differences between cancer and infection
treatment in using MMPs as targets, including: 1) infectious
conditions can be discerned as acute or chronic and thus
different treatments can be designed for each. 2) Many infections have early emerging symptoms and thus can be treated
at the early onset. 3) Short-term treatment of infections can
be an advantage vs prolonged treatment and associated side
effects. 4) The outcome of an infection depends on the viruMetalloproteinases In Medicine 2016:3

Dovepress

lence of the pathogen and on the susceptibility or resistance
of the host. Considering that bacterial and viral pathogens
undergo constant mutations and develop resistance to drugs
directly targeting them, it is reasonable to choose MMPs as
alternative highly conserved and stable drug targets for viral
and bacterial infections.
Infections produce imbalanced MMP expression and
activation accompanied by inadequate regulation of TIMPs.77
The imbalanced proteolytic activity is the hallmark of multiple bacterial infections,78–84 viral infections,82,85 spirochete
infection,86 protozoan infections,87,88 and combined systemic
infections such as sepsis.76,81,89

Treatment of sepsis
Sepsis can be the end result of an ongoing infection or complicated inflammation that leads to barrier disruption and
leakage of bacteria or viruses to the systemic circulation.
The complexity relies on the immune system functions:
1) eradication of pathogen and 2) maintaining localized and
proportional response and maintaining barrier integrity. For
this reason, dysregulated proteases, active within the tissue,
are critical in the pathogenesis and often define the rates of
survival. Levels of active MMP-1 directly correlate with low
survival rates in patients. In a colon ligation and punctureinduced sepsis model, MMP-1 was secreted by endothelial
cells and high levels of it was detected in circulation shortly
after the onset of inflammation. MMP-8 was further shown
to be involved in several sepsis-inducing models, and its
absence in MMP-8−/− mice significantly improved survival,
through NF-κB inhibition.90,91 Another major contributor to
inflammation and sepsis in the gut is tumor necrosis factor
(TNF)-α, which is cleaved into its active form by another
collagenase, MMP-13.92

Lung infectious and inflammatory diseases
In the case of lung diseases, TLR3 activation was found as a
driver for MMP production through reactive nitrogen species
in human lung fibroblasts.93 Paradoxically, influenza has been
found to induce oxidative stress and increased MMP-9 activity
associated with severe lung pathology,94 but at the same time,
MMP-9 has been found crucial for neutrophil recruitment,
viral clearance, and recovery.95 Using the same model in an
as-yet unpublished work (Talmi-Frank et al, unpublished data,
2016), it was shown that MMP-14 is a key player in air–blood
barrier disruption during influenza infection.

Fibrosis
Fibrotic reactions serve as a natural process that stabilizes
the tissue and promotes wound healing. However, persistent
Metalloproteinases In Medicine 2016:3
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insults such as chronic infections, drugs, toxins, and trauma
can evoke chronic autoimmune reactions and inflammation leading to the activation of myofibroblast cells and
accumulation of mainly collagen types I and III, altering
tissue architecture, and ultimately disrupting normal cellular
function.96,97 For example, liver fibrosis has been considered an irreversible process. However, recent advances in
the molecular understanding of hepatic cellular processes
resulted in the accumulation of clinical and experimental
evidence of liver recovery with possible remodeling of scar
tissue due to liver’s natural regenerative ability.98 Exposure
of epithelial cells to MMPs has been shown to lead toward
increased levels of cellular reactive oxygen species, which
results in trans-differentiation to myofibroblast-like cells in
cancer as well.99
As mentioned earlier in the context of infectious diseases,
timing and specificity of treatment are crucial and make
a substantive difference between beneficial and harmful
outcome. MMP attenuation should be specific and localized,
since broad-spectrum MMP modulation in the liver during
the healing process (from CCl4-induced hepatic injury)
was shown to reduce the inflammatory process, but did not
reverse, and even exacerbated the scar formation.100
Chronic obstructive pulmonary disease (COPD) is considered a leading cause of death worldwide and is expected
to be even deadlier by 2020.101 Numerous cell types in the
lung are capable of expressing MMPs, including epithelium,
fibroblasts, myofibroblasts, and macrophages. Specifically
macrophages secrete various enzymes including MMP-12102
which correlate with the early stages of COPD, which are
indeed characterized by elastic fiber degradation and mechanical recoiling of airways.103,104 In line with these observations,
some selective inhibitors of MMP-12, such as AS111793, and
inhibitors of MMP-9 or MMP-12 reduced the inflammatory
process associated with the exposure of mice to cigarette
smoke.105,106 Thus, these mild changes that are evident in the
early stages of COPD, prior to the disseminated changes in
the alveolar compartment, call for an integrated and timescaled study that will improve our understanding regarding
beneficial MMP targets and the disease outcome and prevent
further tissue structure and function deterioration.107
Targeting of MMPs in fibrosis may not be straightforward
as the MMPs may play a dual role (both beneficial108 and
detrimental). MMPs are likely to be necessary to remove
the excess collagen deposits present in fibrosis. Naturally, it
may be intuitive to target MMPs and TIMPs simultaneously
to restore homeostatic balance, eg, TIMP-1 (presumably by
attenuating its expressed levels or by sequestering it) and
MMP-2 in the case of liver fibrosis.109 Accordingly as in
submit your manuscript | www.dovepress.com
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c ancer, identifying MMP targets and anti-targets in a particular stage of fibrotic disease is of paramount importance.

