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at University of Linköping 1994 and became Professor at the University of Copenhagen 2011.
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Abstract: Zinc-dependent matrix metalloproteinases (MMPs) belong to metzincins that comprise not
only 23 human MMPs but also other metalloproteinases, such as 21 human ADAMs (a disintegrin
and metalloproteinase domain) and 19 secreted ADAMTSs (a disintegrin and metalloproteinase
thrombospondin domain). The many setbacks from the clinical trials of broad-spectrum MMP
inhibitors for cancer indications in the late 1990s emphasized the extreme complexity of the
participation of these proteolytic enzymes in biology. This editorial mini-review summarizes
the Special Issue, which includes four review articles and 10 original articles that highlight the
versatile roles of MMPs, ADAMs, and ADAMTSs, in normal physiology as well as in neoplastic and
destructive processes in tissue. In addition, we briefly discuss the unambiguous involvement of
MMPs in wound healing.

Keywords: extracellular matrix; inflammation; wound healing; cytokines; proteinases;
interstitial collagens

More than half a century ago, Gross and Lapière discovered a true collagenase, which was
the first vertebrate matrix metalloproteinase (MMP) responsible for the resorption of the tail in the
metamorphosing tadpole [1]. We now know that vertebrate collagenase belongs to the metzincins,
which is a clan of metalloendopeptidases found in all living organisms [2,3]. The metzincins, with their
third ligand being histidine or aspartate in the active site, comprise not only the MMP family, which
has 23 members in humans [4], but also other metalloproteinases, such as adamlysins or reprolysins,
including ADAMs (a disintegrin and metalloproteinase domain; 21 members in humans) and ADAMTSs
(a disintegrin and metalloproteinase thrombospondin domain), consisting of 19 secreted enzymes and
at least 7 ADAMTS-like proteins that are devoid of catalytic activity [5,6], astacins (e.g., meprins, bone
morphogenetic protein-1), leishmanolysins, serralysins, and snapalysins [2].

Research activities that followed the discovery by Gross and Lapière focused in the beginning
on the critical role of these proteinases in extracellular matrix (ECM) remodeling in homeostatic
balance and imbalance [7]. Thus, it turned out that MMPs are necessary for multiple and
diverse physiological processes, such as reproduction, morphogenesis, embryonic development,
bone remodeling, angiogenesis, and tissue repair, but they can also contribute to tissue destruction
during cancer development and spreading and in arthritis/osteoarthritis and fibrotic diseases.
The association of pathologies with MMP overexpression was also the impetus for the intense
exploration of synthetic MMP inhibitors (MMPIs), especially those targeting cancer diseases, in the mid
and late 1990s [8,9]. The results of randomized controlled trials were overwhelmingly disappointing for
small-molecule MMPIs, due to their poor oral bioavailability, lack of efficacy, dose-limiting toxicities,
and undesired musculoskeletal side effects [10]. These first-generation synthetic MMPIs targeted
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broadly by mimicking MMPs’ natural substrate (usually collagen) [8], but later innumerable substrates
were identified [11]. Unfortunately, these early MMPIs also inactivate proteinases unrelated to the
disease but necessary for one or more physiological processes [8]; the importance of ADAMs and
ADAMTSs was unknown at the time. Today, there is consensus that MMPs, ADAMs, and ADAMTSs
function in many cell-signaling pathways, in which they are probably even more important than in
ECM remodeling [11,12]. In parallel with our increased understanding of the diverse biological roles
of these proteinases, the current goal is the development of highly selective inhibitors [8,13] although
there is still no approved MMPI available. The only exception is low-dose oral doxycycline (Periostat®),
which was approved in 1998 as an adjunct for the treatment of adult periodontitis. The mechanism
of the beneficial doxycycline at subantimicrobial doses (20 mg b.i.d.) involves inhibiting collagenase
(MMP-8) activity [14].

The content of this Special Issue highlights the multiple biological functions of these proteolytic
enzymes and includes four review articles [4,15–17] and 10 original articles [18–27]. The articles
address the role of MMPs, ADAMs, and ADAMTSs, in normal physiology as well as in neoplastic and
tissue destructive processes.

Reflecting their pleiotropic activities, MMPs are closely associated with direct and indirect cell
communication by modifying cell adhesion via integrin interactions and by activating or inactivating
cytokines/chemokines or other signaling biomolecules and their cognate receptors. The specific roles
of MMPs in these complicated signaling networks are highlighted by Young et al. [17].

A specific example of MMP-dependent cytokine signaling was elucidated by Sammel et al. [27].
They showed that not only ADAM-10 but also ADAM-17 and several other MMPs can shed the
interleukin (IL)-11 receptor to induce transsignaling, a process where soluble receptor fragments
interact with the ligand to act on cells not responsive to the ligand alone. Functional redundancy
ensures a robust response, even in the absence of individual members of the shedding machinery.
Although the current study remains at the level of cell culture and overexpression systems, it warrants
further investigation of this elaborate proteinase network in animal models and in samples from
patients with disturbances in individual components.

Another example of the importance of MMPs as proteinases with essential functions that have
evolved within robust networks with redundant activities is presented by Rogerson et al. in their
studies on ADAMTS [26]. In their research study in genetically manipulated mice, Rogerson et al.
identified ADAMTS-9 as a novel aggrecanase that, in the absence of the aggrecanolytic ADAMTS-4
and ADAMTS-5, is highly increased in its abundance and might assume the critical functions of
ADAMTS-4 and ADAMTS-5 in normal skeletal development [26]. ADAMTS-4 and ADAMTS-5
are thought to contribute to osteoarthritis by degrading the proteoglycan aggrecan in articular
cartilage [28]. ADAMTSs are highly conserved in mice and humans, but it remains to be explored if
similar redundancies also contribute to human pathologies.

The way in which membrane-tethered MMPs can interact with soluble members of the MMP
family was demonstrated by Albrechtsen et al. at the University of Copenhagen [18]. By identifying
basigin, an inducer of soluble MMPs, as a novel shed substrate of ADAM-12, they revealed a new
function of the proteinase within the MMP network. This mechanistic insight has the potential to
help devising novel strategies for inhibiting aberrant MMP activity in carcinogenesis, although in vivo
validation is required.

Yip et al. [16] thoroughly reviewed the literature on MT4-MMP (MMP-17), another
membrane-anchored MMP that has only been poorly studied [4]. MT4-MMP is one of the two
members (the other one is MT6-MMP) of the family that is tethered to the membrane by a
glycosylphosphatidylinositol anchor and shows specific activity in processing only a few ECM
components. These appear to be important in many diseases, particularly in several types of cancer,
which again demonstrates the strong need to better understand every member of the MMP family as a
potential target for therapy.
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Several studies in this Special Issue corroborate findings that show that MMPs have to be tightly
controlled to prevent detrimental activity in disease. This might also be achieved by posttranslational
modification (PTM) of the proteinase or the substrates. Many PTMs in MMPs and their target proteins
have been identified, but their dynamic relationships are still poorly understood. In a review article,
Madzharova et al. [4] summarize the current knowledge of the PTM (glycosylation, phosphorylation,
and glycosaminoglycans)-mediated control of MMP activity and review the technologies used to study
this topic.

As an additional layer of the control of MMP activity, soluble MMPs can also activate each
other, e.g., by propeptide removal. For instance, the stromelysin MMP-3 is incapable of cleaving
triple-helical fibrillar collagens but increases collagenolysis via the activation of collagenases [29].
Mirastschijski et al. [24] has convincingly demonstrated the profound effect of the lack of MMP-3 on
tumor necrosis factor-α (TNF-α)-initiated collagenolysis in the skin of MMP-3-deficient mice, a finding
that supports the indirect pathological role of MMP-3 in skin collagen catabolism through the activation
of the human collagenase MMP-1 [30]. The authors did not demonstrate a direct link between murine
MMP-13 and collagenase activity.

Oku et al. [25] have studied the effect of inflammation on cancer metastasis and the involvement
of matrix metalloproteinase-9 (MMP-9). They used exogenous TNF-α to mimic the in vivo conditions
and found that TNF-α upregulated MMP-9 at the transcriptional and translational levels in gastric
cancer and mesothelial cell lines. The peritoneal barrier was modeled in vitro by mesothelial cells
grown on a basement membrane matrix. TNF-α increased cancer cell invasion of the mesothelium
via a process that was inhibited by MMP-9 gene silencing but not by MMP-2 gene silencing and was
rescued by the addition of MMP-9 (Figure 1).

 

Figure 1. Tumor necrosis factor-α (TNF-α) stimulates gastric carcinoma cells and peritoneal mesothelial
cells to secrete matrix metalloproteinase-9 (MMP-9), which promotes cancer cell invasion [25].

Huber et al. [22] set out to elucidate the cellular mechanisms involved in the differential effect of
high-molecular-weight heparin (HMWH) compared with that of other anticoagulants on MMP-9 blood
levels. For this purpose, monocytic and T and B lymphocytic cell lines were cocultured. The researchers
demonstrated that HMWH increased IL-16 and sICAM-1 secretion by T lymphocytes, which in turn
increased IL-8 and MMP-9 production by monocytes (Figure 2).
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Figure 2. Proposed model of the induction of matrix metalloproteinase-9 (MMP-9) production in
monocytes by high-molecular-weight heparin (HMWH)-treated T cells. T cells secrete the mediators
IL-16 and sICAM-1, which induce monocytic IL-8 production. Together, these factors induce continuous
IL-8 secretion as well as enhanced MMP-9 production by monocytes [22].

To investigate the emerging functions of MMPs as immune modulators, Bates et al. [19]
mimicked the influence of inflammatory processes initiated by Porphyromonas gingivalis in vitro, causing
periodontal destruction. They developed a 3-cell coculture model that includes monocyte-derived
dendritic cells, CD4+ T lymphocytes, and primary gingival keratinocytes. MMP-7 and MMP-12
production differed significantly between the single cell cultures and the cocultures.

Dreschers et al. [20] addressed the clinical problem of premature delivery due to intrauterine
infection. They hypothesized that detrimental persistence of inflammation is caused by reduced
apoptosis of neonatal monocytes following phagocytosis of the infectious agent, e.g., Escherichia coli.
The reduced apoptosis of infected neonatal monocytes compared with that of infected adult monocytes
was attributed to increased shedding of CD95L by MMP-9. TACE (ADAM-17) was not involved in
this process. One drawback of the study was the use of the general MMP inhibitor chlorhexidine;
thus, the involvement of other MMPs could not be ruled out [31].

Tuberculosis remains a serious infectious disease, causing 2 million deaths every year at a global
level. In a comprehensive review of MMP involvement in tuberculosis, Rohlwink et al. [15] summarize
the current knowledge of the functions of MMPs in tuberculosis infections in both the lung and the
brain. They outline the critical activities of MMPs in ECM degradation and pathogen release in the
lung as well as in modulating immune responses. The use of various MMPIs in preclinical models of
pulmonary and central nervous system tuberculosis is also reviewed. The ambiguous roles of MMPs
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in disease progression, particularly in childhood tuberculous meningitis, underscore the need for an
increased understanding of how to balance MMP activity in treatment strategies.

Neuropathic pain is very difficult to treat, and there is an unmet medical need for effective
therapeutic approaches. Kwan et al. [23] evaluated the effect of MMP-2/MMP-9 inhibition on
neuropathic pain (Figure 3). They used an orally bioavailable MMP-2/MMP-9 inhibitor (AQU-118)
in the spinal nerve ligation rodent model of neuropathic pain and discovered a novel relationship
between elevated MMP-2 mRNA expression levels and caspase-3-mediated cell death, once again
highlighting the complex interactions of MMPs with other proteinases within the proteinase network.

Figure 3. MMP inhibitor (MMPI) targets (increased apoptosis, increased cytokine activation, and
decreased myelin basic protein levels) in neuropathic pain [23].

Snake venom metalloproteinases belong to the adamlysins, and their antithrombotic effects are
well-known [32]. Huang et al. [21] tested the therapeutic effect of the metalloproteinase SP, which
was isolated and purified from the venom of a moccasin snake (Agkistrodon acutus), in animal models
of induced thrombosis and pulmonary embolism. The protein prolonged the coagulation time and
inhibited platelet aggregation and thrombosis. Mechanistically, metalloproteinase SP cleaved the α, β,
and γ chains of fibrinogen.

During wound healing, MMPs are involved in multiple cellular, molecular, and biochemical
processes [33]. To decipher the role of MMPs, we used synthetic nondiscriminative MMPIs in animal
and human acute injury wound-healing models [34–39]. The main conclusion of these studies is
that neoepithelium formation is severely impaired by blocking MMP activity, while, paradoxically,
increased collagen deposition in skin or peritoneal or intestinal wounds does not result from inhibiting
MMP activities [34–37]. Without the protective epithelium, there is an increased susceptibility to
infection. This presents a therapeutic challenge for nonhealing chronic cutaneous wounds, which often
present with excessive MMP activity [33,40,41]: therapy should block the activity of pathogenic MMPs
but not affect the activity of the MMPs required for reepithelialization [39]. The MMPs responsible
for reepithelialization are unknown, but mouse models indicate that MMP-9 is one candidate [42],
and in vitro studies suggest MMP-1 and MMP-7 as important candidates as well [43,44]. MMP-10 is
highly upregulated in keratinocytes of the migrating tip in wounds with dermal involvement [39,45]
and can cleave several cell adhesion and bioactive proteins [46]. Nonetheless, MMP-10-deficient mice
did not show severe deficits in epithelial healing [47], indicating that the role of redundancy in the
interconnected MMP network needs to be explored. Another clinical example is the regeneration of
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the mucosal epithelium of anastomotic wounds after resection of diseased colorectal tissue. While
they are beneficial for normal anastomotic wound healing [9,48], broad-spectrum MMPI therapies are
detrimental to anastomotic wound repair under complicated conditions [49]. Under these conditions,
nonselective MMPIs severely delay epithelial coverage resulting in increased invasion by pathogenic
microorganisms, abscess formation, and anastomosis insufficiencies [49]. Additionally, inhibition of
the antimicrobial MMP-12 may contribute to weakening of the host defense [50]. The use of more
selective MMPIs or local delivery of the MMPI to avoid systemic side effects may be a solution [37,51].

In conclusion, the present Special Issue has shed some light on the complex functions of MMPs,
ADAMs, and ADAMTSs, in physiological and pathological processes. The new experimental and
collected data that are provided here add to the current knowledge. The identification of novel substrates
has been critical to the recent advances of the MMP research field [52], and novel high-throughput
degradomics technologies have been instrumental in extending the classical view on MMPs as simple
tissue degraders to precise signaling scissors modulating complex immune responses. The use of these
promising technologies together with valid disease models and clinical studies has the potential to
translate into effective therapeutic modulators inhibiting detrimental MMP activities and enhancing
their beneficial effects as targets and antitargets in diseases [12,53].

Funding: Ulrich auf dem Keller acknowledges support by a Novo Nordisk Foundation Young Investigator Award
(NNF16OC0020670).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ADAM A disintegrin and metalloproteinase domain
ADAMTS A disintegrin and metalloproteinase thrombospondin domain
ECM Extracellular matrix
HMWH High-molecular-weight heparin
IL Interleukin
MMP Matrix metalloproteinase
MMPI Matrix metalloproteinase inhibitor
PTM Posttranslational modification
sICAM-1 Soluble intercellular adhesion molecule
TACE Tumor necrosis factor-α converting enzyme
TNF-α Tumor necrosis factor-α
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Abstract: Due to their capacity to process different proteins of the extracellular matrix (ECM), matrix
metalloproteinases (MMPs) were initially described as a family of secreted proteases, functioning as
main ECM regulators. However, through proteolytic processing of various biomolecules, MMPs also
modulate intra- and extracellular pathways and networks. Thereby, they are functionally implicated
in the regulation of multiple physiological and pathological processes. Consequently, MMP activity is
tightly regulated through a combination of epigenetic, transcriptional, and post-transcriptional control
of gene expression, proteolytic activation, post-translational modifications (PTMs), and extracellular
inhibition. In addition, MMPs, their substrates and ECM binding partners are frequently modified by
PTMs, which suggests an important role of PTMs in modulating the pleiotropic activities of these
proteases. This review summarizes the recent progress towards understanding the role of PTMs
(glycosylation, phosphorylation, glycosaminoglycans) on the activity of several members of the
MMP family.

Keywords: MMPs; PTMs; glycosylation; phosphorylation; glycosaminoglycans

1. MMP Domain Structure and Classification

Matrix metalloproteinases (MMPs) comprise a family of 23 distinct secreted or membrane-anchored
endopeptidases in humans that belong to the metzincin superfamily of metalloproteases. MMPs were
initially described as regulators of the extracellular matrix due to their capacity to degrade ECM
proteins like collagen, gelatin, laminin, aggrecan, fibronectin, elastin, and proteoglycans. Based on
structure and substrate specificity, the MMPs are divided into collagenases (MMP1, MMP8, MMP13),
gelatinases (MMP2, MMP9), stromelysins (MMP3, MMP10, MMP11), matrilysins (MMP7, MMP26),
membrane-type MMPs (MMP14, MMP15, MMP16, MMP17, MMP24, MMP25), and other non-classified
family members (MMP12, MMP19, MMP20, MMP21, MMP23, MMP27, MMP28). MMPs share a
multidomain structure consisting of signal peptide, zymogenic pro-peptide domain, a catalytic domain,
a variable linker ‘hinge’ region and a hemopexin domain. Some MMPs show variation in the domain
arrangements, e.g., MMP7 and MMP26 are lacking the linker and hemopexin domain, MMP23
has a unique cysteine-rich and immunoglobulin-like instead of a hemopexin domain, and the two
gelatinases MMP2 and MMP9 have additional fibronectin type-II-related domains. Membrane-type
MMPs are anchored to the membrane either via glycosylphosphatidylinositol (GPI) or with help of a
transmembrane domain (Figure 1). Additionally, MMPs are distinguished by the highly conserved
HExGHxxGxxH motif in the catalytic domain, which contains three histidines that coordinate the
zinc molecule in the active site, and the PRCGxPD motif identified in the pro-domain whose cysteine
residue coordinates with the active zinc molecule to inhibit proteolysis. Each of these domains is
associated with a specific function and very frequently post-translationally modified. This suggests an
important role of PTMs in modulating the pleiotropic activities of MMPs [1,2].
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Figure 1. MMP multidomain organization. Based on their domain structure, MMPs can be subdivided
into eight different groups. All MMPs share a common structure comprising a signal peptide (SP),
a pro-domain (Pro), containing a thiol group (SH), a catalytic domain (Catalytic) with a zinc (Zn)
binding site, a linker region (Hinge) and a hemopexin domain (Hemopexin), which has a disulfide
bond (S-S). Exceptions to this are the two gelatinases, which contain three fibronectin repeats (Fi) within
their catalytic domain and furin-activated MMPs which have a furin-recognition site (Fu) within their
pro-domain and MMP21 with an additional vitronectin-like insert (Vn). Some membrane-type MMPs
are anchored to the membrane via glycosylphosphatidylinositol (GPI), whereas some MT-MMPs have
transmembrane (TM) and cytosolic domains (Cy). In type II MT-MMPs, an N-terminal signal anchor
(SA), a cysteine array (CA) domain, and an immunoglobulin-like (Ig-like) domain are present. Adapted
by permission from “Springer Nature: New functions for the matrix metalloproteinases in cancer
progression. Nat. Rev. Cancer 2002, 2, 161–174. Egeblad & Werb, Copyright (2002)”.

2. MMP Substrates and Function

MMPs are primarily extracellular proteases, supporting the initial concept that they are generally
associated with degradation and regulation of the ECM, thereby influencing many fundamental cellular
events involving ECM remodeling [2–5]. More recently, it was observed that they also can irreversibly
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process growth factors, cell-surface receptors, cytokines, and chemokines, as well as other MMPs,
other proteases and protease inhibitors and even act inside the cell [6]. The activation or inactivation of
bioactive molecules by MMP proteolytic processing unraveled unexpected roles of these proteases
in the regulation of extra- and intracellular signaling pathways [4,7–9]. Hence, the field of MMP
research progressed from perceiving these enzymes solely as regulators of ECM to the conception
that MMPs are functionally implicated in the regulation of multiple physiological and pathological
signaling processes [8,10]. Accordingly, the physiological relevance of their function is emphasized
by a direct association between altered expression and/or dysregulation of MMPs and development
of pathological conditions, such as chronic inflammatory diseases, vascular diseases, neurological
disorders, and cancer [10,11].

3. Multilayered Regulation of MMP Activity

Since MMPs regulate major physiological processes, a strict spatiotemporal control of their
activity is essential to avoid possible detrimental activities of these proteases. Primarily, expression of
MMPs is regulated at the transcriptional level, keeping these enzymes at very low levels in normal
tissue homeostasis. MMPs share cis-regulatory elements in their promoter sequences, which allow
induction of their expression by stimuli—e.g., in the form of growth factors, cytokines, or hormones.
The cooperation between these cis-regulatory elements, coupled with the integration of multiple
signaling pathways, provides a wide range of potential interactions between transcriptional regulators,
ensuring tissue-specific expression of diverse MMP family members and facilitating a strict control
of MMP transcriptional activity. In addition, transcription of MMP encoding genes is regulated
by epigenetic mechanisms, such as DNA methylation or histone acetylation [4,5,11,12]. At the
post-transcriptional level, regulation of MMP expression is mediated by modulation of mRNA
stability and miRNA-based mechanisms that interfere with MMP expression by either transcriptional
inhibition or mRNA degradation [13–16]. An important level of MMP regulation is achieved at the
post-translational level, since most MMPs are secreted as inactive pro-enzymes. The ‘cysteine-switch’
region in the pro-peptide domain shields the active site, thereby preventing substrate access and
maintaining the enzyme in an inactive state. The activation of proMMPs occurs upon direct
proteolytic cleavage of the pro-domain (within the secretory pathway or extracellularly), or induction
of conformational changes that disrupt the chelating cysteine residue and enable auto-proteolysis for
removal of the pro-domain region [9,12]. Moreover, allosteric activation of proMMPs can be triggered
by interaction with ECM components and cell surface molecules and by low-density lipoprotein
receptor-related protein (LRP1)-mediated endocytosis [12,17–20]. Upon activation, mature MMPs are
exclusively controlled by endogenous inhibitors, such as tissue inhibitors of metalloproteases (TIMPs)
and α2-macroglobulin [21,22].

4. PTMs—An Additional Level of Protein Regulation

The enormous functional complexity of the cellular proteome is regulated by diverse mechanisms,
including transcription, alternative splicing, translation, and PTMs [23]. Among these regulatory
mechanisms, PTMs provide a significant genome-independent expansion and diversification of
the proteome, thereby creating a continuously fine-tuned regulatory network implicated in many
cellular processes [24–26]. Based on the type of modification, PTMs can be assigned to several
categories: chemical modifications, including methylation, phosphorylation, acetylation, and oxidation;
polypeptide modifications, including ubiquitination, SUMOylation and other ubiquitin-like protein
conjugation; modifications by complex molecules, including glycosylation, lipids (e.g., acylation,
prenylation) and extended structures (e.g., glycosaminoglycans (GAGs)); and modifications of the
amino acids or of the polypeptide backbone, including deamidation, eliminylation, and protein cleavage
through proteolysis [27–30]. By reversible or irreversible addition of these functional groups PTMs
can modify protein function by altering protein structure, subcellular localization, protein–protein
interactions, and degradation, thereby influencing many cellular processes in health and disease [31–36].
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Like many enzymes, MMPs as well as their substrates are modified by a variety of PTMs. Different
domains of the MMP structure are associated with specific functions and undergo different, highly
specific PTM modifications, which suggests an important role of PTMs in modulating the pleiotropic
activities of MMPs (Figure 2) [1]. Understanding the influence of specific PTMs on the activity of
MMPs is necessary to fully understand MMP regulation. In this review, we provide an overview of
different PTMs with a focus on glycosylation, phosphorylation, and interaction with extracellular
GAGs, and describe their effects on activity of various MMP family members.

 

Figure 2. Possibilities of PTM crosstalk with MMPs. PTMs can regulate the activity of MMPs on the
protease level by (a) activating the protease to allow cleavage of the target protein, (b) inactivating
the protease, or (c) modulating its substrate specificity. Additionally, PTMs may regulate substrate
cleavage by MMPs, through (d) directly modifying the cleavage motif (catalytic interaction), or substrate
domains outside the cleavage site (non-catalytic interaction), guiding MMPs to cleave the same (cis) (e)
or another (trans) protein (f).

4.1. Glycosylation of MMP

Glycosylation describes the enzymatic reaction that links saccharides to lipids, other saccharides
or proteins and represents the most abundant and diverse PTM. The most common forms of
protein glycosylation are the N- and O-linked glycosylation [37,38]. N-linked glycosylation is a
glycosidic linkage of glycans to the side chains of asparagine (Asn) residues. It is initiated by a single
oligosaccharyltransferase complex with a transfer of N-acetylglucosamine (GlcNAc) phosphate at the
consensus Asn-Xaa-Ser/Thr sequence (X, indicating any amino acid excluding proline) on the cytosolic
side of the endoplasmic reticulum (ER) and extensively modified further in the lumen of the ER and
Golgi prior to sorting to secretory vesicles [37,39–41]. O-linked glycosylation is a glycosidic linkage of
glycans to the side chains of serine/threonine (Ser/Thr) or tyrosine (Tyr) residues. O-linked glycosylation
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shows a higher diversity than N-glycans, resulting from the complex synthesis of N-acetylgalactosamine
(GalNAc)-type O-linked glycans in the Golgi, which can be initiated by up to 20 different polypeptide
GalNAc-transferase isoforms that may compete for the same glycosylation site and the same glycan.
Upon transfer of a GalNAc moiety from a donor substrate uridine diphosphate (UDP)-GalNAc to
Ser/Thr residues, the O-linked glycan is branched out by different core-forming enzymes and further
extended by fucosylation and sialylation to the final O-linked glycan structure [41–45]. Protein
glycosylation regulates essential biological processes, such as protein folding, secretion, cell adhesion,
and inter- and intra-cellular trafficking [46–50]. Consequently, alterations in glycosylation patterns
are often associated with different pathological conditions like neurodegenerative diseases, diabetes,
inflammatory conditions, and cancer [51,52]. The majority of MMPs are glycosylated, and N- and
O-linked glycosylation are present across the MMP family [39]. The following section summarizes the
current structural and functional information about glycosylation of different MMPs.

4.1.1. MMP9

MMP9 is the most extensively glycosylated MMP. This protease contains two N-linked
glycosylation sites, Asn38 and Asn120 (asparagine residues 38 and 120), in the pro-domain and
the catalytic domain, respectively [53]. These N-linked glycans have been described as core-fucosylated
biantennary structures, partially sialylated with variable fucosylation branches [54]. Despite their
similar composition, the individual functions of these N-linked glycosylations are distinct, primarily
due to their location within the protease. Since N-linked glycosylation is generally required for protein
secretion, initially a potential role of these two glycans was related to the secretion of MMP9 [55].
Indeed, abrogation of MMP9 glycosylation at Asn120 reduced the efficiency of its secretion by increasing
the interaction between MMP9 and calreticulin (a protein that prevents misfolded proteins from
entering the secretory pathway), thereby inducing MMP9 retention in the ER. The glycosylation at
Asn38 does not influence the secretion of MMP9, but Asn38-glycosylation-deficient MMP9 shows strong
amino-acid dependency towards interaction with calreticulin, likely affecting MMP9 secretion in an
N-glycosylation-independent manner [56]. Additionally, N-glycosylation at Asn38 was commonly
associated with the activation of proMMP9, yet the process of MMP9 activation occurs independently
of the glycosylation at Asn38. Recent molecular dynamics simulations suggest that the glycosylation
at Asn38 is indirectly involved in the activation of proMMP9 by inducing conformational changes
within the pro-domain, enabling MMP3 to access the two cleavage sites for proteolytic activation [57].
Moreover, interactions between the glycosylation at Asn38 and galectin 3 decrease the proteolytic
activation of MMP9, whereas interactions with galectin 8 enhance the MMP3-mediated processing,
suggesting that the presence of N-glycosylation is important for a fine-tuned regulation of MMP9
activity [58,59]. Furthermore, MMP9 has a proline-rich linker sequence between the active site
and the hemopexin domain, which contains 14 O-linked glycans (denominated OG domain) [60].
Based on their glycan composition, these O-linked glycans comprise a heterogenic mixture, varying
from core-1 (Galβ1-3GalNAc) to core-2 (Gal-(GlcNAc-)GalNAc) structures and further elongated
to larger glycans [61]. The presence of these O-linked glycans increases the domain flexibility of
MMP9, allowing the protease to adopt multiple enzyme conformations and facilitating individual
movements of the catalytic and the hemopexin domain. This influences the recognition, binding, and
processing of substrates, cell receptors, and endogenous inhibitors [62,63]. A study by den Steen et
al. described that the OG domain is indispensable for correct orientation of the hemopexin domain
for MMP9 internalization and degradation by LRP-1 and LRP-2, as well as inhibition by endogenous
TIMP1 [60]. Consequently, deletion of this linker region significantly reduced the affinity towards
TIMP1 and disrupted the interactions with LRP-1 and LRP-2 [60]. However, since deletion of the OG
domain did not affect the activity of MMP9, the authors reported that the OG domain functions as a
regulator of extracellular bioavailability of the protease, rather than as a regulator of its activity [60].
An independent analysis of MMP9 lacking the OG domain performed by Vandooren et al. showed a
reduced gelatinolytic activity of the truncated protease [64]. Furthermore, a study by Dufour et al.
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reported reduced MMP9-induced cell migration in endothelial cells expressing MMP9 without the OG
domain, which was independent of the proteolytic activity of the enzyme [26].

4.1.2. MMP14

Similar to MMP9, the transmembrane collagenase MMP14 (MT1-MMP) contains O-linked
glycosylation sites (Thr291, Thr299, Thr300, and Ser301) identified in the linker region. The presence
of these O-linked glycans does not affect zymogen activation, collagenase activity or the autolytic
processing of MMP14. However, the O-linked glycosylation is important for the formation of a stable
complex between MMP14, TIMP2, and proMMP2, which is required for subsequent cell-surface
activation of MMP2. Being unable to recruit TIMP2, which connects the catalytic domain of MMP14
and the hemopexin domain of proMMP2, the glycan-deficient MMP14 cannot present a stable trimeric
complex on the cell surface and thereby activate MMP2 [65–67]. Interestingly, although it has not
appeared that glycosylation could directly affect MMP14 activity, recent reports describe increase of
MMP14 activity upon alterations in the glycosylation pattern. Indeed, hyper-glycosylation of MMP14
led to higher proteolytic activity and promoted tumor growth [68].

4.1.3. MMP1

MMP1 has two potential glycosylation sites in the active site, but only N-glycosylation at Asn120

has been experimentally confirmed. Comparison between the glycosylated and non-glycosylated
MMP1 showed no significant differences in activity, substrate specificity or inhibitory profiles of the
two proteoforms. However, the presence of specific glycan motifs (e.g., α1,3-fucosylated LacdiNAc)
can initiate MMP1 selectin-mediated binding to the surface of activated cells through a selectin/glycan
interface and therefore may have a profound effect on cell migration [39,69].

4.1.4. MMP2

MMP2 has two potential N-linked glycosylation sites, Asn573 and Asn642, in the hemopexin
domain [70,71]. The function of these N-linked oligosaccharides remains unclear. However, there are
strong implications regarding their involvement in the regulation of MMP2, since the hemopexin
domain is involved in MMP2 activation/inhibition, localization of its catalytic activity, and induction of
cell signaling upon interaction of MMP2 with cell-surface receptors [71,72].

4.1.5. MMP3

Based on the consensus sequence for N-linked glycosylation, MMP3 also has two potential
N-linked glycosylation sites, Asn120 in the catalytic domain and Asn398 in the hemopexin domain.
However, only a small portion of MMP3 (~20%) is glycosylated, and no correlation has been established
between these glycans and the function of the protease [39,73].

4.1.6. MMP13

MMP13 was shown to be potentially glycosylated at two asparagine residues (Asn117 and Asn152)
in the catalytic domain. The N-linked glycosylation site at Asn117 has been experimentally verified,
but the function of this N-linked glycan has not been determined since no differences were observed
between glycosylated and non-glycosylated recombinant MMP13 [74,75].

4.1.7. MMP17

MMP17 (MT4-MMP), a glycosylphosphatidylinositol-anchored matrix metalloproteinase, has two
N-linked glycans at Asn137 and Asn318 in the catalytic site and the linker region, respectively.
The presence of these N-linked oligosaccharides stabilizes the dimeric form of MMP17 by promoting
non-covalent interactions or facilitating folding and formation of disulfides [76–78].
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4.2. Phosphorylation of MMPs

Protein phosphorylation is one of the most important PTMs for regulation of biological
processes [79]. This dynamic PTM is characterized by the reversible enzymatic addition of a phosphate
group to amino acid side chains of serine (Ser), threonine (Thr), or tyrosine (Tyr), resulting in alterations
of protein structure, stability, and dynamics [79]. Hence, phosphorylation can initiate different
conformational changes associated with differential activity and binding specificity, leading to an
activation or deactivation of proteins [80,81]. Furthermore, the dynamic nature of phosphorylation
resulting from the opposing activities of kinases (which add phosphate groups) and phosphatases
(which remove phosphate groups) is functionally compatible with the modulation of intramolecular
interactions, implicated in essential cellular processes, such as cell division, cellular proliferation and
differentiation, apoptosis, and signal transduction [79]. Consequently, dysregulation of phosphorylation
dynamics is often related with pathologies, e.g., tumor formation, chronic inflammatory diseases,
autoimmune diseases, and neurodegenerative disorders [81,82].

As many secreted and extracellular proteins, the MMPs are phosphorylated. Ser-, Thr-, and Tyr
phosphorylation sites are identified across the different structural domains of the MMPs. Yet,
the biological significance of these phosphate groups is overall poorly characterized. Among the
MMPs, MMP2 and membrane-type MMP14 metalloproteinase are the ones with most extensively
studied phosphorylation-dependent effects.

4.2.1. MMP2

MMP2 contains 29 potential phosphorylation sites distributed across the pro-peptide domain,
collagen-binding domain, collagenase-like domain-1 and -2, and hemopexin domain. However,
only five of the predicted phosphorylation sites (S32, S160, Y271, T250, and S365) have been confirmed
by mass spectrometry (MS). The phosphorylation of MMP2 noticeably diminishes its proteolytic
activity, while dephosphorylation increases MMP2 activity. This is possibly due to the conformational
changes observed in the secondary structure of dephosphorylated MMP2, with α-helices 50% longer
and β-strands 17% shorter than phosphorylated MMP2. However, it is still unclear if protease activity
is directly influenced by these conformational changes [83,84].

4.2.2. MMP14

MMP-14 phosphorylation is known to play an important role in fine-tuning the activity of MMP14
at the cell surface and in the activation of intracellular signaling, and it is critical for regulating the
pro-metastatic function of this metalloproteinase. This membrane-type metalloprotease has nine
potential phosphorylation sites in its multidomain structure (PhosphoSitePlus [85], UniProt [86]).
The cytoplasmic domain of MMP14 regulates its internalization and trafficking, thereby modulating
enzymatic activity at the cell surface. A study by García-Pardo et al. reported that this domain
was essential for MMP14 mediated cellular invasion and migration [72]. The cytoplasmic domain of
MMP14 contains two phosphorylation sites, at Thr567 and Tyr573, which have a significant influence on
MMP14-induced cellular invasion and migration. A study by Williams et al. in fibrosarcoma cells
showed that substitution of the residue Thr567 by alanine increased retention at the cell surface and
reduced internalization of the protease significantly compromising invasion and migration. Contrarily,
mimicking protease phosphorylation by substitution of Thr567 by glutamic acid reduced retention of
MMP14 at the cell surface, increased efficiency of internalization, and was correlated with an increase
in migration and invasion [87]. A study by Moss et al. showed that phospho-mimetic Thr567 mutants
exhibit higher collagenolytic activity and three-dimensional growth within a collagen matrix, thereby
promoting enhanced matrix invasion in ovarian cancer cells [88]. In addition, phosphorylation of
Thr567 impacted the integrity of cell monolayer, cell motility and multicellular aggregate dynamics
in ovarian cancer cells, promoting metastasis-associated behaviors [89]. Furthermore, a study
by Nyalendo et al. reported that phosphorylation at Tyr573 influenced cell migration, suggested
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by the ability of a phospho-defective mutant to inhibit migration of cells endogenously expressing
MMP14 [90]. Additionally, epidermal growth factor (EGF)-induced phosphorylation of Tyr573 prompted
internalization of MMP14 together with pericellular collagen, establishing an environment for expansive
growth in three–dimensional collagen matrix, whereas lack of responding to EGFR signaling triggered
invasive growth. Therefore, the phosphorylation of Tyr573 modulates cell surface dynamics of MMP14,
thereby regulating the transition between invasive and expansive growth [91].

4.2.3. Extracellular Phosphorylation of MMPs

A subset of MMPs (MMP1, 12, 13, 14, 16, 24, and 27) are tyrosine phosphorylated by the
extracellular vertebrate lonesome kinase (VLK). These phosphotyrosines are found exclusively within
the hemopexin domains of the MMPs. Interestingly, proteins distantly related to MMPs, which contain
hemopexin-like domains, were found to be tyrosine phosphorylated at identical positions by VLK.
The structural conservation of these phosphorylation sites suggests that they play a role in regulating
MMP activity, a potential function, which still remains largely undiscovered [92,93]. Additionally,
a study by Bordoli et al. showed that co-expression of VLK with MMPs supported their tyrosine
phosphorylations that have been extensively observed in vivo. Bordoli also showed that by introducing
a mutation in the ATP binding site of VLK or deletion of the proline glycine-rich domain (a conserved
domain close to the kinase domain), the phosphorylation of the MMPs and other co-expressed substrates
in the extracellular environment was eliminated. Similarly, shRNA-mediated downregulation of VLK
expression and substitution of Tyr360 with phenylalanine in MMP1 reduced MMP13 and MMP1 tyrosine
phosphorylation, respectively [93]. While VLK generates the majority of extracellular phosphotyrosines,
additional secreted kinases have been identified, which may also be responsible for the extracellular
protein phosphorylation events observed in vivo. This indicates a major impact of the secreted kinome
on tissue homeostasis and disease pathogenesis. Discovery of novel extracellular kinases, identification
of their substrates, and dissection of the regulatory mechanisms involved will provide us with a better
understanding of their functions [94–96].

4.3. Glycosaminoglycans

An additional layer of regulation of extracellular proteolysis is mediated by interactions of MMPs
with glycans in the extracellular space rather than direct glycosylation or phosphorylation of the
protease or substrate. Glycosaminoglycans (GAGs) are extracellular glycans, which are composed
of linear, unbranched repeats of disaccharide units. Heparan sulfate (HS) is a GAG-family member
expressed by virtually every cell of a multicellular organism composed of repeats of glucoronic acid
(GlcA) and N-acetylglucosamine (GlcNAc) dimers, which in most cases are attached to a cell-membrane
associated core protein. During GAG-chain synthesis HS undergoes several sulfotransferase-mediated
N- and O-sulfations. These modifications do not undergo completion, which results in strongly
negatively charged sugar chains with variable length and degree of sulfation interrupted by stretches
of unmodified, neutral regions. The sulfated regions bind basic peptide motifs of many signaling
molecules, including morphogens (Hedgehogs, Wnts, TGFs), cytokines, and most chemokines [97–99].
This electrostatic interaction leads to partial neutralization of the protein surface and can have different
effects on the biological functions of the interacting protein by facilitating, enhancing, or inhibiting
the interaction with other proteins. It is important to note that these interactions, even though
they are mainly based on electrostatics, are in most cases very specific and do not occur randomly.
This is shown by the fact that many proteins contain specific GAG-binding motifs, with which they
exclusively bind HS, even though they contain many lysine and arginine residues (for an in-depth
review of the molecular basis of HS-protein interactions see Xu & Esko, 2014 [100]). Examples
of HS-binding proteins are members of the fibroblast growth factor (FGF) family. Here, HS is
part of the trimeric FGF/FGF-receptor/HS co-receptor complexes and activates FGF signaling in a
sulfation pattern-dependent manner [101–104]. HS-induced oligomerization has been shown in many
other processes including dimerization of amyloid precursor protein (APP) complexes or nearly all

18



Int. J. Mol. Sci. 2019, 20, 3077

chemokines [105–108]. Interestingly, HS does not only mediate protein complex formation, but many
proteins binding to HS, including the aforementioned candidates, are also known to undergo proteolytic
processing on or near the cell surface. This indicates a crucial role of HS in regulating extracellular
cleavage processes.

4.3.1. GAG-regulated Substrate Proteolysis

Signaling processes in the extracellular space usually involve at least one form of substrate
proteolysis. Therefore, co-factors have to act as decision makers to ensure regulated processing of
signaling proteins. Multiple cases have been reported, where this is mediated by substrate binding to
GAGs. For example, similar to N-glycans, GAGs can modulate the stability of substrates. FGF2 binding
to heparin, an extremely sulfated HS variant expressed by connective-tissue type macrophages,
stabilizes FGF2 and protects it from degradation by proteolysis [109,110]. The same stabilizing effect
has been shown for the degradation of stromal cell-derived factor 1 (SDF1)/CXCL12 and C-terminal
processing of interferon-γ [111,112]. Despite this stabilizing effect GAGs have been demonstrated to
play additional important roles in extracellular proteolysis. In the case of shedding of morphogens
from the Hedgehog (Hh) family, HS acts as an assembly platform for protease-release complexes [113].
Here, HS recruits Hh co-factors that co-localize proteases and allow for cleavage of the substrate
(Figure 3) [114]. Furthermore, direct HS binding of the N-terminal cleavage site of Hh also has
a stabilizing effect by inhibiting N-terminal Hh processing and reduces its release in vitro and in
Drosophila in vivo [114,115]. An example of how GAG binding can positively regulate substrate
cleavage (Figure 3) was shown for the cleavage of viral capsid proteins. Binding of the human
papillomavirus viral capsid protein L1 to highly sulfated HS is essential to induce a conformational
change and leads to cleavage of L1 by the human trypsin-like serine proteinase kallikrein 8, a process
which is required for virus internalization [116].

 
Figure 3. Heparan sulfate (HS)-protein interaction as a post translational regulator of extracellular
proteolysis. Electrostatic interactions of proteins with negatively charged HS affect extracellular
proteolysis at three different levels: (1) by mediating co-localization of reactants; (2) on the protease
level by affecting protease activity/accessibility; or (3) on the substrate level by modulating accessibility
to cleavage sites. The substrate cleavage site is indicated by a red circle, green substrate/protease color
denotes activity; red substrate/protease color denotes inactivity/inaccessibility.

4.3.2. GAG-regulated MMP Activity

GAGs also regulate extracellular proteolysis at the protease level by modulating activation,
localization, and protease–substrate interactions (Figure 3 middle). Many secreted vertebrate MMPs
associate to the cell surface via binding to HS, including MMP9, which is specific, since excess soluble
heparin extracts and solubilizes MMP2, MMP7, MMP9, and MMP13 [117,118]. Moreover, heparin,
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a highly sulfated form of HS, affects protease activity by increasing TIMP3 affinity to MMP2, MMP7,
and MMP9, and HS affects MMP9 expression and plasma levels, depending on its sulfation and
expressing cell type [119–123]. Finally, in vivo studies showed that MMPs in secretory granules of
mast cells interact with heparin and that loss of heparin sulfation reduces MMP stability [124,125].
Like all MMPs, the wound repair and immune reaction associated MMP7 has to be converted into its
proteolytic active form by removal of its inhibitory pro-sequence. MMP7 is able to activate itself by
intermolecular autolytic processing. This is amplified by binding of MMP7 to highly sulfated GAGs
(e.g., heparin or chondroitin sulfate), which significantly increases MMP7 auto-processing and also
increases cleavage of specific physiological substrates [19].

5. Conclusions

MMP biology has been revolutionized with the recognition of extracellular proteolysis not
as a simple mechanism of ECM degradation but as a regulatory mechanism for precise cellular
control of biological processes. The paradigm shift for MMP functions from ECM degradative
proteases to important regulators of essential cellular processes has highlighted the physiological
relevance of these proteases, directly implicated by the relationship between MMP expression and
disease development [4,8]. Hence, the multilayered regulation of MMPs emphasizes the tremendous
importance of the balance between synthesis of active enzymes and their inhibition, which is pivotal to
avoid the destructive activity of these proteases. Characterization of these regulatory mechanisms
will aid the development of new therapeutics for various pathologies. MMP activity is regulated
at the transcriptional level, post-translationally by pro-enzyme activation, by PTMs, and through
extracellular inhibition by TIMPs and by non-specific proteinase inhibitors. Among these regulatory
mechanisms, PTMs have recently obtained wide attention in the MMP community. MMPs are modified
by PTMs at multiple sites (Table 1), which affects the activity of individual MMPs to a different
extent, but the biological relevance of many of them is still unknown. However, many of the studies
referenced in this review have been performed prior to the rapid progression of proteomics method
development within the last decade. Many of the challenges that still limit our understanding of
PTM function in MMP biology can now be approached by modern technologies of state-of-the-art
proteomics. Advances in MS-based methods including multiplexed chemical labeling, novel label-free
quantification strategies, improvement in PTM enrichment, more robust PTM analysis workflows and
streamlined bioinformatics strategies will contribute to reliable identification and quantification of
high numbers of PTMs [126,127]. The remaining challenge lies in defining the functional role of the
physiologically relevant PTMs to understand PTM-dependent activity of MMPs in complex biological
systems [128].

Table 1. List of identified PTMs in MMPs.

MMP Modification Biological Effect Reference

MMP1
N-linked glycosylation at Asn120 Tumor cell invasion and angiogenesis [39,69,129]

Phosphorylation at Tyr360 Not reported [93]

MMP2

O-linked glycosylation at Ser32,
Thr96, 262, 458, 460 Upregulation of MMP2 [39,71,72]

N-linked glycosylation at Asn573 and Asn642 Not reported [130]

Phosphorylation at Ser32, Ser160, Tyr271, Thr250

and Ser365
Phosphorylation decreases, while
dephosphorylation increases protease activity [83,84]

Heparan sulfate Cell surface localization; affects protease
activity by increasing TIMP3 affinity [119–122]

MMP3
N-linked glycosylation at Asn120 and Asn398

Not reported [39,73]
Three potential O-linked glycosylation at Ser56,
Ser269 and Thr277
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Table 1. Cont.

MMP Modification Biological Effect Reference

MMP7 Heparan sulfate, Chondroitin sulfate
Cell surface localization; affects protease
activity by increasing TIMP3 affinity; increases
MMP7 auto-processing and activity

[19,120,121]

MMP9

N-linked glycosylation at Asn38 and Asn120 MMP9 secretion and activation [53–59]

O-linked glycosylation in the linker region

Increases the domain flexibility; necessary for
internalization and degradation; protects
against proteolytic degradation; reduces
gelatinolytic activity

[60,62–64]

Heparan sulfate
Cell surface localization; affects protease
activity by increasing TIMP3 affinity; affects
MMP9 expression and plasma levels

[119–123]

MMP12 Phosphorylation at Tyr414 Not reported [93]

MMP13

N-linked glycosylation at Asn117 and Asn152 Not reported [1,74,75]

O-linked glycosylation at Ser24 and Ser62 Not reported [1,74,75]

Phosphorylation at Tyr366 Not reported [93]

MMP14

N-linked glycosylation at Asn229 and Asn311 Not reported [39]

O-linked glycosylation at Thr291, Thr299, Thr300,
and Ser301

Required for formation of a stable complex
with proMMP2 and TIMP2; increases activity
upon glycosylation perturbation

[65–68]

Phosphorylation at Thr567, Tyr573 and Tyr353

Regulates MMP14 induced cellular invasion
and migration; cell surface dynamics and
internalization; mimetic mutants exhibit higher
collagenolytic activity and three-dimensional
growth; promotes metastasis-associated
behaviors

[72,87–91,93]

MMP16 Phosphorylation at Tyr377 and Tyr521 Not reported [93]

MMP17 N-linked glycosylation at Asn137 and Asn318 Stabilizes the dimeric form of MMP17 [76–78]

MMP24 Phosphorylation at Tyr534 Not reported [93]

MMP27 Phosphorylation at Tyr360 Not reported [93]
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Abbreviations

Asn Asparagine amino acid
CA Cysteine array
Cy Cytosolic domain
ECM Extracellular matrix
EGFR Epidermal growth factor receptor
ER Endoplasmic reticulum
Fu Furin-recognition site
GalNAc N-acetyl galactosamine
GlcNAc N-acetyl glucosamine
GPI Glycosylphosphatidylinositol
LRP Low-density lipoprotein receptor-related protein
MMP Matrix metalloproteinase
Pro Pro-domain
PTMs Post-translational modifications
SA Signal anchor
Ser Serine amino acid

21



Int. J. Mol. Sci. 2019, 20, 3077

SH Thiol group
SP Signal peptide
Thr Threonine amino acid
TIMPs Tissue inhibitors of metalloproteinases
TM Transmembrane domain
Tyr Tyrosine amino acid
UDP Uridine diphosphate
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Abstract: Tuberculosis (TB) remains the single biggest infectious cause of death globally, claiming
almost two million lives and causing disease in over 10 million individuals annually. Matrix
metalloproteinases (MMPs) are a family of proteolytic enzymes with various physiological roles
implicated as key factors contributing to the spread of TB. They are involved in the breakdown of lung
extracellular matrix and the consequent release of Mycobacterium tuberculosis bacilli into the airways.
Evidence demonstrates that MMPs also play a role in central nervous system (CNS) tuberculosis, as
they contribute to the breakdown of the blood brain barrier and are associated with poor outcome in
adults with tuberculous meningitis (TBM). However, in pediatric TBM, data indicate that MMPs may
play a role in both pathology and recovery of the developing brain. MMPs also have a significant
role in HIV-TB-associated immune reconstitution inflammatory syndrome in the lungs and the brain,
and their modulation offers potential novel therapeutic avenues. This is a review of recent research on
MMPs in pulmonary and CNS TB in adults and children and in the context of co-infection with HIV.
We summarize different methods of MMP investigation and discuss the translational implications of
MMP inhibition to reduce immunopathology.