Novel MMPIs and inhibition
strategies
Small molecules
Recently, attempts have been made to develop more selective
small-molecule MMPIs.110 For instance, cis-2-aminocyclohexylcarbamoylphosphonic acid, a zinc-binding inhibitor,
was developed by Hoffman et al to selectively target MMP-2
(tested in vitro on recombinant MMPs, with an half maximal
inhibitory concentration [IC50] of 4 µM). The compound
reduced metastasis in melanoma and prostate in vivo cancer
models.111 Another option that has been explored for more
selective MMP inhibition is targeting the hemopexin domain
of MMPs, which is less conserved than the catalytic site.
Examples of inhibitors targeting the hemopexin domain
include the compound N-[4-(difluoromethoxy)phenyl]-2-[(4oxo-6-propyl-1H-pyrimidin-2-yl)sulfanyl]-acetamide, which
was identified by Dufour et al112 by using in-silico docking
methods. The compound selectively targeted the hemopexin
domain of MMP-9, abolished MMP-9 homodimerization
(which was shown to promote cell migration), and inhibited lung metastasis in an in vivo MDA-MB-435 xenograft
model.113 Another hemopexin-targeting small-molecule,
NSC405020 [3,4-dichloro-N-(1-methylbutyl)] was identified
by Remacle et al114 by virtual screening of a Developmental
Therapeutics Program (National Cancer Institute) compound
library with the X-ray crystal structure of the MMP-14
hemopexin domain as a target. The compound inhibited in
vivo the tumor growth of MCF7-β3/MT cells (MCF7 cells
with overexpressed full-length MMP-14) and did not affect
tumors with MMP-14, lacking the hemopexin domain.
The quest to improve these small-molecule inhibitors
continues owing to their pharmacological stability and ease
of administration. An interesting example of this quest has
been the combined topical application of ND-336 (a small
molecule that inhibits gelatinases [MMP-2 and MMP-9] and
MMP-14 with high selectivity) and the active recombinant
MMP-8 enzyme to enhance diabetic wound healing by lowering inflammation and by enhancing angiogenesis as well as
reepithelialization of the wound.115

Peptide-based MMPIs
A different approach to developing selective MMPIs is
designing selective MMP-inhibiting peptides. Examples
include peptide G, a cyclic peptide with the sequence of
GACFSIAHECGA, which was developed by Suojanen et al
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in a phage display system.116 This short peptide was shown
to inhibit invasion and migration of fibrosarcoma and melanoma cells by specifically blocking the catalytic activity of
MMP-14, both in vitro and in vivo in murine models, albeit at
very high concentrations of 150–500 µM. The same research
group also developed two peptides against MMP-2 and
MMP-9, which were designated CTT1 (CTTHWGFTLC)
and CTT2 (GRENYHGCTTHWGFTLC), respectively. The
peptides were isolated from a phage display library117 with
micromolar affinity and showed inhibitory activity toward
both MMP-2 and MMP-9 in vitro in murine mouth squamous
carcinoma cells.118
Another MMP-14-targeting peptide is Val-Phe-Asp-GluAla-Ser-Leu-Glu-Pro-NH2, which was derived from blade II,
strands 3–4 of the MMP-14 hemopexin domain by Fields.