Keywords: tuberculosis; matrix metalloproteinases; tuberculous meningitis; HIV-TB-associated IRIS;
extracellular matrix breakdown; adult; pediatric; lung; central nervous system
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1. Introduction

Tuberculosis (TB) remains one of the top 10 causes of death globally, with 1.6 million deaths
attributed to TB in 2017 [1]. Although the overall incidence of the disease is decreasing, there were
over 10 million new cases of TB reported in 2017 [1], suggesting that more work needs to be done on
disease prevention and cure. Tuberculous meningitis (TBM) is the most severe form of this disease and
leaves many surviving adults and children with severe neurological impairment [2]. The inflammatory
processes occurring during TB infection in the lungs and the neuro-inflammatory response as a result
of dissemination to the brain play key roles in disease outcome. In pulmonary TB (pTB), matrix
metalloproteinases (MMPs) are considered important in cavitary lung disease and the subsequent
spread of Mycobacterium tuberculosis (Mtb) from the lung parenchyma into the airways from whence
they can be expectorated to perpetuate infection [3]. They also contribute to the breakdown of the
protective blood brain barrier (BBB) and brain tissue destruction consequent to TBM [3]. In this
review, we discuss the current status of MMP research in pulmonary and central nervous system (CNS)
TB, and their potential dual role in pathology as well as neurodevelopment and recovery. We also
summarize potential novel treatment strategies that may target MMPs.

MMPs

MMPs are a superfamily of zinc- and calcium-dependent proteolytic enzymes that is well
conserved across species with 25 vertebrate MMPs (24 of which are found in humans) characterized
to date [4]. Several MMPs, including MMP-1, -3, -7, and -8, are located within a single gene cluster,
highlighting their essential role in fundamental physiologic processes [4]. Their primary function in
humans is degradation of the extracellular matrix (ECM) [5], which not only contributes to health by
providing tissue homeostasis but also has a role in many pathologic conditions [4]. MMPs fall under
the general category of metalloproteinases (MPs) of the Metzincin family, which function both on cell
surfaces (as sheddases, which release growth factors, death receptors, and death-inducing ligands),
and within the ECM [6]. They are divided into five sub-families, namely collagenases (MMP-1, -8,
and -13), gelatinases (MMP-2 and MMP-9), stromelysins (MMP-3 and MMP-10), elastases (MMP-7 and
MMP-12) and membrane-type MMPs (MT-MMP-1 to -5) [7,8].

MMPs are synthesized and released as proenzymes, known as zymogens, that are subsequently
activated when the zinc-thiol interaction between the catalytic and the pro-peptide domain is disrupted
by cleavage of the pro-peptide domain [8–10]. Due to the destructive nature of excessive activity, MMPs
are controlled by gene expression (transcriptional and post-transcriptional regulation), proenzyme
activation, and innate inhibitors. They are inhibited by α2-macroglobulin in the plasma or tissue
inhibitors of metalloproteinase (TIMPs) in the tissue [4]. TIMPs are endogenous protein regulators and
show tissue-specific, constitutive, or inducible expression [11]. There are four members of the TIMP
family (TIMPs 1-4), which bind MMPs non-covalently to inhibit activity. TIMP-3 acts on both MMPs
and tumor necrosis factor (TNF)-α converting enzyme (TACE) [9,11]. However, despite preference for
specific MMPs, they are able to inhibit all MMPs, binding them in a 1:1 molar stoichiometry [11].

Physiologically, MMPs have an important role in development (blastocyst implantation,
embryonic development, nerve growth), reproduction (ovulation, endometrial cycling, cervical
dilatation), and maintenance of homoeostasis (wound-healing, bone remodeling, angiogenesis,
and nerve regeneration) [4]. However, in various pathologies, MMPs have demonstrated a role
in both immuno-protection and tissue destruction. They contribute to activation of immune mediators
and leukocyte migration to sites of inflammation and infection by modulating cytokine and chemokine
activity [12]. They are also implicated in numerous pathologies such as cancer invasion and metastasis,
hypertension, rheumatoid and osteo-arthritis, CNS diseases, and may cause direct tissue destruction
at excessive concentrations [10,12]. In the lung, a number of MMPs contribute to tissue homeostasis,
such as MMP-7, -16, -19, -21, -24, -25, and -28 [4]. For example, lung epithelial cells express
MMP-7 that is essential in normal wound repair and plays a part in the chemotactic recruitment
of neutrophils [13]. In the CNS, MMPs are normally undetectable or present at very low levels
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(except for MMP-2) [10,14]. They can play a beneficial role in the CNS through their involvement
with tissue repair after injury [9,14] and are also found to be elevated postnatally in rat and mouse
CNS, suggesting pivotal roles in neuroplasticity and CNS development [15,16] such as synaptogenesis,
synaptic plasticity, and long-term potentiation [17].

2. Methods of Investigation

Quantification of MMPs can be an analytical challenge for several reasons. In TBM, a number
of methods of MMP investigation have been used, including ELISA, zymography and reverse
zymography for serum, and cerebrospinal fluid (CSF) (Table 1). ELISAs for MMPs are, however,
often limited by the absence of differentiation between active and inactive or degraded forms of
MMP, and multiplexed assays are often complicated by cross-reactivity between analytes due to
the protein’s common domains [8]. Additionally, the method of blood collection can impact the
concentration of MMPs, with higher concentrations reported in serum compared to plasma (both
heparin and EDTA) [8] due to release from leukocytes and platelets during clot activation. For MMP-1,
-8, and -9, plasma is recommended [18]. Brain tissue or granuloma samples have been examined using
immunohistochemistry [19,20] and MMP gene expression using PCR [20,21]. Newer techniques such
as analysis of gene polymorphisms, near-infrared optical imaging, and HPLC (high performance liquid
chromatography) together with inductively-coupled plasma mass spectrometry (ICPMS) are evolving
and promising analytic techniques that could improve the ability to profile all MMPs [8]. In addition
to human data, in vitro cell and animal models have also offered valuable insights.
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3. MMPs in pTB

Destructive pulmonary pathology is the hallmark of human tuberculosis, and Mtb is relatively
unique amongst pathogens for its ability to drive progressive destructive pulmonary pathology,
including cavitation, in immunocompetent adults. Cavities are critical in Mtb pathogenesis, as they
drive transmission (the most highly infectious patients are those with cavities), are immune-privileged
sites with high bacterial burden, and are poorly penetrated by anti-mycobacterial drugs, leading to
higher risk of treatment failure and relapse [54]. MMPs have been implicated in the pathology of
pulmonary tissue damage and cavitation, as collectively, they can degrade all fibrillary components of
the ECM (Figure 1). Previous reviews of MMPs in TB and mechanisms of cavitation have presented
substantial evidence of MMP activity in pTB disease [3,55], summarized below:

1. Elevated MMP concentrations (including MMP-1, -2, -8, -9) are consistently reported in respiratory
fluids [sputum, broncho-alveolar lavage (BAL), and pleural fluid] from TB patients compared to
patients with respiratory symptoms and/or healthy controls. Increased MMPs are associated
with various markers of pTB disease severity, most significantly MMP-1 with sputum smear
status, radiographic disease extent, and cavitation number in human pTB [28].

2. Significantly increased MMP gene expression is found in human respiratory cells (alveolar
macrophages, bronchial epithelial cells, and fibroblasts) and macrophages in response to Mtb
infection and/or stimulation by conditioned media from Mtb-infected monocytes (CoMtb),
resulting in increased MMP secretion [19,22,56]. Specifically, intracellular signaling involving
p38 and extracellular signal-regulated kinase (ERK) mitogen-activated protein kinase pathway
(MAPK) are important for MMP upregulation in macrophages in response to Mtb infection.

3. Genetic associations implicate MMPs in TB disease risk (2G/2G MMP-1 genotype), endobronchial
TB and tracheobronchial stenosis (1G MMP-1 allele), TB dissemination (MMP-9 1562C/C
genotype), and post-TB chronic lung fibrosis (MMP-1 G-1607GG polymorphism).

4. Whilst some animal models of tuberculosis have failed to fully replicate the spectrum of human
pTB disease, following Mtb infection in human MMP-1-expressing transgenic mice, pathology
was found to be more similar to pTB in humans with increased alveolar tissue damage and
collagen destruction compared to wild type mice [27].

As MMPs have different cellular sources and substrate specificity, it is unsurprising that specific
MMPs have been associated with different roles within the same disease. For example, MMP-1 has
been most strongly implicated in the development of pulmonary cavities, whereas MMP-9 has been
implicated in Mtb dissemination.

Here, we review in detail more recent (since 2013) studies of pTB that have further delineated
cellular sources of MMPs in TB, mechanisms by which MMP activity is regulated in TB, and the
importance of the cellular and extracellular environment. We also describe studies that have evaluated
MMPs and matrix degradation products as TB biomarkers (Table 1, Section A).
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Figure 1. MMPs contribute to extracellular matrix (ECM) destruction in pulmonary TB (pTB). Lung
TB granulomas comprise mycobacterium tuberculosis (Mtb) infected macrophages (purple), dendritic
cells (beige), T (blue) and B (green) lymphocytes, and neutrophils (orange). These cells secrete
numerous MMPs including MMP-1, -3, -7, -9, and -10, which may act in a proteolytic cascade. Evidence
demonstrates their association with lung ECM breakdown, necrosis, and pTB disease severity. MMP-1
drives degradation of fibrillary type I, III, and IV collagen and is the key pulmonary collagenase.
Neutrophil derived MMP-8 also contributes to collagen degradation, and both MMP-1 and -8 are
involved in cavity formation, which facilitates the transmission of Mtb by releasing the bacilli into the
airways. Hypoxia augments monocyte and neutrophil MMP secretion acting through the hypoxia
inducible factor (HIF)-1α transcription factor, an important regulator of the host response to oxygen
deprivation. Mtb also promotes MMP activity via cellular networks involving immune and stromal
cells. For example, lung fibroblasts have demonstrated upregulated MMP gene expression in response
to Mtb infection or in the presence of monocytes infected with Mtb and MMP-1 secretion in response to
Mtb-induced TNF-α.

3.1. Collagen Degradation is an Early Pathological Event Promoted by Cell-Matrix Adhesion in TB

Fibrillar type I, III, and IV collagen are major structural components of the human lung. In order to
develop cavities, these collagen fibers must be cleaved. MMP-1 (also known as interstitial collagenase,
collagenase-1) has emerged as the key MMP causing collagen degradation in pTB. In a recent study,
of all the MMPs evaluated, MMP-1 was the most significantly increased in induced sputum of TB
patients compared to respiratory symptomatic patients and healthy controls, along with MMP-3,
which activates MMP-1 [57]. Further, MMP-1 positively correlated with chest radiograph inflammation
score in HIV-uninfected patients and with sputum acid fast bacilli score and cavity frequency in
HIV-infected and uninfected patients [57]. Procollagen III N-terminal propeptide (PIIINP), a matrix
degradation product released during Type III collagen turnover, was increased in sputum of TB
patients compared to controls and correlated with sputum MMP-1 but not with other sputum MMPs
or cytokines measured, suggesting that MMP-1 is the key collagenase degrading Type III collagen in
the lung [30].

Kubler et al. [32] investigated cavitary formation in a novel rabbit model of pTB, demonstrating
increased MMP -1, -3, -7, -12, and -13 transcription in abnormal lung tissue. MMP-1, followed by
MMP-3, was the most highly upregulated MMP with increased expression in the cavity walls compared
to granulomatous tissue, and MMP-1 was found to be highly abundant in cavitary areas, supporting
human data implicating MMP-1 in cavity formation. In contrast, TIMP-3 expression was lower in the
cavitary compared to granulomatous areas of lung.

Al Shammari et al. [58] examined lung biopsy specimens from pTB patients and demonstrated
that collagen and elastin absence mapped to areas of caseous necrosis. In transgenic mice expressing
human MMP-1 on the scavenger receptor A promoter/enhancer, infection with a pathological strain of
Mtb (recently isolated from a patient) resulted in MMP-1 expression in the lung and development of
granuloma with central areas of tissue destruction containing amorphous cellular debris, consistent
with caseous necrosis. Wild-type or MMP-9-expressing mice infected with the same strain of Mtb
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did not develop this pathology despite a similar extent of pulmonary inflammation, mycobacterial
burden, and cytokine profiles. The primary pathological difference was loss of collagen within the
MMP-1-expressing mouse granulomas. In a 3D extracellular matrix Mtb infection model, the addition
of collagen, but not gelatin, improved monocyte survival after Mtb infection, suggesting that loss of
collagen may promote cell death in TB. Together, this work supports the hypothesis that MMP-1 activity
leads to collagen degradation as a prelude to caseous necrosis in TB rather than as a consequence,
and that the integrity of the ECM may be an important determinant of the host immune response to
Mtb [58].

Following up on this, Brilha et al. [59] found that the ECM regulated MMP activity in TB. Culture
filtrate from Mtb-infected monocytes (CoMtb) increased monocyte adhesion to the extracellular matrix.
Adhesion to Type I collagen increased MMP-1 secretion from Mtb-infected monocytes by 60%, MMP-7
by 57%, and MMP-10 secretion by 90%. Similarly, adhesion to fibronectin (but not Type IV collagen)
increased MMP-1 secretion by 63% and MMP-10 secretion by 55%. Type I collagen adhesion increased
Mtb-driven TIMP-1, but TIMP-2 decreased. Monocyte migration, adhesion, and type I collagen
degradation were dependent on αVβ3-integrin activation, and integrin αVβ3 cell surface expression
increased in Mtb-infected monocytes following adhesion to type I collagen and fibronectin. This
suggests that Mtb infection promotes immune cellular interaction with the ECM propagating ECM
destruction. Whilst plasma concentrations of TIMP-1 are elevated in pTB in adults and children [60,61],
the concentration of antiproteases at the site of disease is evidently insufficient to prevent matrix
destruction, and TIMP-1 concentrations in pulmonary secretions are reduced in TB [27]. In cell culture
experiments, the increase in MMP secretion is not countered by an increase in TIMP-1 secretion [23],
consistent with Mtb skewing the protease-antiprotease balance towards matrix breakdown.

In addition to surface-bound collagenases, MT-MMPs may drive collagen degradation in TB.
MT-MMP-1 (also known as MMP-14) is expressed in TB granulomas [39]. Increased MT-MMP-1
transcript abundance was found in the sputum of pTB patients compared to controls. Mtb infection
increased monocyte cell surface MT-MMP-1 expression and resulted in collagen degradation, which
was largely MT-MMP-1-dependent. CoMtb similarly upregulated MT-MMP-1, which was p38 MAPK
dependent. MT-MMP-1 expression increased cell migration in a cellular model of TB infection, therefore
MT-MMP-1 may contribute to both collagenase activity and cell migration in TB [39].

3.2. Neutrophil-Derived MMP-8 Drives TB Immunopathology

Neutrophils are abundant in the lungs in pTB disease and can be both helpful and harmful in
TB [62–64]. Neutrophil-derived MMP-8 (neutrophil collagenase) has now emerged as the second main
collagenase contributing to TB immunopathology. A systematic investigation of the role of MMP-8 in
TB [38] demonstrated that neutrophils secrete MMP-8 in response to Mtb infection via NF-κβ and in
response to CoMtb, resulting in collagen degradation. Furthermore, elevated MMP-8 found in sputum
from pTB patients correlated well with neutrophil activation markers and TB severity score and
was associated with cavitation and involved with collagen breakdown compared to control sputum.
Neutrophils containing MMP-8 were found at the inner wall of pulmonary cavities in TB patients
and at the center of cavities in areas of caseous necrosis. Pro-catabolic AMP-activated protein kinase
(AMPK) phosphorylation was identified as a key regulator of neutrophil-derived MMP-8, but there
was no evidence of involvement of Akt/phosphoinositide-3-kinase (PI3K) pathway and mTOR/p70S6
kinase [38]. A further study found elevated sputum and plasma MMP-8 in patients with and without
HIV infection, and two studies have implicated MMP-8 in pulmonary immunopathology associated
with TB-associated immune reconstitution inflammatory syndrome (TB-IRIS—see below) [57,65].
In HIV-uninfected patients, elevated plasma MMP-8 was found in TB patients compared to respiratory
symptomatic patients and healthy controls and was found to differ by gender in TB patients, with
elevated MMP-8 in men compared to women [35]. Although men had a longer duration of cough
than women, the association with gender was independent of cough duration. Taken with the
MMP-1 data, these findings suggest that multiple collagenases contribute to lung matrix destruction
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in TB, potentially with macrophage-derived MMP-1 causing initial matrix breakdown and then
neutrophil-derived MMP-8 augmenting lung tissue damage once early cavitation occurs.

3.3. Hypoxia Drives Collagenase Activity in pTB

TB granulomas in several animal models have been shown to be hypoxic [66], but the interplay
with matrix turnover in human TB has only recently been investigated. The MMP-1 promoter
sequence has numerous putative hypoxia response elements, which are hypoxia-inducible factor
(HIF)-1-binding sites as well as NF-κB and activated protein-1 (AP-1)-binding sites [67]. HIF-1α
is a heterodimeric transcription factor, which is a key regulator of the host response to oxygen
deprivation. Positron emission tomography–computed tomography (PET-CT) study of human pTB
lesions with the hypoxia-specific tracer [18F] fluoromisonidazole ([18F]FMISO) has demonstrated
severe hypoxia in radiologically abnormal areas [67]. Experimental hypoxia or HIF-1α stabilization
using dimethyloxalyl glycine (DMOG) increased expression and secretion of MMP-1 in Mtb-infected
macrophages without affecting Mtb growth. A similar effect of experimental hypoxia on MMP-1
secretion in response to Mtb-stimulation (via CoMtb) on normal human bronchial epithelial cells was
observed. Mtb increases HIF-1α accumulation, even in normoxia, and HIF-1α is found in TB granuloma
co-localizing with epithelioid macrophages and multinucleate giant cells [67], demonstrating a complex
interplay between Mtb infection, hypoxia, and matrix breakdown, which together can be predicted to
cause lung cavitation.

Ong et al. [68] recently demonstrated that hypoxia (or HIF-1α stabilization) exacerbates
neutrophil-derived Mtb-driven MMP-8 secretion. The formation of neutrophil extracellular traps
(NETs) in response to direct infection of neutrophils by Mtb was decreased in the presence of
hypoxia, but neutrophil phagocytosis of Mtb was not affected. Furthermore, hypoxia increased
neutrophil survival following Mtb infection compared to normoxia and increased neutrophil-driven
matrix destruction, suggesting that hypoxia in pTB lesions may facilitate Mtb survival and promote
tissue destruction.

3.4. MMP and Cytokine Networks Enhance Tissue Damage in TB

Cellular networks lead to a tissue degrading phenotype in pTB, upregulating MMPs by a number
of pathways without a compensatory increase in TIMPs. Cell-cell networks involving respiratory
epithelial cells and fibroblasts in addition to immune cells result in synergistic MMP upregulation in
TB [3].

MMP-10 (stromelysin-2) was not formerly well studied in TB. However, as a key activator of
MMP-1, recent work demonstrated that MMP-10 drives collagenase activity in cell culture, and its
upregulation in macrophages was induced by virulent Mtb in an ESAT-6-dependent manner via
p38 and ERK MAPK [40]. Elevated MMP-10 was found in respiratory fluids (induced sputum and
BAL fluid) in TB patients compared to respiratory symptomatic controls, suggesting it may play an
important role in human disease operating within a proteolytic cascade.

A recent study by Fox et al. [41] identified a novel role for platelets in amplifying Mtb-driven
MMP-1, -3, -7, and MMP-10, and interleukin (IL)-1β secretion from monocytes without increasing
TIMP-1 and -2 levels. Similar to MMP-10, MMP-3 can activate MMP-1, and thus a predicted outcome
was increased collagenase activity. When Mtb was co-cultured with monocytes and platelets in
a fluorescence model using dye-quenched (DQ) collagen, significantly increased type 1 collagen
degradation was found compared to incubation with monocytes or platelets alone. Platelet-derived
mediators (P-selectin, RANTES, platelet-derived growth factor (PDGF)-BB) were present in BAL fluid
from TB patients at increased concentrations compared to BAL from non-TB respiratory symptomatic
patients and correlated with multiple MMPs (including MMP-1, -8, -9) and IL-1β.

IL-17 is expressed in human TB granulomas [42]. Supplementation with IL-17 enhanced
CoMtb-induced MMP-3 secretion from human distal small airway epithelial cells without
compensatory TIMP-1/2 upregulation. MMP-9 secretion was inhibited by IL-17 while MMP-1, -7,
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and -8 were unchanged. IL-17 enhanced CoMtb-driven MMP-3 upregulation in normal human
bronchial epithelial cells via p38 MAPK-dependent and the PI3K pathway. In fibroblasts, CoMtb-driven
MMP-3 secretion was augmented by both IL-17 and IL-22 [42].

In pleural TB, MMP-1, MMP-9, and TNF-α concentrations were elevated in pleural fluid compared
to pleural fluid from heart failure controls [34]. MMP-1 and -9 were secreted by pleural mesothelial cells
in response to Mtb-stimulation. TNF-α strongly correlated with MMP-1 secretion and was found to be
a potent stimulus of MMP-1 upregulation by pleural mesothelial cells in response to Mtb. In pericardial
TB, concentrations of MMP-1, MMP-2, and TIMP-1 were significantly elevated in pericardial fluid,
while MMP-7 and MMP-9 were higher in blood of patients with and without HIV-infection [69].
Differential abundance was also detected at mRNA level for MMP-2, MMP-9, TIMP-1, and TIMP-2.

In summary, Mtb promotes MMP activity and collagen degradation via cellular networks,
likely involving monocytes, macrophages, neutrophils, platelets, and epithelial cells in the
airways and mesothelial cells in the pleural space. In addition to previously described roles for
monocyte-derived Oncostatin M and TNF-α enhancing MMP-1 secretion from fibroblasts [70],
Mtb-driven (ESAT-6-dependent) MMP-10 and IL-17-augmented MMP-3 may propagate collagenase
activity in cellular networks via MMP-1 activation. An outstanding question is the relative contribution
of direct cellular infection versus intercellular networks in causing lung cavitation in vivo.

Furthermore, whilst macrophages and stromal cells are established sources of MMPs in TB,
the role of T cells in MMP-related pathology is unclear. T cells are critical to an efficacious host
immune response to Mtb, yet they also contribute to immune-mediated tissue damage. To exemplify,
a greater purified protein derivative (PPD) response associates with subsequent development of
pulmonary TB [71] and immune checkpoint inhibition for cancer associates with development of active
TB [72,73]. In contrast, in advanced HIV-induced immunocompromise, pulmonary cavitation rarely
occurs—despite high mycobacterial load within the lung—unless immune reconstitution takes place
with therapy. The knowledge gap defining what comprises a protective T cell response versus what
contributes to MMP-mediated tissue damage is a challenge to the development of rational strategies
that may limit pathology after treatment initiation or alternatively prevent cavitation to break the cycle
of transmission.

3.5. Intracellular Regulation of MMP Activity in pTB

Regulation of MMP-1 along with MMP-3 and MMP-9 by the PI3K pathway in TB has been
investigated in normal human bronchial epithelial cells stimulated by intercellular networks [74].
Inhibition of the PI3K p110α subunit led to increased MMP-1, whereas downstream inhibition of Akt,
mTOR, and p70S6 kinase led to reduced MMP-1. MMP-3 was inhibited by blockade at all three points
in the pathway, whereas MMP-9 was increased by blockade at PI3K p110α subunit, decreased by
blockade at Akt, and increased by blockade at mTOR or p70S6 kinase, indicating that regulation was
complex and possibly involved epigenetic mechanisms [74].

Subsequent work has demonstrated epigenetic control of Mtb-driven MMP-1 and -3 expression
by changes in histone acetylation in macrophages and normal human bronchial epithelial cells in a
cell-type specific manner [75]. Mtb also inhibits negative regulatory pathways in directly infected
human macrophages that function to limit MMP-1 secretion by inducing microRNAs that target PI3K,
mTOR-containing complex 1 (mTORC1), and MAPK-interacting kinase (MNK) pathways, which
together inhibit MMP-1 gene expression [76]. Therefore, Mtb not only increases collagenase activity by
inducing macrophage MMP-1 and -10 secretion via p38 and ERK MAPK, it also effectively switches
off inhibition of MMP-1 gene expression by interfering with PI3K and MNK pathway- regulation of
MMP-1 inhibition [76].

Andrade et al. [37] observed elevated plasma MMP-1 and heme oxygenase (HO)-1 in TB patients
compared to latently TB-infected asymptomatic controls. There was an inverse relationship between
plasma MMP-1 and HO-1, and active TB patients were found to be either plasma MMP-1-high, plasma
HO-1 low, or plasma MMP-1-low, HO-1-high. HO-1 is an antioxidant that catalyses the first step
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of the oxidative reaction that degrades the heme group contained in several proteins (including
haemoglobin and myoglobin) and is immunomodulatory [77]. In vitro, both MMP-1 and HO-1 were
induced in a dose-dependent fashion by Mtb. HO-1 was determined to be ESAT-6-dependent and
required replicating bacilli, whereas MMP-1 secretion did not. In murine macrophages, HO-1-induced
carbon monoxide (CO) production inhibited MMP-1 at the transcriptional level by inhibiting activation
of c-JUN/AP-1, suggesting that Mtb-driven HO-1 may serve to limit MMP-1 [37]. Together, these
findings demonstrate the complexity of MMP regulation with a balance between stimulatory and
inhibitory pathways.

3.6. MMPs as Biomarkers of TB Disease

MMPs have been evaluated as diagnostic biomarkers of active TB. The previously described
study by Sathyamoorthy et al. [35] reported that MMP-8 was the most discriminatory MMP for active
TB in plasma, reporting an area under the curve (AUC) of 0.77 (0.80 for men and 0.72 for women) in
comparison to non-TB respiratory symptomatic patients by receiver operating characteristics (ROC)
curve analysis.

Following the demonstration that plasma PIIINP correlated with radiographic inflammation score
and sputum MMP-1 in pTB, PIIINP was explored alongside other matrix degradation products as a
peripheral biomarker of pTB disease [30]. Plasma PIIINP was combined with procollagen III C-terminal
propeptide (PIIICP), MMP-2, MMP-7, MMP-8, and body mass index (BMI) in a TB prediction model
in comparison to a mixed group of non-TB respiratory symptomatics and healthy controls. The final
model, which included only those variables predictive after adjustment for all the others, included
only MMP-8 and PIIINP, giving an AUC of 0.82 (95% confidence interval CI 0.742–0.922, p < 0.001) by
ROC curve analysis.

In the aforementioned study by Andrade et al. [37], elevated plasma MMP-1 and HO-1 were
highly discriminatory for active TB compared to latent TB. However, the comparator group of
latent TB patients was asymptomatic. In an analysis including patients with other granulomatous
pulmonary conditions, MMP-1 was significantly elevated in active TB (n = 18) compared to patients
with sarcoidosis (n = 48) but not compared with patients with non-TB mycobacterial infection (n = 11).
TIMP-1 has been evaluated in active TB compared to patients with pneumonia. However, the sensitivity
was only 62.3% for a specificity of 45.95% [60]. It is possible that a panel of biomarkers that combine
elements of tissue remodeling (MMPs, TIMPs, and matrix degradation products) may be more helpful
than focus on a single component given the complexity of their interactions.

A limited number of studies to date have evaluated MMPs as biomarkers of treatment response
in pTB. Ugarte-Gil et al. examined sputum MMPs longitudinally in relation to culture conversion and
TBScore (which is associated with mortality risk) in a study of Peruvian patients [31]. Elevated sputum
MMP-2, -8, -9, and TIMP-2 at diagnosis (but not TBScore) and elevated sputum MMP-3, MMP-8,
and TIMP-1 at two weeks were associated with two-week sputum culture positivity. A study of
Taiwanese patients found a modest association between elevated plasma MMP-8 and sputum culture
positivity, both tested at two months [36]. An association between elevated serum MMP-1 and -8
over the first six weeks of treatment and delayed sputum culture conversion has been reported [78].
Further studies to evaluate MMPs and matrix degradation products as biomarkers of TB disease are
in progress.

3.7. MMPs in TB-IRIS

TB is the leading cause of death among HIV-1-infected persons, and the World Health
Organization (WHO) African region accounted for 72% of the global burden of HIV-associated
TB in 2017 [1]. There were 464,633 cases of HIV-TB notified in 2017 globally, and 84% were on
antiretroviral therapy (ART), which is an essential, life-saving intervention for HIV infection. However,
ART-mediated immune system recovery in the setting of Mtb infection may lead to a pro-inflammatory
state in the form of IRIS, presenting as TB-associated IRIS (TB-IRIS), which frequently complicates
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the otherwise beneficial dual therapy for HIV-1 and TB [79]. Two forms of TB-IRIS are recognized:
paradoxical, which occurs in patients established on antituberculosis therapy before ART, but who
develop acute, recurrent, or new TB symptoms and pathology after ART initiation; and unmasking
TB-IRIS in patients not receiving treatment for TB when ART is started but who present with active
TB within three months of starting ART [80]. The most common and most frequently studied form of
HIV-associated IRIS is the paradoxical TB-IRIS with incidence in adults ranging between (19–57%) and
lower incidence in children [81]. A recent randomized controlled trial demonstrated that prednisone
therapy during the first four weeks after the initiation of ART for HIV infection resulted in a lower
incidence of TB-IRIS than placebo without evidence of an increased risk of severe infections or
cancers [82]. The pathophysiology of paradoxical TB-IRIS remains incompletely defined. The majority
of studies evaluating MMPs have been conducted in adults, and this section of the review focuses on
studies related to adult TB-IRIS.

The hypothesis that dysregulated MMP activity may play a role in immunopathology and tissue
destruction in TB-IRIS patients was investigated for the first time by Tadokera et al. [83] through a
comprehensive analysis of MMP-1, -2, -3, -7, -8, -9, -10, -11, -12, and -13 as well as TIMP-1 and -2
gene expression in Mtb stimulated peripheral blood mononuclear cells (PBMC) from 22 patients who
developed paradoxical TB-IRIS compared to 22 similar HIV-TB co-infected, non-IRIS control patients.
Protein secretion in the form of MMP pro-enzyme content was also investigated using multiplex
assays in peripheral blood mononuclear cell (PBMC) culture supernatants and serum samples using
the Luminex platform and ELISA for TIMP-1 and -2. Transcript levels were increased in TB-IRIS
patients for MMP-3, -7, and -10, while protein secretion was higher for MMP-1, -7, -8, and -10 in
stimulated cultures compared to the control patients. Serum MMP-7 concentration was elevated in
TB-IRIS, and two weeks of clinically beneficial corticosteroid therapy [84] decreased this level, although
not significantly.

The association between the development of paradoxical TB-IRIS and increasing MMP-1, -2, -3, -8,
and -9 concentrations during ART was investigated in plasma from a cohort of 148 HIV-infected adults
with advanced HIV and TB before ART initiation and four weeks later [65]. This study found that
median concentrations of MMP-1, -2, and -3 decreased, while MMP-8 and -9 increased significantly
during ART, and a greater early MMP-8 increase was associated with both TB-IRIS development and
decreased long term lung function following TB cure. The results were broadly consistent with the
Tadokera study [83], although in that study, MMP-8 transcript abundance was not increased in IRIS in
Mtb-stimulated PBMC. This is possibly because MMP-8 is predominantly secreted by neutrophils and
present in pre-synthesized granules, thus these changes would not be identified by RNA analysis of
PBMC [38].

A large systematic study of HIV-associated TB that comprised of (i) a cross-sectional study
of HIV-1-infected and uninfected TB patients and controls, and (ii) a prospective cohort study of
HIV-1-infected TB patients at risk of TB-IRIS evaluated plasma and sputum MMP concentrations
using Luminex multiplex assays [57]. The results were analyzed in conjunction with plasma PIIINP
(determined by ELISA), a degradation product of collagen type III known to be released by matrix
destruction in pTB [30]. MMP activity differed between HIV-1-infected and -uninfected TB patients.
In HIV-uninfected TB patients, MMP activity was prominent in the pulmonary compartment and
MMP-1 was dominant, whereas HIV-1-infected TB patients had reduced pulmonary MMP-1, -2, and -9
concentrations and reduced cavitation but increased plasma PIIINP compared to HIV-1-uninfected
TB patients. TB-IRIS was associated with elevated extrapulmonary extracellular MMP concentrations
(measured in plasma) both before and during TB-IRIS onset. Plasma MMP-8 was the most significantly
increased and correlated with plasma PIIINP concentration as well as neutrophil count. This was
likely driven by Mtb antigen, as TB-IRIS patients with a positive urinary LAM (lipoarabinomannan)
result had higher plasma MMP-3, -7, and -8 concentrations compared to urine LAM negative TB-IRIS
patients. Consequently, the compartmentalization of MMP activity differs between immunocompetent
adults, where it is primarily within the lung, whereas in advanced HIV infection, MMP dysregulation
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is more systemic. In an in vitro culture model, Mtb-induced matrix degradation was suppressed by the
MMP inhibitor doxycycline, suggesting MMP inhibition as a possible novel host-directed therapeutic
strategy for preventing and/or treating TB-IRIS [57].

Overall, these studies indicate that TB-IRIS is associated with a distinct pattern of MMP gene and
protein activation. In addition to the beneficial effect of corticosteroid therapy [82], modulation of
dysregulated MMP activity may represent a novel therapeutic approach to alleviate TB-IRIS in HIV-TB
patients undergoing treatment.

4. MMPs in TBM

4.1. The Blood Brain Barrier (BBB)

The BBB is a highly-selective permeability barrier comprised of specialized capillary endothelial
cells with tight junctions, astrocytic foot processes, and pericytes [85]. It is integral in maintaining
homeostasis in the CNS by the stringent regulation of molecular access to prevent entry of
toxins and organisms into the brain. Increased permeability of the BBB is considered a hallmark
of neuroinflammation and CNS infection [85], and research has implicated MMPs in BBB
compromise [86,87]. Astrocytes, which form an integral component of the BBB, are known to
release MMPs in response to disease and may therefore contribute to local damage [12]. Research
into BBB disruption in TBM is sparse, but evidence indicates that MMP levels are increased in
TBM [19,43,44,46,47], suggesting that they play a key role in BBB-breakdown, thereby contributing to the
pathogenesis of TBM. The level and presence of specific MMPs and their inhibitors in the cerebrospinal
fluid (CSF) and blood of patients may therefore be markers of BBB compromise. However, human
studies have not shown association between MMP concentrations and the CSF-serum albumin index,
an accepted index of BBB breakdown [47,52,53].

4.2. MMPs in Neuro-Inflammation

As summarized in Figure 2, MMPs contribute to ECM destruction in CNSTB. The two MMPs that
have been the focus of human TBM research to date include MMP-2 and MMP-9 and their respective
inhibitors, TIMP-2 and TIMP-1. MMP-2, also known as gelatinase-A, is a constitutively-expressed
molecule that is present in large quantities in the normal brain and is found in astrocytes and CSF [9].
MMP-9, or gelatinase-B, is normally absent or present at low levels in the brain. It is found to be
up-regulated during neuroinflammation [6], specifically in conditions such as viral and bacterial
meningitis [88,89]. Together, these gelatinases digest tenascins, proteoglycans, fibronectin, type IV
collagen, and laminin found in basement membranes of the BBB and ECM of the CNS, and thus are
likely to contribute to the degradation of the BBB and tissue destruction [6,19,46]. This BBB degradation
drives cerebral vasogenic oedema and facilitates further influx of blood-derived inflammatory cells
into the CNS. The resultant chronic fibrosis and adhesions (due to exudate formation) contribute to the
complications and neurological sequelae of TBM discussed below. In contrast to MMPs, TIMPs are
widely expressed in many mammalian tissues. In the CNS, TIMP-1 expression is restricted to regions
of persistent neuronal plasticity, such as the hippocampus, cerebellum, and olfactory bulb [11].

Cell culture models suggest that astrocyte and microglial secretion of MMPs does not occur
with direct Mtb infection of these cells but rather in response to Mtb-infected monocytes as part of a
leukocyte-astrocyte and leukocyte-microglia interaction, leading to the release of MMP-9, -1, and -3,
respectively [12,20,21]. This network-dependent MMP expression is driven by pro-inflammatory
mediators including TNF-α and IL-1β and IL-1β’s synergistic interaction with IFN-γ in the case of
MMP-9. The transcription of MMP-9 is regulated by MAPK and NF-κβ [12], while MMP-1 and -3
transcriptional regulation occurs through p38 MAPK pathway, NF-κβ and AP-1 [20,90]. In contrast to
other MMPs, MMP-2 secretion from microglia is inhibited by cytokines, such as TNF-α, through p38,
caspase 8, and NF-κβ signaling [91]. Additionally, TIMP expression is not influenced by these cellular
networks, suggesting a possible shift to matrix degradation in response to TB. MMP-3 may also be
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released by apoptotic neurons, resulting in the activation of microglia [12] and contributing to BBB
breakdown by digesting the basal lamina and tight-junction proteins, specifically claudin-5, occludin,
and laminin-α1 [92]. The breakdown of the BBB facilitates an influx of neutrophils that exacerbate
BBB damage by secreting MMP-9 (also activated by MMP-3) through a monocyte-neutrophil network
regulated by MAPK and Akt-PI3K [21,92]. MMP-9 is also reported to specifically target myelin basic
protein in the white matter, which can negatively affect neuronal myelination [93]. The source of MMP
secretion in the CNS is therefore likely a combination of infiltrating monocytes and neutrophils as well
as resident astrocytes and microglia.

Figure 2. MMPs contribute to extracellular matrix (ECM) destruction in CNS TB. Mtb bacilli cross the
protective blood brain barrier (BBB) through various mechanisms, including in infected monocytes.
In the presence of these infected monocytes and driven by TNF-α and interleukin (IL)-1β, brain
microglia and astrocytes respond as part of a leukocyte-microglia and leukocyte-astrocyte interaction
by secreting MMP-1, -2, and -9, and MMP-1 and -3, respectively. These MMPs contribute to the
breakdown of ECM proteins of the brain parenchyma, including fibronectin, laminin-α1, collagen type
IV, and proteoglycans, and are pro-apoptotic to neurons (indicated in red text as “cell death”) with
the resultant tissue destruction adding to the cerebral inflammatory response. MMP-9 is also known
to attack myelin basic protein (MBP), an integral component of the myelin sheath insulating neurons.
Further, MMPs degrade claudin-5 and occludin, thereby compromising the tight BBB and contributing
to the influx of proteins and water resulting in vasogenic edema, as well as further blood-derived
inflammatory cells, including neutrophils. Neutrophils secrete MMP-9 in the parenchyma as well as
in TB granulomas (tuberculomas), in which Mtb-infected microglia have also been found to secrete
MMP-1 and -3. Contrary to the other MMPs, MMP-2 expression is suppressed through cytokines like
TNF-α. Up-arrow indicates increased concentrations, down-arrow indicates decreased concentrations.

4.3. MMPs in TBM

The role of MMPs in TBM is summarized in Table 1, section B. Elevated MMP-9 concentrations
have been found in the CSF of TBM patients with the degree of elevation correlated with the severity
of disease [50], neurological compromise [19,44], and brain tissue injury [43,44]. Matsuura et al.
demonstrated that concentrations of MMP-2 and -9 as well as TIMP-1 (but not TIMP-2) in the CSF
were increased in patients with subacute (involving tubercle bacilli or mycotic organisms) meningitis
compared with controls, and MMP-9 levels associated with CNS complications (such as disturbances
of consciousness and psychiatric symptoms) [43]. Similarly, a study by Lee et al. demonstrated that
increased MMP-2 and -9 levels in the CSF persisted during the late course of TBM and were associated
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with the development of complications [46]. Price et al. demonstrated that the imbalance of MMP-9
versus TIMP-1 in the CSF of TBM patients correlates with morbidity and mortality [94]. Although
Green et al. found that adjunctive dexamethasone was associated with a significant decrease in CSF
MMP-9 concentrations, they did not find an association between a decline in MMP-9 concentrations
and improved outcome [47].

However, the association of elevated MMP-2 and -9 concentrations with poor outcome is not
consistent across TBM studies, and numerous studies have demonstrated no association between
MMP concentrations and outcome [45,48,52,53]. In fact, Mailankody et al. demonstrated an association
between elevated MMPs and a favorable outcome, and the authors postulated that the MMP
contribution to a leaky BBB may be favorable to anti-TB drug penetration and could therefore offer an
advantage to recovery [52]. In a pediatric TBM study, the beneficial effect of MMPs was corroborated by
a 2.2 times greater likelihood of a better outcome associated with an increase in MMP-9 concentrations
in the early weeks after hospitalization [53]. It is known that MMP-9 can mediate both protective and
pathological immunity at different concentrations and in different age groups [94], and this raises
questions about the role of MMP-9 in pathology—and potentially recovery—at different time points
during the disease course. Similar challenges have been encountered in therapeutically targeting
MMPs in oncology, reflecting the complexity of protease networks in human disease [95].

TBM is often associated with localized TB granulomas (tuberculomas) [96], which demonstrate
elevated MMP-1, -3, and -9 expression [19–21]. In brain biopsies from patients with CNS TB, MMP-1
secretion was highest in the granuloma, and elevated concentrations of MMP-1 and -3 were associated
with microglia in the peri-granuloma region and surrounding brain parenchyma and p38 positive
microglia infiltrating necrotizing TB granulomas [20,91]. Using similar samples, Ong et al. also
demonstrated MMP-9 secreting neutrophil presence in these CNS TB granulomas [21].

4.4. MMPs in TBM-IRIS

TBM-IRIS is a frequent, severe complication of ART in HIV-associated TBM patients. A prospective
study of HIV-infected ART-naive patients with TBM showed that 47% (16/34) of TBM patients
developed TBM-IRIS [97]. Patients who went on to develop TBM-IRIS had higher CSF neutrophil
counts compared with non-TBM-IRIS patients and were more likely to have Mtb cultured from CSF at
TBM presentation. The relative risk of developing TBM-IRIS was 9.3 (CI: 1.4–62.2) if the CSF was Mtb
culture positive, indicating that the condition is driven by Mtb antigen load. This study also showed
that a combination of IFN-γ and TNF-α concentrations measured in the CSF may predict TBM-IRIS,
potentially paving the way for CSF immunodiagnostics. Subsequently, the concentration of 40 immune
mediators in CSF (33 paired with blood) from HIV-infected patients with TBM was determined at
TBM diagnosis, at initiation of antiretroviral therapy (ART, day 14), 14 days after ART initiation, at
presentation of TBM-IRIS, and 14 days thereafter [49]. Among others, MMP-1, -2, -3, -7, -9, -10, -12,
and -13, and TIMP-1 and -2 were analyzed using Luminex multiplex assays in CSF and plasma of
patients who developed TBM-IRIS (n = 16) compared to those who did not (TBM-non-IRIS; n = 18).

Patients who developed TBM-IRIS had higher concentrations of MMP-1, -3, -7, and -10 in their
blood, while MMP-9 and TIMP-1 were higher in CSF relative to blood at the time of TBM diagnosis
and at the time of starting ART, as well as at the time of developing TBM-IRIS symptoms, when their
concentrations increased further. However, CSF MMP-9 concentrations did not decrease following
anti-TB and corticosteroid therapy and continued to rise following ART initiation, suggesting that
more potent and specific therapy may be needed for the management of TBM-IRIS [98]. Overall, both
at TBM diagnosis and at two weeks after ART initiation, TBM-IRIS was associated with severe
compartmentalized inflammation in the CSF, elevated concentrations of cytokines, chemokines,
neutrophil-associated mediators, and MMPs compared with TBM-non-IRIS, and driven by a high
baseline Mtb antigen load [49]. A longitudinal whole-blood microarray analysis of HIV-infected
patients with TBM confirmed the more abundant neutrophil-associated transcripts in patients who
went on to develop TBM-IRIS from before symptom development through to TBM-IRIS symptom
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onset. This study also demonstrated a significantly higher abundance of transcripts associated
with canonical and noncanonical inflammasomes in patients with TBM-IRIS compared to non-IRIS
controls [51]. These findings, reflected at the protein and molecular level, suggest a dominant role for
the innate immune system in the pathogenesis of TBM-IRIS, offer mechanistic insights into the disease,
and inform potential future directions for host-directed therapy. It is notable that when patients with
HIV-associated TBM were compared to those with HIV-associated cryptococcal meningitis, MMP-1
and -3 were more elevated in the former and MMP-10 in the latter, suggesting that MMP profiles may
differ across meningitides of varying etiologies [99].

4.5. Adults and Children

Before the era of HIV, the most important risk factor for TBM was age, with young children
(aged 0–4) bearing the brunt of the disease [100,101]. This is possibly due to children having an
immature immune system less capable of halting TB dissemination after primary infection [100,101].
However, apart from their role in neuro-inflammation, MMPs also play a unique role in normal
brain development. Several animal studies have shown that MMPs, specifically MMP-2, -3, and -9,
have a crucial role in the developing brain. For example, mice lacking MMP-9 have maladapted
neuronal circuitry with simplified dendritic morphology, abnormal synaptic structure and function,
and enhanced excitability [102]. MMP-3 and -2 are expressed in the cortical neurons of young mice
and are required for appropriate axonal outgrowth and orientation [16,103]. Van Hove et al. also
found that MMP-3 deficient mice developed deficits in balance and motor performance related to
abnormal cerebellar development [104]. Despite the high prevalence of TBM in children, MMPs
during pediatric TBM infection have not been well studied. In our recent pediatric TBM study [53],
the positive association between increasing MMP-9 concentrations and good outcome may suggest
a role in recovery and ongoing neurodevelopment, possibly including angio- and myelino-genesis,
the growth of axons and synaptic plasticity. Similarly, the positive correlation found between MMP-2
and TIMP-2 may also suggest a physiological role in remodeling ECM in the developing CNS [53].
However, further studies with appropriate comparison with adults are required.

5. Treatment

5.1. MMP Inhibition in pTB

Multiple host-directed therapies centered on modulating protease activity have been evaluated in
animal models (Table 2) as adjuncts to antibacterial treatment in TB with the prospect of beneficial
immune modulation leading to enhanced bacterial clearance and the reduction of tissue damage
and inflammation, thereby potentially shortening treatment duration [105]. This is challenging given
the complexity of the host immune response. For example, multiple drugs that target upstream
inflammatory pathways can have an effect on MMP expression by indirectly inhibiting their activity
(e.g., prednisone, doxycycline, vitamin D, rapamycin) [106]. Similarly, non-specific immunomodulation
of the host response with corticosteroids has been evaluated in pTB, with most studies showing no
added benefit compared to standard treatment alone [107]. Conversely, in cases of extra-pulmonary TB,
such as TBM and TB pericarditis, adjuvant use of corticosteroids has been shown to reduce mortality
and morbidity, leading to their common use in current clinical practice [108]. Doxycycline, a tetracycline
antibiotic, has been shown to non-specifically inhibit multiple MMPs independently of its antimicrobial
activity [109]. However, doxycycline also has immunomodulatory effects on other host inflammatory
pathways, confounding its potential MMP-specific effects [110]. Walker et al. reported that doxycycline
modulated MMP expression in Mtb-infected cells and reduced mycobacterial growth in vivo [28].
However, additional studies are necessary to evaluate the potential of doxycycline as MMP-inhibitor
therapy in TB. Indirect inhibition of MMPs has also been reported with a phosphodiesterase-4 inhibitor
(CC-3052) in a rabbit model of TB [111]. CC-3052 plus isoniazid significantly reduced the extent of
immune pathology and the expression of MMPs compared with antibiotics alone.
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A more specific approach to evaluating MMP-inhibition in pTB has also been attempted with
multiple specific MMP inhibitors (e.g., batimastat, cipemastat, marimastat) using different animal
models of pTB. However, these studies have generated conflicting data, and the differences in treatment
regimens, bacterial burden, host immune response, and variables measured make direct comparisons
difficult (Table 2).