The peptide had an IC50 value of 238 µM toward MMP-14
but did not inhibit MMP-1.119
A number of studies have sought to develop inhibitors
for MMP-2. A peptide derived from the MMP-2 collagenbinding domain, which was designated P713 (Cys-Gly-AlaHyp-Gly-Ala-Hyp-Gly-Ser-Gln-Gly-Ala, where Hyp stands
for 4-hydroxyproline), was identified by Xu et al by screening of a one-bead one-peptide library.120 P713 specifically
inhibited the collagenolytic activity of MMP-2, albeit with
low affinity (IC50 of ∼30 µM), but did not inhibit cleavage
of a non-collagen substrate and did not inhibit MMP-8 (also
a collagen-cleaving MMP).
Higashi et al, showed that fusion of TIMP-2 with ten
amino acid residues derived from β-amyloid precursor
protein, namely APP inhibitory peptide (APP-IP), increases
the affinity and selectivity of the chimeric protein toward
MMP-2 (with Ki value of 0.68 pM).121 The ISYGNDALMP
sequence of the APP-IP-derived peptide is a selective MMP2-catalytic-site-binding peptide.122 By fusing the peptide
to the N-terminus of TIMP-2, the binding of TIMP-2 to
the MMP-2 catalytic site is prevented. Simultaneously,
the C-terminal domain of TIMP-2 specifically binds to the
hemopexin domain of MMP-2 to form a complex, and the
APP-IP peptide then inhibits the catalytic site.121 The fusion
protein inhibited HT1080 fibrosarcoma cell line invasion
in vitro.
Burg-Roderfeld et al developed MMP-9 hemopexin-like
domain as an MMP-9 inhibitor. The recombinant MMP-9
hemopexin domain had relatively high affinities toward
gelatin (Kd=295 nM), collagen type I (Kd=444 nM), and
collagen type IV (Kd=655 nM).123 The recombinant MMP-9
hemopexin domain inhibited melanoma124 and colon cancer
cell123 invasion in a Boyden chamber migration assay and also
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inhibited angiogenesis and tumor growth in a glioblastoma
xenograft in vivo model.125
The phosphinic peptide RXP470.1, a selective murine
MMP-12 inhibitor, was found to significantly reduce the
atherosclerotic plaque cross-sectional area at vascular sites
in apolipoprotein E knockout mice, and MMP-12 inhibition was found to result in a more fibrous and less complex
plaque with characteristically reduced macrophage/monocyte
invasion.126

Targeting MMPs with antibodies
In light of the aforementioned information, it has become
clear that inhibitors with narrow or single MMP specificity
hold much greater therapeutic promise; nevertheless, such
specific inhibitors are difficult to obtain because of the high
homology of the catalytic sites of the MMP family members.
The size of small molecules and peptides limits them to
interact with the catalytic site alone and does not allow them
to target more distant sites as well. It is, however, likely that
larger protein-based agents would be able to interact with
residues that are distant from the catalytic site and would
thus exhibit improved specificity.
In this context, monoclonal antibodies (mAbs) directed
against MMPs to detect and treat primary and metastatic
cancers have been developed. As of now, none of them have
been approved by the US Food and Drug Administration.
These antibodies can be designed to be highly specific due
to their large surface that enables interaction not only with
the highly conserved catalytic site of MMPs but also with
a variety of surrounding residues. Antibodies, such as the
full-size mAb REGA-3G12, which have been raised against
MMP-9, target and inhibit the catalytic domain of MMP-9 but
not MMP-2.127 Another MMP-9-targeting antibody, GS-5745,
is a highly selective allosteric full-length mAb that decreased
tumor growth and metastasis in a colorectal carcinoma model.
Importantly, GS-5745 did not trigger the side effect of musculoskeletal pain in a rat model.128 Therapeutic promise has
also been shown by DX-2400, an antibody fragment (Fab)
isolated from a phage display library to selectively target
MMP-14. The selectivity was confirmed by measuring the
Ki of DX-2400 toward various MMPs. DX-2400 displayed
anti-invasive, antitumor, and anti-angiogenic properties and
blocked proMMP-2 processing in several preclinical models;
for example, in an MDA-MB-231 xenograft model, treatment
with the selective DX-2400 antibody significantly reduced
tumor growth and metastasis.129
A selective MMP-12 inhibitor was recently patented for
the treatment of respiratory syncytial virus and Coxacivirus.82
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Specifically, this inhibitor acts on extracellular MMP-12
rather than intracellular MMP-12. It is based on the dual role
of MMP-12 in interferon (IFN)-α regulation. Intracellular
MMP-12 is necessary for IFN-α secretion, while extracellular
MMP-12 is involved in the clearance of circulating IFN-α.