Initial experiments focused on monotherapy with MMP inhibitors in mouse models of pTB.
Batimastat (BB-94), a potent broad-spectrum inhibitor, showed promising results in cancer models
and was one of the first MMP inhibitors to enter clinical trials [112]. However, its poor solubility
and side effects associated with intraperitoneal dosing led to its discontinuation. In pTB models,
Hernandez-Pando et al. used Mtb-infected Balb/c mice to show a trend towards increased mortality if
the treatment with batimastat was started immediately after infection with Mtb [113]. However, the
increased mortality and histological differences were not evident between treated and control groups
if batimastat was initiated a month after infection. Overall, there was a shift towards a type-2 cytokine
profile and delayed granuloma formation in treated mice compared to controls. Subsequent studies by
Izzo et al. using batimastat in C57BL/6 mice infected with Mtb showed reduced bacterial burden and
smaller granulomas with more collagen deposition at earlier stages (day 40), but no differences were
seen at day 60 post-infection [114]. However, a follow up study by the same group did not observe
a reduced bacterial burden in the same mouse model when batimastat was initiated right after Mtb
infection [115].

Recently, Urbanowski et al. used cipemastat, an orally available MMP inhibitor, in a rabbit model
of cavitary pTB with repeated aerosol exposures to Mtb [116]. Compared to controls, monotherapy
with cipemastat during week five to ten post-infection did not reduce the rates of cavitation evaluated
by CT, mitigate disease severity, or visibly affect the collagen structure of the cavitary wall (examined
post-mortem). Conversely, the cipemastat-treated group had a trend toward worse cavitary disease.
Ordonez et al. used cipemastat monotherapy in the C3HeB/FeJ mouse model that develops cavitary
lesions after aerosol infection with Mtb [117]. Similar to rabbits, cipemastat-treated mice had worse
cavitation and more disease severity compared to controls.

While monotherapy with MMP inhibitors suggested worse outcomes, the use of multiple
MMP inhibitors (marimastat, batimastat, or SB-3CT) in combination with anti-TB therapy have had
synergistic effects in reducing the Mtb burden in a pTB mouse model [118]. While no effect on bacterial
burden was observed with marimastat treatment alone, its combination with isoniazid significantly
reduced lung colony forming units compared to isoniazid alone. Marimastat also reduced vascular
leakage surrounding TB granulomas and increased the concentration of isoniazid in Mtb-infected
lungs compared to controls. Similarly, targeting MMP-9 with a specific antibody in addition to anti-TB
therapy (rifampin, pyrazinamide, and isoniazid) reduced pulmonary bacterial burden and significantly
lowered relapse rates in a cavitary mouse model of pTB [117]. Therefore, MMP inhibition in conjunction
with antibiotic therapy may be beneficial, whilst MMP inhibition monotherapy seems to be harmful,
further demonstrating the complexity of events in vivo and the importance of performing translational
preclinical studies that most closely reflect the intended therapeutic use in patients.
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5.2. MMP-Inhibition in CNS TB

Given the important role MMPs have in the degradation of the BBB and tissue destruction in CNS
TB, MMPs are a possible target for adjunctive treatment. In vitro CNS TB studies have demonstrated
that dexamethasone leads to a decrease in MMP-1 and -3 mRNA expression and secretion without
impacting TIMP expression. This has been suggested as a mechanism by which steroids improve
short-term mortality from TBM [20]. NF-κβ inhibition and anti-TNF-α have been shown to decrease
neutrophil expression of MMP-9, which is postulated as one mechanism by which to decrease CNS
destruction [21]. Given the pro-inflammatory network involvement in MMP-9 expression, it has been
suggested that targeting this network may offer opportunities for MMP regulation without directly
interfering with the role of MMPs in the host defense against Mtb [12]. In TBM-IRIS, protein and
transcriptome studies have highlighted the role of a neutrophil driven and inflammasome-associated
inflammatory response in disease pathogenesis [49,51]. ECM destruction due to neutrophil secretion of
MMP-9 is suggested to contribute to brain tissue damage, and pyroptosis driven by caspase-1 secretion
may cause further injury. Agents specifically targeting the inflammasome could therefore offer another
potential avenue for host-directed therapy.

Although MMP secretion may be affected by several medications, there has also been interest in
developing drugs to specifically target MMPs. Paul et al. evaluated the effect of the MMP inhibitor
Batimastat (BB-94) on BBB breakdown (as measured by Evans Blue leakage) and increased intracranial
pressure (ICP—measured via catheter) using a rat model of meningococcal meningitis. The disruption
of the BBB (and subsequent pathological changes) was ameliorated in animals treated with BB-94 in a
dose-dependent manner [120]. Majeed et al. used an MMP-9 specific inhibitor SB-3CT [50,121], which
appeared more effective than dexamethasone in that it suppressed MMP-9 and enhanced the effect of
anti-TB drugs on clearing TB bacilli [121].

6. Conclusions

Evidence suggests that MMPs are an important component of the inflammatory response to
Mtb infection and the consequent breakdown of the ECM in both the lungs and the brain. Their
potential role in brain development suggests that MMPs may be relevant in both normal physiology
and pathophysiology. However, they form part of an elaborate network of inflammation and injury
and constitute one element of a complex inflammatory process in TB. A better understanding of what
contributes to MMP-mediated tissue damage and the role of MMPs in the broader disease context is
needed to develop targeted treatment strategies that may limit pathology or prevent cavitation and
transmission without the risk of unexpected effects.
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Abstract: MT4-MMP (or MMP17) belongs to the Membrane-Type Matrix Metalloproteinase (MT-MMP)
family. This family of proteases contributes to extracellular matrix remodeling during several
physiological processes, including embryogenesis, organogenesis, tissue regeneration, angiogenesis,
wound healing, and inflammation. MT4-MMP (MMP17) presents unique characteristics compared to
other members of the family in terms of sequence homology, substrate specificity, and internalization
mode, suggesting distinct physiological and pathological functions. While the physiological functions
of MT4-MMP are poorly understood, it has been involved in different pathological processes such as
arthritis, cardiovascular disease, and cancer progression. The mt4-mmp transcript has been detected
in a large diversity of cancers. The contribution of MT4-MMP to tumor development has been
further investigated in gastric cancer, colon cancer, head and neck cancer, and more deeply in breast
cancer. Given its contribution to different pathologies, particularly cancers, MT4-MMP represents
an interesting therapeutic target. In this review, we examine its biological and structural properties,
and we propose an overview of its physiological and pathological functions.

Keywords: MT4-MMP; cancer; diseases

1. Introduction

The integrity of interstitial compartments is crucial for tissue homeostasis. The perturbation of
the extracellular matrix and its related components destabilizes this balance, leading to pathogenesis.
Matrix Metalloproteinases (MMPs) are the main remodeling enzymes of the extracellular matrix. This
protease family counts more than 20 members, and most of them are secreted in the extracellular
microenvironment. The membrane-type MMP (MT-MMPs) are associated to the membrane by a
transmembrane domain, an amino-terminal link, or a glycosylphosphatidylinositol anchor (GPI).
Together, secreted or attached to the membrane, MMPs can directly cleave almost all components
of the extracellular matrix (ECM). However, the GPI anchor confers to MMPs a unique location in
the lipid raft, giving access to a specific set of substrates. Only two MT-MMPs display this anchor:
MT4-MMP (MMP-17) and MT6-MMP (MMP-25). In this review, we focus on MT4-MMP. Discovered
more than 20 years ago, this protease aroused interest only a decade ago [1–4]. MT4-MMP exhibits
unique characteristics, which distinguishes it from other MMPs. Unlike the others, it is unable to
activate pro-MMP2 and cleaves only a few ECM components [5,6]. Its sensitivity to tissue inhibitors
of metalloproteinases (TIMPs) is also different, with MT4-MMP being more sensitive to TIMP1 than
TIMP2 [6,7]. These differences are probably due to the least degree of sequence identity [1]. MT4-MMP
has been involved in inflammation and angiogenesis, contributing to associated pathologies such as
osteoarthritis and atherosclerosis, as well as thoracic aortic aneurysms and dissection (TAAD) [2,8,9].
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Interestingly, inflammation and angiogenesis are two pillars of tumor development. The mt4-mmp
transcript has been detected in prostate carcinomas, oral carcinomas, osteosarcomas, gastrointestinal
adenocarcinomas, embryonal carcinomas, leukemias, lung carcinomas, glioblastomas, cervical
carcinomas, melanomas, adrenal adenocarcinomas, and thyroid carcinomas [3,10–12]. MT4-MMP was
first described in breast cancers [1], in which it has been more widely investigated compared to the
other cancers. The pro-angiogenic and pro-metastatic functions of MT4-MMP have been highlighted
in breast cancer [4,13]. MT4-MMP-mediated metastatic dissemination has been also pointed out in
colon cancer and head and neck cancer [3,11]. All these data propel MT4-MMP onto the stage of future
potential therapeutic treatments.

2. Characteristics of the MMP family

The MMPs are endopeptidases characterized by the presence of a zinc ion in the catalytic domain.
Twenty-four members have been identified and are separated into two different groups: The soluble
MMPs (MMP-1, -2, -3, -7, -8, -9, -10, -11, -12, -13, -19, -20, -21, -22, -27, and -28) and the MMPs linked to
the membrane by a transmembrane domain (MMP-14, -15, -16, and -24), a glycosylphosphatidylinositol
(GPI) anchor (MMP-17 and -25), or an amino-terminal signal peptide (MMP-23A and -23B). The groups
are shown in Figure 1.

Figure 1. Classification of different Matrix Metalloproteinases (MMPs) according to their structure.
Matrix Metalloproteases are either soluble (MMPs) or membrane-tethered (MT-MMPs). MMP14
(MT1-MMP), MMP15 (MT2-MMP), MMP16 (MT3-MMP), and MMP24 (MT5-MMP) are attached to the
cell membrane by a transmembrane domain. MMP17 (MT4-MMP) and MMP25 (MT6-MMP) are linked
to the cell membrane by a glycosylphosphatidylinositol anchor (GPI).

The MMPs share common structures including: (1) The pre-domain, an N-terminal sequence
driving the MMP to the endoplasmic reticulum (ER); (2) the pro-domain, keeping enzymes in an
inactive form; and (3) the catalytic domain, implicated in the recognition and cleavage of substrates.
These are shown in Figure 2.
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Figure 2. Structural domains of MT4-MMP, including the pre-domain or signal peptide (amino acids 1 to
41), the pro-domain (42–128), the catalytic domain with a zinc ion (129–297), a linker (298–333) containing
the furin site (R–X–K/R–R), the hemopexin domain (334–535), and the glycosylphosphatidylinositol
(GPI) anchored to the membrane (572–605).

The catalytic domain is characterized by a consensus sequence “HEXXHXXGXXH”, which
allows the linking of a zinc ion. The presence of a zinc ion facilitates the binding of H2O molecules,
thus providing the hydrolytic reactions of peptides and substrates [14]. Except for MMP-7, -26, and
-23, all MMP family members display an hemopexin domain known to play a role in substrate
recognition, proteolytic activity, and inhibitor binding. The GPI-anchored MT4-MMP displays unique
features as compared to other MT-MMP members [15]. First, MT4-MMP is distantly related in its
amino acid sequence to the other members. The catalytic domain displays less than 40% sequence
identity, while the sequence identity is more than 65% among the other MMP members [1]. Second,
MT4-MMP is unable to process pro-MMP2 into its active form, in contrast with MT1-, MT2-, MT3-,
and MT5-MMP [5,6,16]. The pro-MMP2-activating MT-MMPs contain eight amino acids located in the
catalytic domain, the so-called “MT-loop”, which are lacking in MT4-MMP [17]. It has been reported
that the pro-MMP2 activation is impaired when the MT-loop of MT1-MMP is deleted or inhibited
by neutralizing antibodies [18]. These results are consistent with the capacity of the MT-Loop of
MT1-MMP to interact with the fibronectin-like domain of pro-MMP2. Furthermore, a mutation in the
MT-Loop of MT1-MMP impairs pro-MMP2 activation [19]. Thirdly, unlike other MMPs, MT4-MMP
has a small repertoire of substrates among the ECM, with the exception of weak hydrolyzing capacities
against fibrinogen, fibrin, and gelatin [5,6]. However, MT4-MMP is efficient in the cleavage of proTNF,
ADAMTS4, α-2-macroglobulin, low density lipoprotein receptor-related protein, osteopontin, and
cartilage oligomeric matrix protein, as detailed in Table 1 [2,5,6,8,20,21]. Interestingly, a soluble
MT4-MMP form has been abundantly detected in the media of cells overexpressing active MT4-MMP,
but not in the media of cells overexpressing its inactive form [22]. These data suggest that MT4-MMP
is able to process itself by an active autocleavage. Finally, MT4-MMP is most potently inhibited by
TIMP1 rather than TIMP2 or TIMP3, unlike the pro-MMP2-activating MT-MMPs that are efficiently
inhibited by TIMP-2, -3, and -4, but not by TIMP-1 [6,7].

67



Int. J. Mol. Sci. 2019, 20, 354

Table 1. Overview of identified substrates of MT4-MMP.

Substrates References

ECM substrates:
Gelatin Wang et al., 1999 [5]
Fibrin English et al., 2000 [6]
Fibrinogen English et al., 2000 [6]

Other substrates:
proTNF Wang et al., 1999 [5]

English et al., 2000 [6]
COMP English et al., 2000 [6]
α-2-macroglobulin English et al., 2000 [6]
LRP1 Rozanov et al., 2004 [20]
ADAMTS4 Gao et al., 2004 [2]

Patwari et al., 2005 [23]
Clements et al., 2011 [24]

MT4-MMP Host et al., 2012 [22]
Osteopontin Martin-Alonso et al., 2015 [8]

Papke et al., 2015 [25]
Thrombospondin 4 Martin-Alonso et al., 2015 [8]
αM integrin Clemente et al., 2018 [9]

3. Biosynthesis and Trafficking

MMPs are synthetized as inactive zymogens. The inactive form is maintained by the interaction
between the cysteine sulfhydryl group in the pro-domain and the zinc ion bound to the catalytic domain.
The activation of MMPs requires a proteolytic cleavage of their pro-domain [26]. The MT4-MMP
contains a furin consensus sequence (R–X–K/R–R) and can be activated by furin [7,27]. The precursor
form (69 kDa) is found in the ER and in the Golgi compartment, while the processed form (58 kDa)
is present at the membrane [12]. The biosynthesis of GPI proteins such as MT4-MMP follows a
unique pathway that starts in the ER and finishes in the Golgi [28]. The mature GPI protein is finally
transported to the cytoplasmic membrane by endoplasmic vesicles. In the lumen of the ER, the nascent
protein is attached to a preformed GPI present in the inner membrane of the ER by a GPI transamidase.
The preformed GPI is then modified following different steps to reach a mature form. The acyl chain
is removed by PGAP1 (Post-GPI attachment to proteins 1) and the ethanolamine phosphate chain is
released by PGAP5. After arrival in the Golgi, the unsaturated acid is replaced by a saturated fatty
acid under the actions of PGAP3 and PGAP2, as illustrated in Figure 3 [28]. The fatty acid remodeling
is essential for the incorporation of GPI-anchored proteins into lipid rafts, conferring to them the
ability to interact with and degrade specific components of the raft environment. During this process,
MT4-MMP is also N-glycosylated at the Asn318 site [12].

Saturated Acyl-chain

Ethanolamine phosphate

TA PGAP1 PGAP5

Unsaturated acyl-chain

PGAP3 PGAP2

MT4-MMP

Figure 3. The biosynthesis of the glycosylphosphatidylinositol anchor on the MT4-MMP.
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While MT4-MMP has been shown to colocalize with caveolin-1, a major structural protein
associated with lipid rafts in mammalian cells, MT4-MMP internalization is independent of the
caveolin-1 pathway [29]. Indeed, its internalization is not disturbed by filipin III, a caveolae pathway
inhibitor. Similarly, treatment with chlorpromazine, an inhibitor of the clathrin pathway, does not block
MT4-MMP internalization. Moreover, no colocalization of MT4-MMP and clathrin has been observed.
MT4-MMP internalization involves a clathrin-independent carriers/GPI-enriched early endosomal
compartments (CLIC/GEEC) pathway commonly used for GPI-anchored protein endocytosis, which is
shown in Figure 4 [29]. The silencing of CDC42, Rac1, and RhoA, three regulators of the CLIC/GEEC
endocytic pathway, disturbs MT4-MMP internalization. This implication of the CLIC/GEEC pathway
in MT4-MMP internalization is up till today unique in the MMP family, further underlying the specific
features of this membrane-associated enzyme. MT4-MMP present at the cell surface is internalized
in early endosomes, and part of the enzyme is intracellularly autodegraded or recycled to the cell
surface [29]. We and others have demonstrated the key role of the cysteine residue C564 in MT4-MMP
dimerization, whereas the effect of its demonization on its activity is still unknown [29,30].

 

Figure 4. Biosynthesis and trafficking of MT4-MMP. MT4-MMP is associated to the
glycosylphosphatidylinositol anchor in the endoplasmic reticulum (ER) and the Golgi (G) before
being brought to the membrane. MT4-MMP can form homodimers, but the switch of cysteine
with a serine prevents the dimerization. The protease is internalized by the clathrin-independent
carriers/GPI-enriched early endosomal compartments pathway (CLIC/GEEC). In the cytoplasm, the
protease is degraded or recycled at the membrane. N: Nucleus.

4. Physiological Expression and Functions of MT4-MMP

The spatiotemporal expression of mt4-mmp during murine embryonic development has been
linked to its key role in angiogenesis, limb development, and brain formation [31]. The implication of
MT4-MMP in the neuronal system is not limited only to the brain, but also involved in the migration
of neural crest cells during embryogenesis of the zebrafish. Indeed, its inhibition by morpholino or
by broad spectrum MMP inhibitors (Marimastat and ONO-4817) results in aberrant neural crest cell
migration, with minimal changes in cell proliferation or apoptosis [32]. In transgenic mouse models
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expressing different types of retinal ganglion neurons with distinct directional migration, mt4-mmp
transcripts have been identified in retinal ganglion cells with preferences for nasal motion, but not for
ventral motion [33]. These data suggest a role of MT4-MMP in the orientation of the retinal ganglion
neuron migration [34]. Overall, MT4-MMP-deficient mice grow normally and display a normal
appearance, behaviour, life span, and fertility [21]. The unique observable effect in this model is a
hypodipsia with a decreased daily urine output. While the kidney function is normal and MT4-MMP is
expressed in the hypothalamus, which regulates thirst, it has been proposed that MT4-MMP may play a
role in thirst regulation [35]. The expression of MT4-MMP is prominent in the brain, lungs, and uterus,
and is transitional in the spleen, stomach, intestines, and reproductive organs [1,21]. MT4-MMP is also
detected in human eosinophils, lymphocytes, monocytes, and macrophages, suggesting a role of this
protease in inflammation [1,6,9,21,36,37]. Its expression in eosinophils is increased upon stimulation
with TNF-α [37]. While the expression of MT4-MMP has been linked to different physiological processes,
the mechanisms underlying these processes are still unknown. In contrast, more investigations were
dedicated to understanding the role of this protease in pathologies, and several mechanisms were
unravelled and will be described in this review and summarized in Table 2. The mechanism of action
of MT4-MMP is not only related to its proteolytic activity, but also to its non-proteolytic function. We
previously demonstrated that MT4-MMP is a key precursor and partner of Epidermal Growth Factor
Receptor (EGFR), and enhances its activation leading to cancer cell proliferation in a non-proteolytic
activity [38]. Future studies aiming at targeting these two functions will further define its relevance in
cancer and diseases.

Table 2. Proteolytic and non-proteolytic functions of MT4-MMP in different pathologies.

Diseases Proteolytic Functions Non-Proteolytic Functions Unknown

Breast cancer Angiogenesis 1,2, Metastatic
dissemination 1,2 Cell proliferation 3

Colon cancer Metastatic dissemination 4

Head and neck
cancer

Metastatic dissemination 5,
Hypoxia 5

Osteoarthritis Processing of ADAMTS4 p68
isoform 6,7,8

Thoracic aortic
aneurysms and
dissections

Processing of osteopontin 9,10

Atherosclerosis Processing of αMintegrin 11

1 Chabottaux et al., 2009 [4], 2 Host et al., 2012 [22], 3 Paye et al., 2014 [38], 4 Nimri et al., 2013 [11], 5 Huang et al.,
2009 [3], 6 Gao et al., 2004 [2], 7 Patwari et al., 2005 [23], 8 Clements et al., 2011 [24], 9 Martin-Alonso et al., 2015 [8],
10 Papke et al., 2015 [25], 11 Clemente et al., 2018 [9].

5. Osteoarthritis

Articular cartilage function depends on ECM homeostasis that is dependent on a fine-tuned
equilibrium between synthetic and degradative processes. Osteoarthritis (OA) is characterized by
inflammation and a degradation of cartilage resulting from an increase of aggrecanase activity.
Accordingly, MT4-MMP has been described with an aggrecanase activity, suggesting a role in cartilage
homeostasis [2]. In OA, both mt4-mmp mRNA and the protein were found upregulated in this
pathology [24,39]. Mt4-mmp transcripts are detected in human OA cartilage, but not in intact control
cartilage [24]. Patwari et al. demonstrated that interleukin-1 (IL-1) considerably increases MT4-MMP
expression in articular cartilage disk explants obtained from the femoropatellar groove of calves and in
the conditioned medium [23]. Similar results were observed in C57BL6/Jax mice injected with IL-1 [24].
MT4-MMP is able to cleave the ADAMTS4 p68 isoform, which possesses relatively poor aggrecanase
activity, to generate the ADAMTS4 p53 isoform, which is the highly active form [2]. In inflammatory
conditions, the amount of total ADAMTS4 protein is not modulated. However, the ADAMTS4
p53 isoform is more abundant than the p68 isoform, reflecting an increaseof aggrecanase activity.
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The generation of the p53 isoform is directly linked to MT4-MMP expression. Indeed, MT4-MMP
null mice are protected from IL-1-induced cartilage aggrecanolysis [24]. All these data imply the role
of MT4-MMP in the regulation of aggrecan processing under inflammatory contexts, and open new
therapeutic perspectives in osteoarthritis treatment.

6. Thoracic Aortic Aneurysms and Dissections

The role of MT4-MMP in the regulation of vessel stability in cancer and vascular diseases is
well established [4,22,40]. More recently, its role in the thoracic aortic aneurysms and dissections
(TAAD) has been reported in an elegant study by Martin-Alonso and colleagues, who performed
screening of 58 patients with inherited predispositions to TAAD and identified a missense mutation
R373H in the mt4-mmp gene that prevents the expression of the protease [8]. In a genetic mouse
models of MT4-MMP loss of function, dilated aortas are observed, with dysfunctional vascular
smooth muscle cells (VSMCs) and ECM changes [8,21]. Moreover, these mice are hypotensive and
display an adventitial fibrosis as described in other mouse models of TAAD [41]. Furthermore,
MT4-MMP expression is detected in periaortic progenitors during embryogenesis, suggesting a role of
MT4-MMP in the early construction of the aortic wall and VSMC maturation. While no TAAD are
observed spontaneously in MT4-MMP-deficient mice, its incidence is increased in MT4-MMP-null
mice compared to the wild type mice when vessel wall stress is induced by angiotensin-II treatment.
In another model of vascular injury triggered by ligation of the carotid artery, MT4-MMP-null mice
display an alteration of vascular remodelling, characterized by a neointima more prominent in the
carotid arteries and increased VSMC proliferation. Among the vascular substrates of MT4-MMP,
osteopontin has been identified. This protein is expressed in the vessel wall, including in the embryonic
aorta, and is associated with VSMC migration and differentiation, and more interestingly with aortic
aneurysm [42–45]. Parallel to the increase of osteopontin fragments mediated by MT4-MMP cleavage
in the aorta, an increase of c-Jun N-terminal kinase (JNK) phosphorylation is observed, highlighting
a signalling pathway activated by MT4-MMP during VSMC maturation. Finally, the restoration of
MT4-MMP expression by lentivirus partially rescues the vessel-wall phenotype, providing the way for
new therapeutic strategies [8,25]. Atherosclerosis can be associated with TAAD [46,47]. Interestingly,
the absence of MT4-MMP expression in mice is correlated with the recruitment of patrolling monocytes
and lipid deposits in atherosclerotic plaques. Indeed, MT4-MMP cleaves αM integrin at the surface
of crawling monocytes, inducing their detachment and the loss of their function in the regulation of
atherosclerosis [9].