Therefore, by inhibiting the activity of the extracellular
MMP-12, it is possible to decrease the clearance of circulating IFN-α, and thereby to increase the amount of IFN-α,
while not impacting on its intracellular effect.
Sela-Passwell et al have been successful in utilizing the
natural TIMP–MMP-binding protein–protein interaction
(PPI) to develop specific function-blocking inhibitory antiMMP mAbs and demonstrated that these mAbs called SDS3
and SDS4 inhibited MMP-9 and its close analog MMP-2
(Ki values of 1±0.1 µM and 0.054±0.006 µM for SDS3 and
SDS4, respectively). They were also found effective in reducing inflammatory phenotype and tissue damage in rodent
models of inflammatory bowel disease.130
To further improve the selectivity, inhibitors possessing
molecular interactions with unique surface epitopes with
improved drug selectivity have also been developed by seve
ral groups. The antibody LEM-2/15131 showed CAT-MT1MMP (MMP-14) inhibition with an impressive IC50 value of
45±2.4 nM. Conformational rearrangements of the enzyme
scaffold were found to enable binding to the Fab fragment
and helped control the enzymatic activity. LEM-2/15 binding to MMP-14 was demonstrated to belong to an allosteric
mechanism of inhibition.132
Using a Fab fragment of anti-MMP-14 inhibitor Ab,
it was shown in our laboratory that blocking of MMP-14
catalytic activity with aforementioned LEM-2/15 (Figure 1)
in macrophages and neutrophils caused rescue of tissue morphology and composition during single influenza infection as
well as coinfection with Streptococcus pneumoniae. In this
case, using a Fab fragment ligated to nanoparticles targeted
directly at the lung could benefit in reducing side effects (if
any) and dosage. In line with these findings, a recent study has
shown the extreme expression levels of MMP-14 in human
primary monocytes as well as tuberculosis-infected human
lung samples.83 Moreover, using an MMP-14 inhibitor further
showed the potential of such inhibition on maintaining lung
structure and architecture.
Another interesting application of anti-MMP-14 antibody,
DX-2400, in collagen-induced arthritis DBA/1 mice leads to
reduced cartilage degradation. In addition, a synergistic effect
of anti-MMP-14 inhibition along with TNF blockade
contributing toward beneficial effects such as synovial
inflammation and joint damage was also observed. MMP-14
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Figure 1 MMPs contributing to disease progression in inflammation as well as cancer of lungs (A) and the gut (B) can be targeted with specific selective inhibitors of high affinity.
Abbreviations: ECM, extracellular matrix; IBD, inflammatory bowel disease; MMP, matrix metalloproteinase; TACE, tumor necrosis factor-alpha converting enzyme;
TNFα, tumor necrosis factor α.

blockade also inhibited the increase in interleukins caused
due to polarization toward an M phenotype in bone-marrowderived macrophages.133 A recent report by Murphy et al
demonstrated the construction of minimized antibodies in the
form of Fc-scFv format, which was screened utilizing phage
display library. This inhibitory anti-MMP-14 antibody fragment was shown to be effective in attenuating tumor growth
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and progression by binding the catalytic domain of MMP-14
and abrogating specifically its cell surface functions.134
Despite their advantages, antibodies have several wellknown limitations, including high production costs,135 long
serum half-lives (causing background noise for imaging
purposes and toxicity in therapy136), and difficulties in renal
clearance. In addition, antibodies are often associated with
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a side effect of an immune system response137 and with potentially undesirable effector functions.138 Using Fab fragments
alone or encapsulated in nanobodies with improved delivery
and site specificity is a solution being explored to overcome
these difficulties.

Natural inhibitors of MMPs and
engineering N-terminal TIMPS as specific
high affinity MMPIs
From the abovementioned examples, we now know that it is possible to design protein-based MMPIs with a single specificity
and high affinity. A potent candidate’s starting point for engineering affinity and specificity is the natural broad-spectrum
MMPI, TIMP-2. This inhibitor possesses a high affinity for
various MMPs (10−10–10−9 M) and is nontoxic and nonimmunogenic to humans.139 It has been shown that TIMP-2 has
therapeutic potential for the treatment of several cancers. For
example, in in vivo murine models of ovarian and hepatocellular
cancers, gene therapy with a conditionally replicating TIMP-2expressing adenovirus (Ad5/3-CXCR4-TIMP-2) delayed tumor
growth and significantly increased survival.140,141
There are four homologous mammalian TIMPs (TIMP-1–4)
that show 40%–50% sequence identity to one another and
exhibit slightly different preferences for various MMPs.142
For example, TIMP-1 inhibits most of the MMPs, with the
exception of MMP-14, MMP-16, MMP-19, and MMP-24.143
TIMPs (184–194 amino acids in size) consist of two domains
folding as separate units, each having three conserved disul
fide bonds.2 Three-dimensional structures of TIMP–MMP
complexes have revealed that binding of a TIMP to an MMP
active site takes place largely through the wedge-shaped

A

ridge of the N-terminal TIMP (N-TIMP) domain, consisting
of ∼125 amino acids. The interaction occurs through the
α-amino and carbonyl groups of the cysteine at position 1 of
the TIMP, which serves to chelate the Zn2+ of the MMP’s catalytic site. In addition, the serine/threonine group at position 2
of the N-TIMPs interacts with the nucleophilic glutamine
of the MMP catalytic site, thus displacing a water molecule
that is crucial for substrate hydrolysis.142
The full-length TIMP-2, despite the inhibitory function of
its N-domain, plays a role in MMP-2 activation by bringing
MMP-14 and MMP-2 in close proximity, forming a MMP14/TIMP-2/MMP-2 complex (Figure 2A). The N-terminus of
TIMP-2 binds to and inhibits the catalytic domain of MMP-14
on the cell surface, while the C-terminus of the same TIMP-2
binds to the hemopexin domain of the secreted pro-MMP-2
zymogen. Binding of TIMP-2 triggers dimerization of the
inhibited MMP-14 with a neighboring active MMP-14 (Figure
2A). The MMP-14 that is not inhibited can cleave and activate
a bound pro-MMP-2. Increased expression of MMP-2 has
been implicated in several types of cancer and has been shown
to be associated with poor prognosis.144,145 TIMP-2 secreted
from cancer cells activates MMP-2 from endothelial cells.146
The activation of MMP-2 induced the transmigration of the
endothelial cells, whereas TIMP-2 knockdown cells did not
migrate. Thus, the activation of MMP-2 by the TIMP-2/MMP14 complex is crucial for cancer cell migration.
The isolated N-TIMP (∼126 amino acids) is stable, retains
its structure, and is a potent inhibitor of various MMPs.147
It has thus been repeatedly used as a substitute for the fulllength protein in various experimental in vitro and in vivo
studies. For example, the angiogenesis-inhibiting activity
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Figure 2 Engineering approaches for MMPs inhibition with TIMPs.
Notes: (A) Illustration of MMP-2 activation by the TIMP-2/MMP-14 complex and MMP inhibition strategy using N-TIMP-2. (B) Schematic illustration of YSD system; the
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of N-TIMP-2 is the same as that of the intact full-length
TIMP-2.148 One of the advantages of N-TIMP-2 is its relatively small size, which facilitates its production by microbial
cultures, allowing for the site-specific conjugation of imaging
probes, radioisotopes, or small-molecule inhibitors for direct
delivery to the surface of cancer cells. Yet, another advantage
is that the in vivo pharmacokinetic properties of N-TIMP-2
can be chemically tailored to diverse clinical applications.149
N-TIMP-2 can thus be used as a versatile platform for the
development of targeted cancer therapies.
Other scaffolds (15–60 residues) with a motif corresponding to four N-terminal TIMP-2 residues were identified by a
protein data bank screened using STAMPS software (search
for three-dimensional atom motifs in protein structures),
which identifies motifs in protein structures.150 Testing for
MMP binding of the ten scaffolds that were produced in the
study revealed affinities ranging from 450 nM to 450 µM.85
Various rational design studies exploiting knowledge
of the structures of the proteins and of TIMP/MMP PPIs
have been performed over the years. The shared feature of
the results of all these studies is that single point mutations
at the binding interface of TIMPs have a marked influence
on their binding affinity and selectivity.151,152 For example,
introducing a single point mutation (Thr98Leu) to N-TIMP-1,
which did not bind to MMP-14, increased its affinity for
MMP-14 by two orders of magnitude.152 In a different study,
it was found that single point mutations introduced to the
binding interface altered the specificity of N-TIMP-2 toward
several MMPs: N-TIMP-2 variants containing the mutations
Tyr36Gly or Tyr36Thr decreased the affinity of N-TIMP-2
toward MMP-14 while retaining its affinity to other MMPs.153
Although these protein-engineering studies highlighted the
potential of designing high-affinity and selective TIMP variants, they were all based on the mutation of just one amino
acid. Addressing the issue of simultaneously introducing
more than one single-point mutation, a study on N-TIMP-1
showed that a combination of mutations has greater effect
on affinity and selectivity than just one mutation. A triple
N-TIMP-1 mutant, namely Thr2Ser/Val4Ala/Ser68Tyr,
combining three single point mutations of the N-TIMP-1binding interface showed picomolar affinity toward MMP-3
compared to much lower affinities obtained for the single
mutation variants.154 Therefore, the way forward appears to
lie in combining a few mutations at the binding interface of
TIMPs to develop potent high affinity and selectivity among
the MMPIs.