7. Cancer

7.1. Gastric Cancer

Wang et al. investigated the expression of mt4-mmp transcripts and proteins in 42 cases of gastric
cancer and normal tissues, and 40 cases of atrophic gastritis [48]. Interestingly, no difference in
MT4-MMP expression is observed between normal tissues and atrophic gastritis cases. However, its
expression is higher in gastric cancer patients than in normal and atrophic gastritis tissues. This study
highlighted an association of MT4-MMP expression with the depth of tumor invasion, lymph node
metastasis and serosal involvement of gastric cancer patients [48]. In an experimental model of gastric
cancer cell lines exposed to oxidative stress in vitro, the expression of MT4-MMP was increased among
other MMPs and β-catenin, suggesting a potential role of this enzyme in the pathogenesis of gastric
cancer, dependent on the continuous exposure of the mucosa to oxidative stress [49].

7.2. Colon Cancer

MT4-MMP is expressed in lipid rafts of highly metastatic colon cancer cell line HM-7, but not
in the parental lower metastatic cell line LS174T, suggesting a role of MT4-MMP in the metastatic
dissemination of colon cancer [11]. Inversely, caveolin-1 is not expressed in metastatic HM-7 cells
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and weakly expressed in the cytosolic fraction of parental LS174T cells. Interestingly, the restoration
of caveolin-1 expression in metastatic HM-7 cells inhibits MT4-MMP expression in the lipid rafts,
suppressing the metastatic phenotype of colon cancer cells. While the role of caveolin-1 in MT4-MMP
trafficking has been excluded [29], the impact of caveolin-1 on MT4-MMP expression could be explained
by other mechanisms, including the regulation of mt4-mmp transcription or translation, or the release
of MT4-MMP from the membrane by proteases or phospholipases, which all can be regulated by
caveolin-1 activity [11].

7.3. Head and Neck Cancer

Huang et al. described an unprecedented link between hypoxia and the regulation of MT4-MMP
expression in head and neck cancer [3]. The experiments on hypopharyngeal squamous cell carcinoma
(FADU) and tongue squamous cell carcinoma (SAS) showed an increase of mt4-mmp transcripts and
proteins in hypoxic conditions or under constitutive expression of HIF-1. In reverse, HIF-1 silencing
decreases MT4-MMP expression. Among the key regulators of hypoxia, SLUG has been identified
as the major factor responsible for hypoxia and HIF-1α-induced MT4-MMP expression. Indeed,
SLUG activates the transcription of mt4-mmp through direct interaction with the E-box located in the
promoter of the mt4-mmp gene. Interestingly, MT4-MMP silencing reduces HIF-1α- or SLUG-induced
invasiveness and lung dissemination of cancer cells. In a retrospective clinical study, MT4-MMP and
HIF-1α colocalized in 20 out of 68 patients, and the colocalization of the both proteins was associated
with poor overall survival [3].

7.4. Breast Cancer

Chabottaux et al. investigated the expression of MT4-MMP in 21 samples of healthy breast tissue
and 63 breast adenocarcinomas [13]. Immunohistochemistry staining revealed a higher expression of
MT4-MMP in breast adenocarcinomas, while healthy breast tissues presented a negative to moderate
positivity [13]. Interestingly, the overexpression of MT4-MMP in MDA-MB-231 cells (triple-negative
breast cancer cell line) promotes cell proliferation in the 3D matrix in vitro and in subcutaneous
xenografts [13,38]. Moreover, MT4-MMP expression induces lung metastases by destabilizing blood
vasculature, characterized by an enlargement of blood vessel lumens and pericyte detachment [4].
While no differences in the production of key angiogenic modulators (VEGF, PDGFR, FGF, and
their receptors) were detected, expression of human thrombospondin-2 (TSP-2) is decreased in
MT4-MMP xenografts. This result fits with the decrease of this anti-angiogenic factor that has been
associated with impaired vascular integrity and permeability in mouse models [50]. Moreover,
genetic deletion of TSP-2 in knock-out mice favors tumor growth, metastasis, and angiogenesis [51,52].
Interestingly, Salz et al. found that the transcription of different MMPs, including mt4-mmp, is regulated
by hSETD1A, a methyltransferase overexpressed in metastatic human breast cancer cell lines and
patients [53]. The silencing of hSETD1A decreases H3K4 methylation in promoters, decreasing MMP
transcription and leading to decreased cell migration and invasion in vitro, and a reduction of lung
metastases in mice [53]. Host et al. provided evidence for the requirement of proteolytic activity for
MT4-MMP-mediated proangiogenic and prometastatic effects [22]. In sharp contrast, MT4-MMP has
been reported to exert mitogenic effects on triple-negative breast cancer cells that are independent of
its proteolytic activity. Indeed, MT4-MMP stimulates cell proliferation by interacting with EGFR and
enhancing its activation in response to its ligands, Epidermal Growth Factor (EGF) and Tumor Growth
Factor (TGF) [38]. Moreover, superimposition of EGFR and MT4-MMP has been observed in human
triple-negative breast cancer (TNBC) patients [54]. Interestingly, MT4-MMP expression has been
recently identified as a biomarker for TNBC patient responses to chemotherapy and to a combination
of anti-EGFR drugs such as Erlotinib and Palbociclib, an inhibitor of Cyclin-dependent kinases 4 and
6, which are involved in the cell cycle [54,55]. These recent data highlight the clinical relevance of
using the MT4-MMP/EGFR axis to select patients who could benefit from specific combinations of
targeted therapies.
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8. Clinical Inhibitors of MMPs

Almost thirty years ago, MMPs were viewed as interesting targets for therapeutic compounds.
Rationally, the TIMPs, endogenous inhibitors of MMPs, have been considered as potential treatments.
Unfortunately, the development of clinical drugs has been aborted due to technical difficulties with
the production and use of these proteins [56]. Also, studies on TIMPs have revealed dual functions
in inhibiting or promoting cancer progression through several mechanisms involving intracellular
signalling that are independent from their inhibitory activity of MMPs [57–59]. Other natural inhibitors
have been taken into consideration, such as Neovastat, a molecule extracted from shark cartilage, which
prevents angiogenesis and metastases. These anti-tumor effects are not only due to the inhibition of
MMPs, but also the inhibition of VEGF [60]. Another natural compound is Genistein, a soy isoflavonoïd
that blocks tumor growth and invasions by altering, among other things, the expression and the activity
of MMPs and TIMPs [61,62]. Rapidly, synthetic inhibitors of MMPs have been produced and tested in
different clinical trials [63]. However, those clinical trials using broad-spectrum MMP inhibitors were
disappointing despite the promising preclinical studies. The clinical benefit was not convincing, and
the secondary effects were intolerable [64]. The new generation of MMP inhibitors are designed to
be more selective to decrease the secondary effects [65]. Monoclonal antibodies specifically directed
against the catalytic domains of MT1-MMP or MMP-9 were promising in vitro and in vivo [66,67].
To date, only monoclonal anti-MMP-9 (GS-5745; Gilead Science) is being investigated in clinical trials.
More recently, an antibody directed towards active MMP-13 has been produced and characterized [68].
Interestingly, MT4-MMP is emerging as a marker of interest to select patients who could benefit
from specific combinations of existing treatments [55]. These findings hold new promise in the field
of MMPs.

9. Discussion and Perspectives

The specific roles of MMPs and their inhibitors in cancer progression are widely recognized [69].
Although the family of human MMPs is composed of 25 enzymes, only five MMPs, including four
soluble forms (MMPs-1, -2, -9, and -13) and a membrane form (MT1-MMP), were intensively studied.
This interest in these MMPs is linked to their overexpression identified on the basis of the genomic
and transcriptomic data collected on different types of human cancers [70]. Because of its membrane
localization and its pericellular proteolytic action, MT1-MMP has been the subject of intensive studies
that have elucidated its primordial role in the migration of cancer cells [71,72]. The search for scientific
publications in the national center for biotechnology information (NCBI) database by combining the
terms “MT1-MMP” and “cancer” reveals 340 articles from 1998 to the present. On the other hand,
only 60 scientific articles are proposed for MT4-MMP in cancer. The low interest for this protease
is due to the fact that the overexpression of MT4-MMP was not detected in transcriptomic studies.
However, analyses by immunohistochemistry showed that the protein is very abundant in the tumor
compartment of human breast cancers [13,38,54]. Several hypotheses can be envisaged, such as: (1)
The existence of several transcripts resulting from alternative splicing that would not be detected in
the transcriptomic analyses, (2) post-transcriptional regulation via miRNAs, (3) translation control,
and/or (4) epigenetic mRNA changes [73]. Since 2006, special attention has been brought to the study
of MT4-MMP, which has been identified in experimental models of mammary cancers as a driver of
metastasis [4,13]. In addition, this protease has unique biochemical characteristics that distinguish it
from other MMPs, suggesting different functions [15]. First, MT4-MMP is anchored to the membrane
by a GPI anchor, a feature only shared with MT6-MMP, and second, unlike most MT-MMPs, MT4-MMP
is inefficient in the activation of pro-MMP2 and hydrolyses very few ECM components [5,6]. Moreover,
its sensitivity to TIMPs is different from that of other MMPs [6,7]. One of the plausible explanations
for this specificity of MT4-MMP is the low-percentage sequence homology of its catalytic domain
compared to other MMPs [1]. All these data suggest that MT4-MMP presents unique functions and
different substrates, promoting different pathologies, particularly in tumor progression. All these data
support the development of blocking molecules to counter the effects of MT4-MMP. The pathological
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functions of this protease depend mainly on its proteolytic activity. Interestingly, the catalytic domain
of MT4-MMP possesses a distinct sequence to the other MMPs, allowing the development of specific
inhibitors as function-blocking antibodies.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Puente, X.S.; Pendas, A.M.; Llano, E.; Velasco, G.; Lopez-Otin, C. Molecular cloning of a novel membrane-type
matrix metalloproteinase from a human breast carcinoma. Cancer Res. 1996, 56, 944–949. [PubMed]

2. Gao, G.; Plaas, A.; Thompson, V.P.; Jin, S.; Zuo, F.; Sandy, J.D. ADAMTS4 (aggrecanase-1) activation on
the cell surface involves C-terminal cleavage by glycosylphosphatidyl inositol-anchored membrane type
4-matrix metalloproteinase and binding of the activated proteinase to chondroitin sulfate and heparan sulfate
on syndecan-1. J. Biol. Chem. 2004, 279, 10042–10051. [PubMed]

3. Huang, C.H.; Yang, W.H.; Chang, S.Y.; Tai, S.K.; Tzeng, C.H.; Kao, J.Y.; Wu, K.J.; Yang, M.H. Regulation of
membrane-type 4 matrix metalloproteinase by SLUG contributes to hypoxia-mediated metastasis. Neoplasia
2009, 11, 1371–1382. [CrossRef]

4. Chabottaux, V.; Ricaud, S.; Host, L.; Blacher, S.; Paye, A.; Thiry, M.; Garofalakis, A.; Pestourie, C.; Gombert, K.;
Bruyere, F.; et al. Membrane-type 4 matrix metalloproteinase (MT4-MMP) induces lung metastasis by
alteration of primary breast tumour vascular architecture. J. Cell. Mol. Med. 2009, 13, 4002–4013. [CrossRef]
[PubMed]

5. Wang, Y.; Johnson, A.R.; Ye, Q.Z.; Dyer, R.D. Catalytic activities and substrate specificity of the human
membrane type 4 matrix metalloproteinase catalytic domain. J. Biol. Chem. 1999, 274, 33043–33049. [CrossRef]

6. English, W.R.; Puente, X.S.; Freije, J.M.; Knauper, V.; Amour, A.; Merryweather, A.; Lopez-Otin, C.; Murphy, G.
Membrane type 4 matrix metalloproteinase (MMP17) has tumor necrosis factor-alpha convertase activity but
does not activate pro-MMP2. J. Biol. Chem. 2000, 275, 14046–14055. [CrossRef]

7. Sohail, A.; Sun, Q.; Zhao, H.; Bernardo, M.M.; Cho, J.A.; Fridman, R. MT4-(MMP17) and MT6-MMP (MMP25),
A unique set of membrane-anchored matrix metalloproteinases: Properties and expression in cancer. Cancer
Metast. Rev. 2008, 27, 289–302. [CrossRef]

8. Martin-Alonso, M.; Garcia-Redondo, A.B.; Guo, D.; Camafeita, E.; Martinez, F.; Alfranca, A.; Mendez-Barbero, N.;
Pollan, A.; Sanchez-Camacho, C.; Denhardt, D.T.; et al. Deficiency of MMP17/MT4-MMP proteolytic activity
predisposes to aortic aneurysm in mice. Circ. Res. 2015, 117, e13–e26. [CrossRef]

9. Clemente, C.; Rius, C.; Alonso-Herranz, L.; Martin-Alonso, M.; Pollan, A.; Camafeita, E.; Martinez, F.;
Mota, R.A.; Nunez, V.; Rodriguez, C.; et al. MT4-MMP deficiency increases patrolling monocyte recruitment
to early lesions and accelerates atherosclerosis. Nat. Commun. 2018, 9, 910. [CrossRef]

10. Grant, G.M.; Giambernardi, T.A.; Grant, A.M.; Klebe, R.J. Overview of expression of matrix metalloproteinases
(MMP-17, MMP-18, and MMP-20) in cultured human cells. Matrix Biol. 1999, 18, 145–148. [CrossRef]

11. Nimri, L.; Barak, H.; Graeve, L.; Schwartz, B. Restoration of caveolin-1 expression suppresses growth,
membrane-type-4 metalloproteinase expression and metastasis-associated activities in colon cancer cells.
Mol. Carcinog. 2013, 52, 859–870. [CrossRef] [PubMed]

12. Hieronimus, B.; Pfohl, J.; Busch, C.; Graeve, L. Expression and Characterization of Membrane-Type 4 Matrix
Metalloproteinase (MT4-MMP) and its Different Forms in Melanoma. Cell. Physiol. Biochem. 2017, 42,
198–210. [CrossRef] [PubMed]

13. Chabottaux, V.; Sounni, N.E.; Pennington, C.J.; English, W.R.; van den Brule, F.; Blacher, S.; Gilles, C.;
Munaut, C.; Maquoi, E.; Lopez-Otin, C.; et al. Membrane-type 4 matrix metalloproteinase promotes breast
cancer growth and metastases. Cancer Res. 2006, 66, 5165–5172. [CrossRef] [PubMed]

14. Manzetti, S.; McCulloch, D.R.; Herington, A.C.; van der Spoel, D. Modeling of enzyme-substrate complexes
for the metalloproteases MMP-3, ADAM-9 and ADAM-10. J. Comput. Aided Mol. Des. 2003, 17, 551–565.
[CrossRef] [PubMed]

15. Itoh, Y.; Kajita, M.; Kinoh, H.; Mori, H.; Okada, A.; Seiki, M. Membrane type 4 matrix metalloproteinase
(MT4-MMP, MMP-17) is a glycosylphosphatidylinositol-anchored proteinase. J. Biol. Chem. 1999, 274,
34260–34266. [CrossRef] [PubMed]

74



Int. J. Mol. Sci. 2019, 20, 354

16. Kolkenbrock, H.; Essers, L.; Ulbrich, N.; Will, H. Biochemical characterization of the catalytic domain of
membrane-type 4 matrix metalloproteinase. Biol. Chem. 1999, 380, 1103–1108. [CrossRef]

17. Sounni, N.E.; Janssen, M.; Foidart, J.M.; Noel, A. Membrane type-1 matrix metalloproteinase and TIMP-2 in
tumor angiogenesis. Matrix Biol. 2003, 22, 55–61. [CrossRef]

18. Woskowicz, A.M.; Weaver, S.A.; Shitomi, Y.; Ito, N.; Itoh, Y. MT-LOOP-dependent localization of membrane
type I matrix metalloproteinase (MT1-MMP) to the cell adhesion complexes promotes cancer cell invasion.
J. Biol. Chem. 2013, 288, 35126–35137. [CrossRef]

19. English, W.R.; Holtz, B.; Vogt, G.; Knauper, V.; Murphy, G. Characterization of the role of the “MT-loop”:
An eight-amino acid insertion specific to progelatinase A (MMP2) activating membrane-type matrix
metalloproteinases. J. Biol. Chem. 2001, 276, 42018–42026. [CrossRef]

20. Rozanov, D.V.; Hahn-Dantona, E.; Strickland, D.K.; Strongin, A.Y. The low density lipoprotein receptor-related
protein LRP is regulated by membrane type-1 matrix metalloproteinase (MT1-MMP) proteolysis in malignant
cells. J. Biol. Chem. 2004, 279, 4260–4268. [CrossRef]

21. Rikimaru, A.; Komori, K.; Sakamoto, T.; Ichise, H.; Yoshida, N.; Yana, I.; Seiki, M. Establishment of
an MT4-MMP-deficient mouse strain representing an efficient tracking system for MT4-MMP/MMP-17
expression in vivo using beta-galactosidase. Genes Cells 2007, 12, 1091–1100. [CrossRef] [PubMed]

22. Host, L.; Paye, A.; Detry, B.; Blacher, S.; Munaut, C.; Foidart, J.M.; Seiki, M.; Sounni, N.E.; Noel, A.
The proteolytic activity of MT4-MMP is required for its pro-angiogenic and pro-metastatic promoting effects.
Int. J. Cancer 2012, 131, 1537–1548. [CrossRef]

23. Patwari, P.; Gao, G.; Lee, J.H.; Grodzinsky, A.J.; Sandy, J.D. Analysis of ADAMTS4 and MT4-MMP indicates
that both are involved in aggrecanolysis in interleukin-1-treated bovine cartilage. Osteoarthritis Cartilage
2005, 13, 269–277. [CrossRef] [PubMed]

24. Clements, K.M.; Flannelly, J.K.; Tart, J.; Brockbank, S.M.; Wardale, J.; Freeth, J.; Parker, A.E.; Newham, P.
Matrix metalloproteinase 17 is necessary for cartilage aggrecan degradation in an inflammatory environment.
Ann. Rheum. Dis. 2011, 70, 683–689. [CrossRef]

25. Papke, C.L.; Yamashiro, Y.; Yanagisawa, H. MMP17/MT4-MMP and thoracic aortic aneurysms: OPNing new
potential for effective treatment. Circ. Res. 2015, 117, 109–112. [CrossRef] [PubMed]

26. Sternlicht, M.D.; Werb, Z. How matrix metalloproteinases regulate cell behavior. Annu. Rev. Cell Dev. Biol.
2001, 17, 463–516. [CrossRef] [PubMed]

27. Pei, D. Leukolysin/MMP25/MT6-MMP: A novel matrix metalloproteinase specifically expressed in the
leukocyte lineage. Cell Res. 1999, 9, 291–303. [CrossRef]

28. Udenfriend, S.; Kodukula, K. How glycosylphosphatidylinositol-anchored membrane proteins are made.
Annu. Rev. Biochem. 1995, 64, 563–591. [CrossRef]

29. Truong, A.; Yip, C.; Paye, A.; Blacher, S.; Munaut, C.; Deroanne, C.; Noel, A.; Sounni, N.E. Dynamics of
internalization and recycling of the prometastatic membrane type 4 matrix metalloproteinase (MT4-MMP) in
breast cancer cells. FEBS J. 2016, 283, 704–722. [CrossRef]

30. Sohail, A.; Marco, M.; Zhao, H.; Shi, Q.; Merriman, S.; Mobashery, S.; Fridman, R. Characterization of
the dimerization interface of membrane type 4 (MT4)-matrix metalloproteinase. J. Biol. Chem. 2011, 286,
33178–33189. [CrossRef]

31. Blanco, M.J.; Rodriguez-Martin, I.; Learte, A.I.R.; Clemente, C.; Montalvo, M.G.; Seiki, M.; Arroyo, A.G.;
Sanchez-Camacho, C. Developmental expression of membrane type 4-matrix metalloproteinase
(Mt4-mmp/Mmp17) in the mouse embryo. PLoS ONE 2017, 12, e0184767. [CrossRef] [PubMed]

32. Leigh, N.R.; Schupp, M.O.; Li, K.; Padmanabhan, V.; Gastonguay, A.; Wang, L.; Chun, C.Z.; Wilkinson, G.A.;
Ramchandran, R. Mmp17b is essential for proper neural crest cell migration in vivo. PLoS ONE 2013, 8,
e76484. [CrossRef] [PubMed]

33. Kim, I.J.; Zhang, Y.; Meister, M.; Sanes, J.R. Laminar restriction of retinal ganglion cell dendrites and axons:
Subtype-specific developmental patterns revealed with transgenic markers. J. Neurosci. 2010, 30, 1452–1462.
[CrossRef]

34. Kay, J.N.; de la Huerta, I.; Kim, I.J.; Zhang, Y.; Yamagata, M.; Chu, M.W.; Meister, M.; Sanes, J.R. Retinal
ganglion cells with distinct directional preferences differ in molecular identity, structure, and central
projections. J. Neurosci. 2011, 31, 7753–7762. [CrossRef] [PubMed]

75



Int. J. Mol. Sci. 2019, 20, 354

35. Srichai, M.B.; Colleta, H.; Gewin, L.; Matrisian, L.; Abel, T.W.; Koshikawa, N.; Seiki, M.; Pozzi, A.; Harris, R.C.;
Zent, R. Membrane-type 4 matrix metalloproteinase (MT4-MMP) modulates water homeostasis in mice.
PLoS ONE 2011, 6, e17099. [CrossRef] [PubMed]

36. Kajita, M.; Kinoh, H.; Ito, N.; Takamura, A.; Itoh, Y.; Okada, A.; Sato, H.; Seiki, M. Human membrane type-4
matrix metalloproteinase (MT4-MMP) is encoded by a novel major transcript: Isolation of complementary
DNA clones for human and mouse mt4-mmp transcripts. FEBS Lett. 1999, 457, 353–356. [CrossRef]

37. Gauthier, M.C.; Racine, C.; Ferland, C.; Flamand, N.; Chakir, J.; Tremblay, G.M.; Laviolette, M. Expression of
membrane type-4 matrix metalloproteinase (metalloproteinase-17) by human eosinophils. Int. J. Biochem.
Cell Biol. 2003, 35, 1667–1673. [CrossRef]

38. Paye, A.; Truong, A.; Yip, C.; Cimino, J.; Blacher, S.; Munaut, C.; Cataldo, D.; Foidart, J.M.; Maquoi, E.;
Collignon, J.; et al. EGFR activation and signaling in cancer cells are enhanced by the membrane-bound
metalloprotease MT4-MMP. Cancer Res. 2014, 74, 6758–6770. [CrossRef]

39. Xiao, Y.; Li, B.; Liu, J. miRNA27a regulates arthritis via PPARgamma in vivo and in vitro. Mol. Med. Rep.
2018, 17, 5454–5462.

40. Sounni, N.E.; Paye, A.; Host, L.; Noel, A. MT-MMPS as Regulators of Vessel Stability Associated with
Angiogenesis. Front. Pharmacol. 2011, 2, 111. [CrossRef] [PubMed]

41. Li, W.; Li, Q.; Jiao, Y.; Qin, L.; Ali, R.; Zhou, J.; Ferruzzi, J.; Kim, R.W.; Geirsson, A.; Dietz, H.C.; et al. Tgfbr2
disruption in postnatal smooth muscle impairs aortic wall homeostasis. J. Clin. Investig. 2014, 124, 755–767.
[CrossRef] [PubMed]

42. Scatena, M.; Liaw, L.; Giachelli, C.M. Osteopontin: A multifunctional molecule regulating chronic
inflammation and vascular disease. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 2302–2309. [CrossRef]
[PubMed]

43. Isoda, K.; Nishikawa, K.; Kamezawa, Y.; Yoshida, M.; Kusuhara, M.; Moroi, M.; Tada, N.; Ohsuzu, F.
Osteopontin plays an important role in the development of medial thickening and neointimal formation.
Circ. Res. 2002, 91, 77–82. [CrossRef] [PubMed]

44. Gao, H.; Steffen, M.C.; Ramos, K.S. Osteopontin regulates alpha-smooth muscle actin and calponin in
vascular smooth muscle cells. Cell Biol. Int. 2012, 36, 155–161. [CrossRef] [PubMed]

45. Giachelli, C.; Bae, N.; Lombardi, D.; Majesky, M.; Schwartz, S. Molecular cloning and characterization of 2B7,
a rat mRNA which distinguishes smooth muscle cell phenotypes in vitro and is identical to osteopontin
(secreted phosphoprotein I, 2aR). Biochem. Biophys. Res. Commun. 1991, 177, 867–873. [CrossRef]

46. Frischhertz, B.P.; Shamszad, P.; Pedroza, C.; Milewicz, D.M.; Morris, S.A. Thoracic aortic dissection and
rupture in conotruncal cardiac defects: A population-based study. Int. J. Cardiol. 2015, 184, 521–527.
[CrossRef] [PubMed]

47. Ahmad, M.M.; Kiani, I.A.; Ammar, K.A.; Ahmad, M.N.; Khandheria, B.K.; Paterick, T.E.; Jain, R.; Tajik, A.J.
Ascending Aortic Aneurysm Is an Inherited Disease: A Contemporary Literature Review Based on Hill’s
Criteria of Specificity, Strength of Association, and Biological Coherence. Cardiol. Rev. 2017, 25, 268–278.
[CrossRef]

48. Wang, Y.; Yu, S.J.; Li, Y.X.; Luo, H.S. Expression and clinical significance of matrix metalloproteinase-17 and
-25 in gastric cancer. Oncol. Lett. 2015, 9, 671–676. [CrossRef]

49. Gencer, S.; Cebeci, A.; Irmak-Yazicioglu, M.B. Matrix metalloproteinase gene expressions might be oxidative
stress targets in gastric cancer cell lines. Chin. J. Cancer Res. 2013, 25, 322–333.

50. Chen, J.; Somanath, P.R.; Razorenova, O.; Chen, W.S.; Hay, N.; Bornstein, P.; Byzova, T.V. Akt1 regulates
pathological angiogenesis, vascular maturation and permeability in vivo. Nat. Med. 2005, 11, 1188–1196.
[CrossRef]

51. Hawighorst, T.; Velasco, P.; Streit, M.; Hong, Y.K.; Kyriakides, T.R.; Brown, L.F.; Bornstein, P.; Detmar, M.
Thrombospondin-2 plays a protective role in multistep carcinogenesis: A novel host anti-tumor defense
mechanism. EMBO J. 2001, 20, 2631–2640. [CrossRef]

52. Fears, C.Y.; Grammer, J.R.; Stewart, J.E., Jr.; Annis, D.S.; Mosher, D.F.; Bornstein, P.; Gladson, C.L. Low-density
lipoprotein receptor-related protein contributes to the antiangiogenic activity of thrombospondin-2 in a
murine glioma model. Cancer Res. 2005, 65, 9338–9346. [CrossRef]

53. Salz, T.; Deng, C.; Pampo, C.; Siemann, D.; Qiu, Y.; Brown, K.; Huang, S. Histone Methyltransferase hSETD1A
Is a Novel Regulator of Metastasis in Breast Cancer. Mol. Cancer Res. 2015, 13, 461–469. [CrossRef]

76



Int. J. Mol. Sci. 2019, 20, 354

54. Yip, C.; Foidart, P.; Somja, J.; Truong, A.; Lienard, M.; Feyereisen, E.; Schroeder, H.; Gofflot, S.; Donneau, A.F.;
Collignon, J.; et al. MT4-MMP and EGFR expression levels are key biomarkers for breast cancer patient
response to chemotherapy and erlotinib. Br. J. Cancer 2017, 116, 742–751. [CrossRef] [PubMed]

55. Foidart, P.; Yip, C.; Radermacher, J.; Lienard, M.; Blacher, S.; Montero-Ruiz, L.; Maquoi, E.; Montaudon, E.;
Chateau-Joubert, S.; Collignon, J.; et al. Expression of MT4-MMP, EGFR and RB in triple negative breast
cancer strongly sensitizes tumors to erlotinib and palbociclib combination therapy. Clin. Cancer Res. 2018.
[CrossRef] [PubMed]

56. Whittaker, M.; Floyd, C.D.; Brown, P.; Gearing, A.J. Design and therapeutic application of matrix
metalloproteinase inhibitors. Chem. Rev. 1999, 99, 2735–2776. [CrossRef]

57. Sun, J.; Stetler-Stevenson, W.G. Overexpression of tissue inhibitors of metalloproteinase 2 up-regulates
NF-kappaB activity in melanoma cells. J. Mol. Signal. 2009, 4, 4. [CrossRef] [PubMed]

58. Sounni, N.E.; Rozanov, D.V.; Remacle, A.G.; Golubkov, V.S.; Noel, A.; Strongin, A.Y. Timp-2 binding with
cellular MT1-MMP stimulates invasion-promoting MEK/ERK signaling in cancer cells. Int. J. Cancer 2010,
126, 1067–1078. [CrossRef]

59. Emonard, H.; Duca, L.; Dedieu, S. Editorial: Matricellular Receptors As Potential Targets in Anti-Cancer
Therapeutic Strategies. Front. Pharmacol. 2016, 7, 95. [CrossRef]

60. Falardeau, P.; Champagne, P.; Poyet, P.; Hariton, C.; Dupont, E. Neovastat, a naturally occurring
multifunctional antiangiogenic drug, in phase III clinical trials. Semin. Oncol. 2001, 28, 620–625. [CrossRef]

61. Huang, X.; Chen, S.; Xu, L.; Liu, Y.; Deb, D.K.; Platanias, L.C.; Bergan, R.C. Genistein inhibits p38 map kinase
activation, matrix metalloproteinase type 2, and cell invasion in human prostate epithelial cells. Cancer Res.
2005, 65, 3470–3478. [CrossRef]

62. Kousidou, O.C.; Mitropoulou, T.N.; Roussidis, A.E.; Kletsas, D.; Theocharis, A.D.; Karamanos, N.K.
Genistein suppresses the invasive potential of human breast cancer cells through transcriptional regulation
of metalloproteinases and their tissue inhibitors. Int. J. Oncol. 2005, 26, 1101–1109. [CrossRef] [PubMed]

63. Coussens, L.M.; Fingleton, B.; Matrisian, L.M. Matrix metalloproteinase inhibitors and cancer: Trials and
tribulations. Science 2002, 295, 2387–2392. [CrossRef] [PubMed]

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

65. Amar, S.; Fields, G.B. Potential clinical implications of recent matrix metalloproteinase inhibitor design
strategies. Expert Rev. Proteomics 2015, 12, 445–447. [CrossRef]

66. Zhou, N.; Paemen, L.; Opdenakker, G.; Froyen, G. Cloning and expression in Escherichia coli of a human
gelatinase B-inhibitory single-chain immunoglobulin variable fragment (scFv). FEBS Lett. 1997, 414, 562–566.
[CrossRef]

67. Devy, L.; Huang, L.; Naa, L.; Yanamandra, N.; Pieters, H.; Frans, N.; Chang, E.; Tao, Q.; Vanhove, M.;
Lejeune, A.; et al. Selective inhibition of matrix metalloproteinase-14 blocks tumor growth, invasion, and
angiogenesis. Cancer Res. 2009, 69, 1517–1526. [CrossRef]

68. Naito, S.; Takahashi, T.; Onoda, J.; Yamauchi, A.; Kawai, T.; Kishino, J.; Yamane, S.; Fujii, I.; Fukui, N.;
Numata, Y. Development of a neutralizing antibody specific for the active form of matrix metalloproteinase-13.
Biochemistry 2012, 51, 8877–8884. [CrossRef]

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

70. Mason, S.D.; Joyce, J.A. Proteolytic networks in cancer. Trends Cell Biol. 2011, 21, 228–237. [CrossRef]
71. Itoh, Y. MT1-MMP: A key regulator of cell migration in tissue. IUBMB Life 2006, 58, 589–596. [CrossRef]

[PubMed]
72. Pahwa, S.; Stawikowski, M.J.; Fields, G.B. Monitoring and Inhibiting MT1-MMP during Cancer Initiation

and Progression. Cancers 2014, 6, 416–435. [CrossRef] [PubMed]
73. Delatte, B.; Wang, F.; Ngoc, L.V.; Collignon, E.; Bonvin, E.; Deplus, R.; Calonne, E.; Hassabi, B.;

Putmans, P.; Awe, S.; et al. RNA biochemistry. Transcriptome-wide distribution and function of RNA
hydroxymethylcytosine. Science 2016, 351, 282–285. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

77





 International Journal of 

Molecular Sciences

Review

Matrix Metalloproteases as Influencers of the Cells’
Social Media

Daniel Young 1,2,†, Nabangshu Das 2,3,†, Anthonia Anowai 1,2,4,† and Antoine Dufour 1,2,3,4,*

1 Department of Physiology and Pharmacology, University of Calgary, Calgary, AB T2N 4N1, Canada
2 McCaig Institute for Bone and Joint Health, University of Calgary, Calgary, AB T2N 4N1, Canada
3 Faculty of Kinesiology, University of Calgary, Calgary, AB T2N 4N1, Canada
4 Department of Biochemistry and Molecular Biology, University of Calgary, Calgary, AB T2N 4N1, Canada
* Correspondence: antoine.dufour@ucalgary.ca; Tel.: +1-403-210-7426
† These authors contributed equally to this work.

Received: 8 July 2019; Accepted: 2 August 2019; Published: 7 August 2019

Abstract: Matrix metalloproteinases (MMPs) have been studied in the context of cancer due to their
ability to increase cell invasion, and were initially thought to facilitate metastasis solely through the
degradation of the extracellular matrix (ECM). MMPs have also been investigated in the context of their
ECM remodeling activity in several acute and chronic inflammatory diseases. However, after several
MMP inhibitors failed in phase III clinical trials, a global reassessment of their biological functions
was undertaken, which has revealed multiple unanticipated functions including the processing of
chemokines, cytokines, and cell surface receptors. Despite what their name suggests, the matrix
aspect of MMPs could contribute to a lesser part of their physiological functions in inflammatory
diseases, as originally anticipated. Here, we present examples of MMP substrates implicated in cell
signaling, independent of their ECM functions, and discuss the impact for the use of MMP inhibitors.

Keywords: matrix metalloproteinases (MMPs); protease; inflammation; signaling; invasion; apoptosis;
chemokine; cytokine; proteomics; interferon

1. Introduction: MMPs Act as Emojis in Cell–Cell Communication

Matrix metalloproteinases (MMPs) have been associated with multiple inflammatory diseases [1–3],
but the initial hypothesis that their proteolytic functions were solely linked to extracellular matrix
(ECM) remodeling is outdated and needs to be extended to include additional substrates such as
chemokines, cytokines, and cell surface receptors [4–9]. The catalytic activity of MMPs is tightly
regulated by the tissue inhibitors of metalloproteinases (TIMPs), and is a key contributor in the overall
outcome of substrate processing [10]. Interestingly, MMPs can also induce cell–cell communications
through a non-proteolytic and non-ECM manner. For example, MMP2 was demonstrated to induce cell
migration and signaling under static mechanical strain [11]. Increased mechanosensing properties in
osteocytes was observed through decreased MT1–MMP expression [12]. Thus, MMPs are multi-tasking
proteins that play key roles in cellular interactions and signaling; similar to emojis in our messages and
social media posts, MMPs are able to tune and modulate cellular communications. Unfortunately, both
emojis and MMPs are often misunderstood. Here, we describe examples of MMP substrates that are
implicated in cell-to-cell communication and their physiological connection to inflammatory diseases.

2. MMPs Process the Gatekeepers of Cell Signaling

Cell surface receptors act as gatekeepers of cell signaling networks, as they provide the integral
component that allows extracellular messages to be converted to intracellular signals. Proteolytic
regulation is a key physiological process, as the cleavage of surface receptors can impact their activation
state and half-life, and alter normal downstream transduction of receptor signals. Protease-activated
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receptors (PARs) are a family of G-protein coupled receptors (GPCRs) that are activated via a proteolytic
mechanism [13]. They exist on most cell types, including macrophages, smooth muscle cells, and
endothelial cells [14], and play roles in platelet aggregation, adhesion, cytokine production, and
migration through the activation of different G proteins (Gs, Gq, and G12/13) [14,15]. PAR1 is cleaved
into its active form by thrombin, but also by other proteases including tryptase, neutrophil elastase,
and MMP1 through its N-terminal extracellular exodomain (Figure 1) [13]. This occurs at a unique
peptide sequence between 41R↓S42 (Table 1), liberating an N-terminal fragment that functionally
interacts with the C-terminal region of the exodomain on PAR1 and triggers signal transduction from
the GPCR (Figure 1). In cancer cells, thrombin cleavage of PAR1 increases tumor cell adhesion to
matrix components, including platelets and vascular epithelial cells [16]. In platelets, PAR1 forms a
heterodimer with PAR4, which is an isoform with lower affinity for thrombin. Thrombin cleavage of
the surface receptor activates Gq-driven and G13-driven pathways, leading to increased intracellular
calcium and platelet aggregation [16]. MMP1 and MMP13 were found to be highly expressed in
platelets, and are converted to their catalytically active form in the presence of fibrillar collagen [15].
MMP1 can also cleave membrane-tethered PAR1 at the N-terminal exodomain to generate signal
transduction, albeit in a non-classical manner compared to thrombin–PAR1 cleavage [17]. Functional
analysis involving the replacement of single amino acids around the cut site of PAR1 determined
that MMP1’s cleavage site is unique and specific to MMP1’s active site [15]. Using a synthetic
peptide matched to the exodomain sequence, the cleavage site was identified between 39D↓P40, which
corresponds to a fragment of two amino acids that is distal to the thrombin cleavage site. MMP1
processing of PAR1 induces signaling, resulting in changes in morphology, activation via an alternate
pathway, and phosphorylation of the p38 protein [13]. Overall, MMP1 can modulate PAR signaling in
a cell-dependent manner, leading to various outcomes in downstream cell signaling.
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Figure 1. Upper, matrix metalloproteinase 1 (MMP1) cleavage of protease-activated receptors (PARs)
result in increased Ca2+ signaling. MMP7 processing of tumor necrosis factor ligand superfamily
member 6 (FASL) leads to decreased apoptosis. The right side displays MMP7 proteolysis on tumor
necrosis factor receptor superfamily member 6 (FAS), the CD95 ligand (FasL), and PARs, leading to
decreased apoptosis and increased Ca2+ activation. Middle, MMP12 can cleave interferon-alpha (IFNα)
and interferon-gamma (IFNγ) at the C-terminus, leading to the termination of the tyrosine-protein
kinase JAK1-signal transducer and activator of transcription 1-alpha/beta (JAK–STAT1) signaling
pathway. The right side displays MMP12 proteolysis on IFNα and IFNγ, leading to the decreased
phosphorylation of STAT1, HLA class II histocompatibility antigen gamma chain (CD74), and inducible
nitric oxide synthase (iNOS). Lower, MMP2 cleaves C-C motif chemokine 7 (CCL7), and MT6-MMP
cleaves C-X-C motif chemokine 2 (CXCL2), resulting in decreased migration and Ca2+ activation.
The left side displays MT6-MMP proteolysis on CXCL2, leading to increased cell migration and Ca2+

activation. The right side displays MMP2 proteolysis on CCL7, leading to decreased cell migration and
Ca2+ activation. MMPs are depicted as yellow Pacman.
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3. MMP7 Modulates CD95/Fas Signaling in Cell Death

CD95, apoptosis-mediating surface antigen tumor necrosis factor receptor superfamily member 6,
(FAS)-mediated apoptosis is an extrinsic contact-dependent cell death pathway that is used by the
adaptive immune system to eradicate neoplastic or infected cells [48]. The CD95 ligand (tumor necrosis
factor ligand superfamily member 6/FASL) is expressed on the surface of cytotoxic T lymphocytes,
which seek out target cells expressing the CD95 receptor [49]. Upon the association of a T cell with its
cognate Fas receptor, apoptosis is initiated via recruitment of the adapter protein, Fas-associated death
domain (FADD), procaspases, and a caspase regulator to form the death-inducing signaling complex
(DISC), resulting in cell death [30,48,49]. Inhibitors that increase FasL expression at cell surfaces are
able to terminate tumor cell proliferation [50]. Subverting Fas-mediated cell death signals allows
cancer cells to develop resistance to chemotherapy drugs and increases chances of tumor survival.
Some methods of Fas-related apoptosis evasion include occupation of the Fas receptor by a soluble
FasL antagonistic ligand, the downregulation of Fas receptor expression, the cleavage of FasL ligand
by MMP7 [51], and cleavage of the Fas receptor by MMP7 [29] (Figure 1). The extent to which MMP7
contributes to cell death escape via cleavage of the Fas/CD95 receptor was investigated in a previous
study using the recombinant CD95 protein [29]. MMP7 was shown to cleave CD95 when on the
surface of HT-29 colon cancer cells and prevented apoptosis, while treatment with a broad spectrum
MMP inhibitor increased cell sensitivity to CD95-mediated death [29]. MMP7 has been shown to
cleave FasL, producing a fragment from the soluble FasL ligand that is able to initiate apoptosis via
Fas [52]. In contrast, others have suggested that the MMP7 cleavage of FasL inhibits the tumor killing
action of cytotoxic T cells [51]. Importantly, Fas/CD95 processing is cell type-dependent, and further
examination is needed to clarify the mechanism. Thus, MMP7 activity could be responsible for multiple
mechanisms of immune defense evasion, in a cell-dependent manner, via the Fas/FasL system.

4. Co-Expression of MMP14/MT1–MMP and DR6 in Cell Death

Death receptor 6 (DR6) is a member of the tumor necrosis factor receptor (TNFR) family, which
is ubiquitously expressed in humans, with higher occurrence in the heart, brain, and lymphoid
organs [53,54]. Among its structural features are four highly conserved extracellular cysteine-rich
domains that form the ligand binding site. This site is an intracellular death domain that is homologous
to that of other members of the death receptor subfamily, as well as numerous post-translational
modifications, including glycosylation, which can influence DR6 trafficking and interactions [53,55].
DR6 expression can be increased via activation of the NF-κB pathway in tumor cells; however, the
overexpression of ectopic DR6 can activate the NF-κB and JNK pathways, and lead to apoptosis [54].
A cognate ligand is yet to be identified for DR6, and has generated speculations leading to discoveries
regarding the role of DR6 in healthy tissues and pathologic conditions. Interestingly, the amyloid
precursor protein (APP) was recently suggested as a major agonist for DR6 based on the ability of
cleaved N-terminal APP fragments to bind DR6 [56]. DR6 is implicated in the degeneration of neurons
in Alzheimer’s disease via caspase-mediated apoptosis [56], the development and differentiation
of hematopoietic cells [54,57], and immune system modulation [54,57]. In addition, DR6 is widely
expressed on the surface of tumor cells, particularly in prostate and breast cancer [57]. This suggests
unconventional interactions of pro-apoptotic DR6 in neuronal inflammation in comparison to cancer
cells that may alter apoptosis, but no clear mechanism has been described yet. Explorative proteomics
experiments have identified DR6 as a substrate of MMP14/membrane type 1 matrix metalloproteinase
(MT1–MMP) [58]. The ectodomain of DR6 spans amino acids 67 to 211, and MT1–MMP cleavage releases
the entire extracellular portion to create a soluble DR6 fragment [53,58]. MT1–MMP cleavage of DR6
ectodomain diverted T cell differentiation away from Th1, induced monocyte cell death, and affected
the cytokine profiles of immature dendritic cells [57]. The extent to which DR6 cleavage influences
physiological conditions in other tissues remains unclear; however, this suggests interesting functions
of DR6 and MT1–MMP in boosting the innate and adaptive immune response in anti-tumor therapy.
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5. Processing of Ephrin B2 Receptor Mediates Cell Motility

Receptor tyrosine kinase ephrin type-B receptor 2 (EPHB2) and its associated ligand
ephrin-B2 (EFNB2) are both transmembrane proteins whose interactions guide embryonic neuronal
development [59], specifically the spatial organization of cellular networks in the nervous system [60].
They are part of the larger Eph–ephrin family, whose roles also include directing cell boundary division,
the morphogenesis of vasculature, and axon guidance [61]. There are two groups within this family:
ephrin A-type ligands that connect to the cell membrane via a glycosylphosphatidylinositol anchor
(GPI) to which Ephrin A receptors bind, and ephrin B-type ligands that are transmembrane proteins
that associate with Eph B receptors [59–61]. The responses of receptor–ligand are enhanced when a
large cluster of proteins interact at the contact site [61]. Activation at the contact site occurs in the
ligand-bearing and receptor-bearing cells, which are termed reverse and forward signaling respectively,
and is thus bi-directional [62]. Forward signaling (Eph-expressing cell) activates tyrosine kinase activity
and the downstream phosphorylation of members of the Rho family GTPases that modulate intracellular
morphological changes [61]. Mutations or the loss of ephrin B ligands impacts the reverse signaling
capabilities, and in mice, it may alter the migration of capillary, lymphatic, and neuronal networks [61].
Ephrin-B2 activates the EphB2 receptor on the surface of neighboring cells to trigger cell adhesion
and repulsion, thereby directing cell movements. The processes that allow repulsion and attraction
between cells involves the remodeling of the cytoskeleton as well as actin polymerization [63]; however,
the mechanism by which high-affinity binding of the surface-bound receptor and ligand is translated
into repulsion remains uncharacterized. One proposed mechanism is that the specific cleavage of the
EphB2 extracellular domain by MMP7 and MMP9 alter ephrin-B2-induced activation [28]. Two distinct
large and short fragments of the EphB2 ectodomain were isolated from murine hippocampal neurons
and 14-day-old mice embryonic brains. This cleavage was inhibited by an MMP2/MMP9 inhibitor,
suggesting the involvement of MMPs in ephrin-B2-directed shedding of the EphB2 ectodomain [28].
MMP7 and MMP9 can cleave endogenous and recombinant EphB2 in vitro and on the surface of
HEK-293 cells and hippocampal neurons to generate two fragments of lengths matching those originally
discovered [28]. Further investigation revealed two sites at which MMPs targeted the EphB2 receptor:
between 394N↓I395 and 432D↓L433 (Table 1). Amino acid substitution at these sites rendered mutant
Eph2 insusceptible to MMP cleavage and thus failed to illicit cell–cell repulsion, although ephrin-B2
could still bind to the receptor [28]. One of these sites was conserved amongst all the Eph receptors,
while the other was only expressed in EphB2 and EphB3, suggesting that repulsive signaling from Eph
receptors depends on the predisposition of the receptor to MMP cleavage [28].

6. Processing of CD44 Decreases Cell Adhesion

Tumor invasion and metastasis are key processes of cancer progression that require cells to
enhance their migratory ability [64–66]. CD44, a ubiquitous transmembrane receptor, is necessary for
cell adhesion, wound healing, tumor invasion, and cell migration due to its broad-spectrum ligand
interactions. CD44 interacts with ECM components, cytokines, and growth factors [22,67,68]. Its ability
to facilitate multiple binding interactions with ECM components may promote the establishment of
the cellular niche [69]. CD44 is the primary cognate receptor for hyaluronate, which is a molecule that
aids in migration by inducing changes in the ECM to promote cell movement [70]. CD44 is derived
from a single gene, but has multiple variants due to alternative splicing in 10 of its 19 exons [67].
Common in the structure of CD44 are post-translational N-glycosylations and O- glycosylations, and
phosphorylation within the ectodomain, which might determine CD44 receptor potency [71]. Multiple
CD44 variants are markers of stem cells and cancer stem cells, and have been linked to angiogenesis and
increased metastatic activity in tumors [22,67,72]. However, findings of increased soluble CD44 (sCD44)
in patients with aggressive cancers suggest that additional post-translational modifications, such as
proteolytic processing, may play essential roles in CD44’s mechanism of action [22,72]. Additionally,
CD44 maintains adhesive interactions to other ECM components that have to be detached in order for
migration to occur [67]. MT1–MMP is a key protease that is implicated in increasing cell migration
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and invasion and interacts with CD44 at the cell surface in the direction of migration [72]. Kajita
et al. analyzed and confirmed the processing of CD44 by MT1–MMP in cancer cell lines [22]. The
co-expression of MMP-14 and CD44 in human breast carcinoma cells revealed measurable amounts of
70-kDa fragments and a significant decrease in hyaluronate binding ability [22,70]. Three ~26-kDa
sized CD44 fragments were generated at 162R↓T163, 186R↓S187, and 192G↓Y193 by MT1–MMP [22]. The
blade I of the MT1–MMP hemopexin domain was shown to interact with CD44, resulting in the
phosphorylation of the epidermal growth factor receptor (EGFR) [72]. This interaction was blocked
with peptides mimicking blade I of the MT1–MMP hemopexin domain, leading to decreased cancer
cell metastasis in a mouse model of breast cancer and a reduction in new blood vessel formation
in a chorioallantoic membrane assay in chickens [72]. Thus, CD44–MT1–MMP interactions may be
responsible for migration, invasion, metastasis, and angiogenesis through proteolytic modulation and
impact on downstream signaling.