Two different strategies are commonly used to engineer
protein-based inhibitors. The first is combinatorial protein
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engineering, also known as directed evolution, which relies
on the development of mutant libraries. Mutations are introduced into the libraries either randomly or by a semi-rational
method, only to the regions that are known as important for
the binding. The libraries are then expressed in a display
system (phage, bacterial, yeast, etc) and screened with highthroughput technologies.155 There are two advantages to this
approach: previous knowledge of the protein structure is not
required and a phenotype–genotype link facilitates recovery
of the DNA with the desired feature for the purposes of identifying the mutation and further use of the material.156
This combinatorial protein engineering approach has
been used for the generation of a number of TIMP-based
MMPIs. One such example is the generation of TIMP-2 (fulllength) mutants with a phage display system.157 In the study,
TIMP-2 mutant libraries were created with randomization
of positions 2, 4, 5, and 67–70 of the N-TIMP-2-binding
interface. TIMP-2 mutants were screened for specific binding to MMP-1 over binding to MMP-3 and MMP-14 in a
phage enzyme-linked immunosorbent assay. One of the
mutants identified (namely TM8) had high binding affinity
for MMP-1 (10 nM) and undetectable affinity for MMP-3
and MMP-14.
The second approach to PPI engineering is computational protein design, which facilitates the exploration of an
astronomically large number of protein sequences in silico
to find the best protein binders, which are then verified
experimentally by site-directed mutagenesis. This approach
requires knowledge of the structures and the PPIs. An excellent example of the use of computational methods for the
prediction of interactions of MMP-14/N-TIMP-2-binding
interface is the recent work of the Shifman laboratory.158,159
The available high-resolution structure of the MMP-14/
TIMP-2 complex was applied to define the binding interface
and the residues directly involved in binding. Then, each
position in the binding interface was exhaustively mutated
computationally, the surrounding residues were repacked,
and the energy of the complex was calculated. The change
in the free energy of binding (∆∆Gbind) was determined by
subtracting the intermolecular energy of the wild-type complex from that of the mutant complex. By this computational
method, seven positions at the N-TIMP-2 interface that are
tolerant to mutations that increase the affinity for MMP-14
were identified.
Both combinatorial and computational methods have
been used in recent years to enhance binding affinity and
specificity of various PPIs and to obtain novel binders
and inhibitors from various scaffold proteins. While both
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methods have their advantages and limitations, several recent
works have shown that a combination of computational
and combinatorial techniques produces superior results.160
In these studies, computational design was used to narrow
down the choices (for the construction of smaller and
focused combinatorial libraries), and then in vitro evolution
methods were used to quickly assay the binding of millions
of protein variants.
In a recent study by Arkadash et al ( Arkadash et al,
unpublished data, 2016), N-terminal domain of TIMP-2
was designed for high affinity and specificity for MMP14. In this work, we combine the computational and
combinatorial techniques by creating a focused library
with seven randomized positions at the N-TIMP-2/MMP14-binding interface previously identified using computational methods. The focused library was then expressed in
a yeast surface display (YSD) screening system, which is
a eukaryotic display system that allows some eukaryotic
posttranslational modifications. YSD, which is used for
engineering proteins with improved ligand binding affinity, stability, expression, and enzymatic activity,161 exploits
glycosylphosphatidylinositol-anchored proteins on the
yeast cell surface and protein secretion pathways. 162 In
this system, which was developed by Boder and Wittrup,163
AGA1 is an a-agglutinin subunit anchored to the cell surface and bound by a disulfide bond to an AGA2 subunit.
To enable the expression of the protein of interest on the
yeast surface, the protein is fused to the AGA2 protein
(Figure 2B), which is flexible in a way that allows fusion
to its either C terminus or N terminus; this flexibility may
be important for expression and is critical for binding of
the displayed protein of interest to its soluble target.164,165
The YSD system allows the characterization of isolated
high-affinity mutants directly in the display form, prior
to soluble expression and purification. 161 High binding
affinity mutants are then identified by a flow cytometry
technique, in which the ligand is fluorescently labeled,
and high binding variants are identified and selected
(Figure 2B).
In the aforementioned study, high-throughput flow
cytometry screening of the N-TIMP-2 focused library against
the catalytic domain of MMP-14 revealed four high-affinity
clones. These clones possessed combinations of seven mutations, where most of these mutations predicted as affinity
enhancing. The combinatorial effect of the library and the
selective pressure produced variants with picomolar values
of Ki for MMP-14, compared to the nanomolar values of Ki
published for the wild-type N-TIMP.151,159 Importantly, the
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four clones did not exhibit significantly increased affinity
toward any of the other MMPs tested so far in kinetic
inhibition experiments.

Targeting MMP gene expression using
MicroRNAs
MicroRNAs (miRNAs) are small noncoding RNAs (17–25
nucleotides) involved in posttranscriptional regulation of gene
expression. miRNAs control mRNA stability and translation
through complementary base pairing at specific untranslated
3′ region. MMPs are evidently directly regulated by these
miRNAs, and they are considered theranostic targets in various disease types such as glioblastoma multiforme (GBM),166
osteoarthritis,167 and aortic aneurysms.168 A complicated
interactive network of the MMPs, TIMPs, RECK, and their
respective miRNAs exists, adding an additional layer of MMP
regulation. MMP-16 was found to be a downstream target
of miR-146b in U373 glioma cells, an miRNA implicated
in GBM cell migration and invasion.169 miR-21 is significantly elevated also in GBM, and the inhibition of it leads to
elevated levels of RECK and TIMP-3. Antisense inhibition of
miR-21 has been considered a potential and novel anticancer
therapy.170 Intravenously administered chlorotoxin-coupled
(targeted) stable-nucleic-acid-lipid-particle-formulated antimiR-21 oligonucleotides have been shown to promote efficient
miR-21 silencing, preferentially in GBM.171
Effects of miRNA on activity can be multiplied by
indirect effects produced by upstream signaling protein
regulation. For example, Hwang et al isolated brain-trophic
metastatic MDA-MB-435-LvBr2 (LvBr2) breast cancer
cells via left ventricle injection of MDA-MB-435 cells into
immunodeficiency (NOD/SCID) mice, which were shown to
express negligent levels of miR-146a. The overexpression of
miR-146a leads to the firing up of β-catenin expression and
heterogeneous nuclear ribonucleoprotein C1/C2 levels with
suppressed invasive potential with concomitant decrease in
MMP-1 levels.172
Targeting MMP activity using miRNAs is plagued by
possible lack of specificity, due to sequence homology in
closely related MMPs. miR-143 expression decreased protein
levels of MMP-2 and MMP-9 in pancreatic cancer,173 directly
targeted MMP-13, and indirectly MMP-9 in osteosarcoma,
reflecting the complexity of using the overexpression of
miR-143 as a therapeutic strategy.174,175
miRNAs have also been implicated as important modulators of fibrosis. Aforementioned miRNA 146a was found
to be involved in transforming growth factor (TGF) -β1induced hepatic stellate cell activation by potentially targeting
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SMAD4.176 The miR-29 family has also been reported as crucial regulators of liver fibrosis. miR-29a/b is negatively regulated by TGF-β, and increased levels of miR-29 family lead
to reduced collagen deposition.177 miR-29 was also shown
positively correlated with TIMP-1 levels and negatively correlated with MMP-9 levels in diabetic nephropathy.178
Targeting MMP activity through miRNAs in infectious
diseases has also been proposed, keeping in mind that MMPs
and their endogenous regulators play a crucial role in infectious disease progression. miR-17p was found significantly
upregulated post-infection with human cytomegalovirus
in C373/MICA*019 cells. The infection leads to TIMP-3
downregulation, and miR-17p is believed to contribute
toward the same.179
A number of patents have been filed for the use of
miRNAs as theranostic tools. A complete understanding
of the complexity of these posttranscriptional regulators of
MMP activity is yet to be elucidated. The quest to tap into
miRNAs as effective tools continues to generate future interests and meanwhile the focus is on deciphering the possible
mechanism(s) by which the effects of putative miRNA targets
affect cellular and ECM phenotype.

Conclusion: are we facing new
horizons in the era of postbroad range inhibitors for
metalloproteinases in medicine?
MMPs are unquestionably potent drug targets in cancers,
infections, and inflammations. Their role in advancing
these disease conditions has been well established thus far.
In cancer, lessons have been learnt from the past regarding
specificity of MMPIs and stages of the disease amenable to
meaningful treatment with MMPIs. Several new proteinbased novel inhibitors, which result in increased overall
survival and reduced primary and metastatic tumor burden,
are being tested in animal models. Going forward, the exciting molecular insights would come from characterizations of
MMP activity profile in different stages of disease, eg, cancer,
and in adapting this knowledge to use selective inhibitors
against those specific MMPs in relevant temporo-spatial
windows, for maximum therapeutic results.
Novel MMPIs inspired by high-resolution protein structures of MMPs and their natural inhibitors such as TIMPs
including engineered N-TIMPs and anti-MMP antibodies are proving to be of great advantage. Other innovative
approaches, such as reconstructing the zymogen form with
stabilized form of enzyme akin to the work performed in the
Sagi laboratory by Wong et al (unpublished data, 2015) with
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ADAM17 pro-domain specifically attenuating ADAM17
enzymatic activity in vitro, in situ, and in vivo, could also
be used for the development of MMPIs.
It is also clear from activity profiles of MMPs and
molecular studies about their roles that they have contradictory disease supporting and attenuating effects in tissues.
In addition, the new frontier of MMP inhibition might not
lie within the paradigm of direct MMP inhibition. Owing
to their contradictory protective and disease-promoting
roles in tissues, it might be prudent also to target specific
pathways, which get disrupted by increased MMP activity.
Pioneering attempts are being made using protein engineering and directed evolution, to produce inactive mutants with
improved binding specificity (decoys) that will target key
MMP substrates. These are designed to compete on molecular
pathways governed by selective enzyme–substrate interactions and restore homeostasis.
Concerning inflammation and infectious diseases, in
addition to structural ECM substrates, MMP-mediated cleavage and release of signaling molecules produce a positive
feedback loop, which exacerbates the inflammatory reaction,
making increased proteolysis a prime target for drug design.
Moreover, the outcome of an infection depends on the pathogenicity or virulence of the pathogen and on the susceptibility
or resistance of the host to that pathogen. Neither of them
are consistent druggable factors in contrast to the MMPs.
In addition, however, it is crucial to remember that MMPs
that serve as therapeutic targets in some conditions may be
anti-targets in other conditions.
The treatment of infectious diseases is dominated by
the tussle between the need to mount normal immunologic
response, resulting in induced MMP activity aimed at pathogen clearance, and the need to reduce immune-related collateral tissue damage. Moreover, it is important to specifically
target key MMPs that are responsible for the exacerbated
damage without interfering with their roles in normal tissue
homeostasis and repair. One way to target MMP activity
focuses on targeting the pathogen invasion such as antiviral
drugs used in clinical trials to treat hepatitis C180 or HIV181,
which proved partial efficacy. The other is targeting the hostderived proteases that are up regulated in multiple infection
models. These protease subject the tissue to overwhelming
ECM remodeling resulting in detrimental outcome.83,182
Moreover, patients are often fighting off high titers of
pathogens, which requires an acute and a drastic inflammatory reaction; thus it is not always clear to what extent
the inflammation should be blocked. Therefore, partial or
local inhibition of inflammatory mediators such as elements of the MMPs proteolytic network may decrease
Metalloproteinases In Medicine 2016:3
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i nflammation while maintaining an appropriate level of
immune activation.
After many years of trials and tribulation with hydroxamate-,
thiol-, pyrimidine-, hydroxypyrone-, phosphorus-, and tetracycline-based inhibitors, there seems to be an impetus toward
MMPIs inspired by the three-dimensional structure of MMPs.
This new class of MMPIs promises to negate several of the
negative drug interactions responsible for poor outcome of
earlier broad-spectrum inhibitors that underwent clinical trial.
Considering the long drawn-out and resource-intensive clinical trial process, it would be quite a while before these novel
strategies are successfully adopted and tested for clinical
applications and a new sense of confidence in using MMPs
as druggable targets arises in the pharma fraternity. Nevertheless, it would be safe to say that exciting new generations
of MMPIs have arrived, and once again MMPs are being
considered as potent drug targets thanks to their central role
in dysregulated tissue mechanisms.
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