7. MMP Processing of Chemokines

Chemokines are essential regulators in the immune system that act on G protein-coupled receptors
(GPCRs) [73–75]. There are four main types, which are classified by the structure of a conserved
cysteine-containing motif at the amine terminus, including the C, CC, CXC, and the CX3C motifs (C
represents a cysteine and X represents any amino acid) [76]. Chemokine receptors are involved in
multiple biological processes, including angiogenesis, wound healing, virus sensing, cell signaling,
calcium activation, and hematopoiesis (Figure 1) [76,77]. Immune cells respond to multiple chemokines,
and are thus subjected to this complex landscape of immune responses and signaling networks. For
example, the binding of CXCL12 to CXCR4 results in the development and maturation of several
immune cell linages including B cells, monocytes, natural killer cells, neutrophils, and macrophages [77].
Antagonists to CXCR4 generate abnormal numbers of neutrophils in peripheral circulation [78]. CCL7
attracts monocytes and eosinophils, but not neutrophils, via interactions with CCR1, CCR2, or
CCR3 [79]. CCL7 acts as a ligand for CCR2, which is required for monocyte mobilization out of the bone
marrow [80]. CCL13 attracts lymphocytes, monocytes, basophils, and eosinophils, but not neutrophils
via CCR2B or CCR3, resulting in downstream signaling and chemotaxis [79,81]. To date, little is known
about the post-translational modification of chemokines. Several proteases, including MMPs, are
capable of cleaving chemokines at their N-terminus or C-terminus to alter their function, resulting in
the formation of haptotactic gradients that help direct cell migration [6,9]. The establishment of potent
chemical gradients occurs through interactions between peptide sequences of various chemokines and
unique glycoproteins known as glycosaminoglycans (GAGs) [76]. GAGs are present in the ECM and
on the surface of endothelial cells where they can facilitate the efficient infiltration of inflammatory
cells into tissues from the blood stream [82]. MMPs modulate the functions of CCL7 and CCL13
through precise processing (Table 2). The truncated form of both CCL7 (5–76) and CCL13 (8–75) lose
agonist activity in comparison to their full-length counterparts, as demonstrated using cell migration
assays [83]. Proteolytic truncations of CCL7 and CCL13 results in a dampening of the inflammatory
response, as demonstrated in a mouse model of inflammatory edema [83].
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Chemokines also regulate T-cell development by inducing several developmental stages that occur
in the thymus. Progenitor T cells (thymocytes) are double negatives, meaning that they lack markers
denoting any specialized role (CD4-, CD8-). Upon entering the thymus, they may be pushed toward
a CD4+/CD8- or CD4-/CD8+ phenotype [77]. Progression through these stages is well coordinated
and occurs in various microenvironments within the thymus [91]. Initial migration to the thymus is
CCR7/CCR9-dependent, and activated by CCL21 or CCL19 [92]. Once in the thymus, thymocytes move
toward the cortex in response to CCL19 and CXCL12, which is mediated by CCR9 [93]. There, they
receive further cues for T-cell maturation, including signals that cause the apoptosis of autoreactive T
cells. CD4+/CD8- or CD4-/CD8+ T cells also begin to express CCR7 via CCL19 signaling [94]. MMPs
were demonstrated to process multiple chemokines, including CCL5, CCL19, CCL21, and CXCL12
(Table 2); however, the proteolytic effect of MMPs on these chemokines during T-cell development and
adaptation has yet to be characterized, and remains unexplored.

Membrane-type matrix metalloproteinase 6 (MT6–MMP or MMP25) is predominantly expressed
by neutrophils, and has been shown to cleave 14 chemokines that are implicated in the recruitment
of macrophages and monocytes during inflammatory processes (Table 2). Of these 14 chemokine
substrates, CXCL2 and CXCL5 are involved in the recruitment of macrophages and monocytes [95,96].
The cleavage of CXCL2 at 4A↓T5 and CXCL5 at 7R↓A8 increases their chemotactic activity [84,97]. Ten
MMPs can cleave CCL15 at six different sites (Table 2), resulting either in a decrease or increase of T
cells and monocytes recruitment via interactions with chemokine receptor 1 (CCR1) [98]. MMP12 was
identified as the most kinetically efficient MMP responsible for CCL15 proteolysis [6]. In addition to
CCL15, several MMPs can cleave CCL23, which is a chemokine that is involved in the recruitment
of monocytes, T lymphocytes, and neutrophils (Table 2). Cleaved CCL15 and CCL23 have increased
binding to GAGs and induce chemotaxis [6]. The cleavage of CCL7 (MCP-3) by MMP2 dampens the
immune response by preventing the additional recruitment of macrophages and lymphocytes [99].
CCL7 binds to CCR-1, CCR-2, and CCR-3, which are cell surface receptors on leukocytes, and when
activated, these receptors cause an influx of calcium and leukocyte migration. MMP2 cleaves the
first four amino acids in CCL7 (Table 1); cleaved CCL7 (CCL 5–76) is unable to induce calcium via
either CCR-1 or CCR-2, and acts as an antagonist to the CCR-3 receptor [99]. Mice treated with
cleaved CCL7 (5–76) suffered a reduction in mononuclear inflammatory cell infiltration as compared to
full-length CCL7 [99]. Together, these results demonstrate that MMPs are key regulators of immune
cell recruitment during various inflammatory processes.

8. MMPs–Orchestrator of the Fine Tuning of Cytokine Signaling

Cytokines are key regulators and messengers modulating the social landscape of cell-to-cell
communication. Cytokine-mediated communication among lymphocytes, inflammatory cells, and
hematopoietic cells initiate and organize an effective immune response [100]. Cytokine–receptor
engagement triggers an intracellular signaling cascade; interestingly, most if not all cytokines
can be post-translationally modified, altering their ability to bind to their respective cell surface
receptors [7,8,86]. Traditionally, MMPs have been defined as ECM degrading proteases, but recent
evidence has demonstrated that the majority of their substrates are not ECM-related proteins; rather,
they are related to chemokine/cytokine networks, cell migration, kinase signaling, or transcription
factors [4,5,101]. The altered expression of proteases is typically present in autoimmune and
inflammatory diseases wherein an imbalance in homeostatic pro-inflammatory and anti-inflammatory
cytokine expression and signaling is observed. For example, MMP12 was shown to affect both the
expression and secretion of interferon-alpha (IFNα), which is a key cytokine implicated in regulating
autoimmune diseases and viral infection [8,102]. When cells were infected with either coxsackievirus
type B3 (CVB3) or respiratory syncytial virus (RSV), MMP12 was demonstrated to control INFα
secretion indirectly by regulating the transcription of IκBα in the nucleus [8]. Extracellularly, MMP12
prevented aberrant IFNα-mediated signaling through proteolytic processing of the C-terminus, which
is known to bind IFNα/β receptor 1, and terminated the phosphorylation of STAT1 (Figure 1) [8]. By
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the injecting a membrane-impermeable MMP12 inhibitor in CVB3-infected mice, extracellular MMP12
activity was inhibited. This resulted in an elevation of systemic IFN-α levels and a reduction of viral
replication in the pancreas, without loss of the beneficial roles of intracellular MMP12 [8]. During a
CVB3 murine infection, MMP9 was found to prevent virus propagation in the heart, promote immune
infiltration and remodeling, and preserve cardiac output–product of the heart rate and the stroke
volume [103]. Mmp9-/- mice infected with CVB3 showed more severe myocardial injury, elevated the
foci of infection and immune infiltrates along with increased levels of IFNβ1 and IFNγ in comparison
to wild types [103]. Similar to IFNα, MMP12 was demonstrated to truncate the C-terminus of IFNγ,
causing a loss of receptor binding ability and a decrease in JAK–STAT1 signaling [7]. In a murine
model of acute peritonitis, IFNγ levels were elevated, leading to an increase in IFNγ pro-inflammatory
protein signature (S100A8, S100A9, inducible nitric oxide synthase (iNOS), and STAT1) in Mmp12−/− as
compared to the wild-type counterparts [7]. In two autoimmune murine arthritis models using two
different genetic backgrounds (MRL/lpr and B10.RIII), increased disease severity along with elevated
IFNγ-dependent pro-inflammatory protein signatures were observed in Mmp12−/− as compared to
wild type [7].

Tumor necrosis factor alpha (TNFα) is a pro-inflammatory cytokine released by activated
macrophages, CD4+ lymphocytes, natural killer cells, neutrophils, mast cells, and eosinophils.
It is involved in the perpetuation of systemic inflammation in diseases such as in rheumatoid
arthritis, Crohn’s disease, multiple sclerosis, and cancer [104]. TNFα is produced as a
trimeric membrane-anchored precursor and secreted through a disintegrin and metalloproteinase
domain-containing protein 17 (ADAM17)-regulated proteolytic pathway, resulting in the release of an
active, soluble TNFα mediator [101,104,105]. The processing of TNFα by MMPs was demonstrated
to modulate inflammatory signaling responses [87]. In a model of macrophage-mediated herniated
disc resorption, macrophage MMP7 was shown to cleave TNFα and hindered macrophage infiltration
into the disc [106]. Multiple MMPs (-1, -2, -3, -7, -9, -12, -14, and -17) have been shown to cleave active
TNFα on the cell surface, further supporting their roles as influencers of cell signaling [58,87,107–109].

Interleukin-1 beta (IL-1β) is a cytokine that is cleaved into its active form by cellular proteases.
Mature IL-1β is secreted from activated cells following caspase-1-dependent processing [110,111].
In addition to cleavage by cytosolic caspase-1, IL-1β can also be cleaved by MMP2, -3, and -9 in
order to achieve a biologically mature form [112]. In a feed-forward mechanism, IL-1β induces MMP
synthesis, which in turn dampens IL-1β activity. For example, the addition of MMP-1 reduced the
IL-1β-dependent synthesis of prostaglandin E2 in human fibroblasts [88]. MMPs can regulate IL-1β
activity by processing the soluble type II IL-1 decoy receptor (sIL-1R II) [113,114].

MMPs promote inflammation, but are also implicated in the anti-inflammatory regulation of
immune responses. Transforming growth factor beta (TGF)-β, an anti-inflammatory cytokine, is
processed by MMPs [90,115,116]. Initially, TGF-β is produced as a latent precursor containing
two disulfide-linked short carboxy-terminal and large amino-terminal homodimers, which act as
a latency-associated protein. Non-covalent association of these homodimers in the latent complex
prevents receptor-ligand binding and the induction of TGF-β-mediated responses [115]. Following
secretion, the latent TGF-β complex is cross-linked to the cellular membrane, forming a reservoir of
latent TGF-β in the extracellular environment [115]. Several mechanisms including MMP proteolysis
have been implicated in the release of mature TGF-β from the latent complex. MMP2 [90], MMP3 [116],
MMP9 [90], and MT1–MMP [117] have demonstrated cleavage of the latent TGF-β complex, untethering
TGF-β from the cell surface [118]. Furthermore, MMPs can release TGF-β by degrading decorin,
which is a small collagen-associated proteoglycan that is known to act as a depot for TGF-β in the
ECM [119]. In a feed-forward mechanism, TGF-β and IL-1β stimulate the production of MMP9 in rabbit
corneal epithelial cells [120]. This induction of MMP9 by IL-1β occurs via NF-kB and AP-1-dependent
pathways [121]. The characterization of signaling cascades regulated by MMP processing has been
demonstrated in multiple systems and tissues, but more validation is needed to better understand these
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effects in vivo and their links to disease pathology. This could help identify new means to develop
therapeutic modalities that restore normal cytokine interactions in inflammatory diseases.

9. How Can We Stop MMPs Influencing the Cells’ Social Media Communications?

After the failure of broad-spectrum MMP inhibitors for the treatment of cancer and arthritic
diseases, a global reassessment of their physiological functions was undertaken. We now know that (1)
more than 10 MMPs can be beneficial in inflammatory diseases; (2) tissue and cellular localization are
key in dictating MMP functions and substrate processing; (3) MMPs cleave more substrates than only
ECM proteins; and (4) MMPs have non-proteolytic functions [3,5,10,64,65,122–124]. The question is
now: would a selective MMP inhibitor have better success? Sela-Passwell et al. [125] demonstrated
that by immunizing mice with a synthetic molecule that mimics the conserved structure of MMP2 and
MMP9 catalytic zinc-histidine complex, they were able to protect mice from dextran sulfate sodium
(DSS)-induced colitis both prophylactically and therapeutically. Several small molecules that selectively
target the hemopexin domain of MMP9 were designed and were demonstrated to inhibit lung metastasis
of MDA-MD-435 cells in a xenograft mouse model of breast cancer [65]. A selective MT1–MMP
monoclonal antibody was demonstrated to be effective when used in combination with oseltamivir
phosphate (Tamiflu) in an influenza virus model composed of PR8 influenza and Streptococcus
pneumonia intra-nasal infection at sublethal doses [126]. Combination therapy demonstrated a
synergistic therapeutic effect of the two inhibitors by both reducing the viral load and keeping ECM
remodeling in homeostasis. A similar approach using a human Fab display phage library led to the
development of DX-2400, which is a selective MT1–MMP monoclonal antibody that only inhibited the
active form of the protease [127]. Efficacy was demonstrated in xenograft murine models of breast
cancer using MDA-MB-231 cells and a syngeneic model using murine 4T1 cells by reducing tumor
growth, metastasis, and angiogenesis; however, so far, little efficacy was demonstrated in human
clinical trials [127,128]. It appears that broad-spectrum inhibition may not be ideal for long-term usage,
but could be an alternative for short-term life-threatening conditions such as viral infections [8] or
sepsis [129–132]. A better understanding of the specific roles of each MMP in a specific tissue and their
communicating roles in diseases will pave the way for either selective MMP inhibition or targeting
MMP substrates. Despite the long history of MMP inhibitors, we still have limited knowledge about
these inflammatory proteases, and how they influence of the cells’ social media.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dufour, A. Degradomics of matrix metalloproteinases in inflammatory diseases. Front. Biosci. 2015, 7,
150–167. [CrossRef]

2. Butler, G.S.; Overall, C.M. Proteomic identification of multitasking proteins in unexpected locations
complicates drug targeting. Nat. Rev. Drug Discov. 2009, 8, 935–948. [CrossRef]

3. Hu, J.; Van den Steen, P.E.; Sang, Q.-X.A.; Opdenakker, G. Matrix metalloproteinase inhibitors as therapy for
inflammatory and vascular diseases. Nat. Rev. Drug Discov. 2007, 6, 480–498. [CrossRef] [PubMed]

4. Dufour, A.; Overall, C.M. Subtracting Matrix Out of the Equation: New Key Roles of Matrix Metalloproteinases
in Innate Immunity and Disease. In Matrix Metalloproteinase Biology, Sagi/Matrix Metalloproteinase Biology;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2015; Volume 48, pp. 131–152.

5. Cauwe, B.; Opdenakker, G. Intracellular substrate cleavage: A novel dimension in the biochemistry, biology
and pathology of matrix metalloproteinases. Crit. Rev. Biochem. Mol. Biol. 2010, 45, 351–423. [CrossRef]
[PubMed]

6. Starr, A.E.; Dufour, A.; Maier, J.; Overall, C.M. Biochemical analysis of matrix metalloproteinase activation of
chemokines CCL15 and CCL23 and increased glycosaminoglycan binding of CCL16. J. Biol. Chem. 2012, 287,
5848–5860. [CrossRef]

91



Int. J. Mol. Sci. 2019, 20, 3847

7. Dufour, A.; Bellac, C.L.; Eckhard, U.; Solis, N.; Klein, T.; Kappelhoff, R.; Fortelny, N.; Jobin, P.; Rozmus, J.;
Mark, J.; et al. C-terminal truncation of IFN-γ inhibits proinflammatory macrophage responses and is
deficient in autoimmune disease. Nat. Commun. 2018, 9, 2416. [CrossRef] [PubMed]

8. Marchant, D.J.; Bellac, C.L.; Moraes, T.J.; Wadsworth, S.J.; Dufour, A.; Butler, G.S.; Bilawchuk, L.M.;
Hendry, R.G.; Robertson, A.G.; Cheung, C.T.; et al. A new transcriptional role for matrix metalloproteinase-12
in antiviral immunity. Nat. Med. 2014, 20, 493–502. [CrossRef]

9. Dean, R.A.; Cox, J.H.; Bellac, C.L.; Doucet, A.; Starr, A.E.; Overall, C.M. Macrophage-specific metalloelastase
(MMP-12) truncates and inactivates ELR+ CXC chemokines and generates CCL2, -7, -8, and -13 antagonists:
Potential role of the macrophage in terminating polymorphonuclear leukocyte influx. Blood 2008, 112,
3455–3464. [CrossRef]

10. Khokha, R.; Murthy, A.; Weiss, A. Metalloproteinases and their natural inhibitors in inflammation and
immunity. Nat. Rev. Immunol. 2013, 13, 649–665. [CrossRef]

11. Yang, Z.; Wu, B.; Jia, S.; Zhao, Y.; Hou, R.; Liu, X.; Wang, X.; Chen, L.; Yang, X.; Lei, D.; et al. The mechanically
activated p38/MMP-2 signaling pathway promotes bone marrow mesenchymal stem cell migration in rats.
Arch. Oral Biol. 2017, 76, 55–60. [CrossRef]

12. Kulkarni, R.N.; Bakker, A.D.; Gruber, E.V.; Chae, T.D.; Veldkamp, J.B.B.; Klein-Nulend, J.; Everts, V.
MT1-MMP modulates the mechanosensitivity of osteocytes. Biochem. Biophys. Res. Commun. 2012, 417,
824–829. [CrossRef] [PubMed]

13. Gieseler, F.; Ungefroren, H.; Settmacher, U.; Hollenberg, M.D.; Kaufmann, R. Proteinase-activated receptors
(PARs)-focus on receptor-receptor-interactions and their physiological and pathophysiological impact. Cell
Commun. Signal. 2013, 11, 86. [CrossRef] [PubMed]

14. Austin, K.M.; Covic, L.; Kuliopulos, A. Matrix metalloproteases and PAR1 activation. Blood 2013, 121,
431–439. [CrossRef] [PubMed]

15. Trivedi, V.; Boire, A.; Tchernychev, B.; Kaneider, N.C.; Leger, A.J.; O’Callaghan, K.; Covic, L.; Kuliopulos, A.
Platelet matrix metalloprotease-1 mediates thrombogenesis by activating PAR1 at a cryptic ligand site. Cell
2009, 137, 332–343. [CrossRef]

16. Wojtukiewicz, M.Z.; Hempel, D.; Sierko, E.; Tucker, S.C.; Honn, K.V. Protease-activated receptors
(PARs)–biology and role in cancer invasion and metastasis. Cancer Metastasis Rev. 2015, 34, 775–796.
[CrossRef] [PubMed]

17. Boire, A.; Covic, L.; Agarwal, A.; Jacques, S.; Sherifi, S.; Kuliopulos, A. PAR1 is a matrix metalloprotease-1
receptor that promotes invasion and tumorigenesis of breast cancer cells. Cell 2005, 120, 303–313. [CrossRef]
[PubMed]

18. Amour, A.; Knight, C.G.; English, W.R.; Webster, A.; Slocombe, P.M.; Knäuper, V.; Docherty, A.J.P.;
Becherer, J.D.; Blobel, C.P.; Murphy, G. The enzymatic activity of ADAM8 and ADAM9 is not regulated by
TIMPs. FEBS Lett. 2002, 524, 154–158. [CrossRef]

19. Yan, P.; Hu, X.; Song, H.; Yin, K.; Bateman, R.J.; Cirrito, J.R.; Xiao, Q.; Hsu, F.F.; Turk, J.W.; Xu, J.; et al. Matrix
metalloproteinase-9 degrades amyloid-beta fibrils in vitro and compact plaques in situ. J. Biol. Chem. 2006,
281, 24566–24574. [CrossRef] [PubMed]

20. Ahmad, M.; Takino, T.; Miyamori, H.; Yoshizaki, T.; Furukawa, M.; Sato, H. Cleavage of amyloid-beta
precursor protein (APP) by membrane-type matrix metalloproteinases. J. Biochem. 2006, 139, 517–526.
[CrossRef]

21. LePage, R.N.; Fosang, A.J.; Fuller, S.J.; Murphy, G.; Evin, G.; Beyreuther, K.; Masters, C.L.; Small, D.H.
Gelatinase A possesses a beta-secretase-like activity in cleaving the amyloid protein precursor of Alzheimer’s
disease. FEBS Lett. 1995, 377, 267–270. [CrossRef]

22. Kajita, M.; Itoh, Y.; Chiba, T.; Mori, H.; Okada, A.; Kinoh, H.; Seiki, M. Membrane-type 1 matrix
metalloproteinase cleaves CD44 and promotes cell migration. J. Cell Biol. 2001, 153, 893–904. [CrossRef]
[PubMed]

23. Tsunezumi, J.; Higashi, S.; Miyazaki, K. Matrilysin (MMP-7) cleaves C-type lectin domain family 3 member A
(CLEC3A) on tumor cell surface and modulates its cell adhesion activity. J. Cell. Biochem. 2009, 106, 693–702.
[CrossRef] [PubMed]

24. Dean, R.A.; Overall, C.M. Proteomics discovery of metalloproteinase substrates in the cellular context
by iTRAQ labeling reveals a diverse MMP-2 substrate degradome. Mol. Cell Proteom. 2007, 6, 611–623.
[CrossRef] [PubMed]

92



Int. J. Mol. Sci. 2019, 20, 3847

25. Bozzi, M.; Inzitari, R.; Sbardell, D.; Monaco, S.; Pavoni, E.; Gioia, M.; Marini, S.; Morlacchi, S.; Sciandra, F.;
Castagnola, M.; et al. Enzymatic processing of beta-dystroglycan recombinant ectodomain by MMP-9:
Identification of the main cleavage site. IUBMB Life 2009, 61, 1143–1152. [CrossRef] [PubMed]

26. Tang, Y.; Kesavan, P.; Nakada, M.T.; Yan, L. Tumor-stroma interaction: Positive feedback
regulation of extracellular matrix metalloproteinase inducer (EMMPRIN) expression and matrix
metalloproteinase-dependent generation of soluble EMMPRIN. Mol. Cancer Res. 2004, 2, 73–80. [PubMed]

27. Haug, C.; Lenz, C.; Díaz, F.; Bachem, M.G. Oxidized low-density lipoproteins stimulate extracellular matrix
metalloproteinase Inducer (EMMPRIN) release by coronary smooth muscle cells. Arterioscler. Thromb. Vasc.
Biol. 2004, 24, 1823–1829. [CrossRef] [PubMed]

28. Lin, K.-T.; Sloniowski, S.; Ethell, D.W.; Ethell, I.M. Ephrin-B2-induced cleavage of EphB2 receptor is mediated
by matrix metalloproteinases to trigger cell repulsion. J. Biol. Chem. 2008, 283, 28969–28979. [CrossRef]

29. Strand, S.; Vollmer, P.; van den Abeelen, L.; Gottfried, D.; Alla, V.; Heid, H.; Kuball, J.; Theobald, M.;
Galle, P.R.; Strand, D. Cleavage of CD95 by matrix metalloproteinase-7 induces apoptosis resistance in
tumour cells. Oncogene 2004, 23, 3732–3736. [CrossRef]

30. Almendro, V.; Ametller, E.; García-Recio, S.; Collazo, O.; Casas, I.; Augé, J.M.; Maurel, J.; Gascón, P. The
role of MMP7 and its cross-talk with the FAS/FASL system during the acquisition of chemoresistance to
oxaliplatin. PLoS ONE 2009, 4, e4728. [CrossRef]

31. Levi, E.; Fridman, R.; Miao, H.Q.; Ma, Y.S.; Yayon, A.; Vlodavsky, I. Matrix metalloproteinase 2 releases active
soluble ectodomain of fibroblast growth factor receptor 1. Proc. Natl. Acad. Sci. USA 1996, 93, 7069–7074.
[CrossRef]

32. Ratnikov, B.I.; Rozanov, D.V.; Postnova, T.I.; Baciu, P.G.; Zhang, H.; DiScipio, R.G.; Chestukhina, G.G.;
Smith, J.W.; Deryugina, E.I.; Strongin, A.Y. An alternative processing of integrin alpha(v) subunit in tumor
cells by membrane type-1 matrix metalloproteinase. J. Biol. Chem. 2002, 277, 7377–7385. [CrossRef]

33. Vaisar, T.; Kassim, S.Y.; Gomez, I.G.; Green, P.S.; Hargarten, S.; Gough, P.J.; Parks, W.C.; Wilson, C.L.;
Raines, E.W.; Heinecke, J.W. MMP-9 sheds the beta2 integrin subunit (CD18) from macrophages. Mol. Cell
Proteom. 2009, 8, 1044–1060. [CrossRef]

34. Maile, L.A.; Capps, B.E.; Miller, E.C.; Allen, L.B.; Veluvolu, U.; Aday, A.W.; Clemmons, D.R. Glucose
regulation of integrin-associated protein cleavage controls the response of vascular smooth muscle cells to
insulin-like growth factor-I. Mol. Endocrinol. 2008, 22, 1226–1237. [CrossRef]

35. Sithu, S.D.; English, W.R.; Olson, P.; Krubasik, D.; Baker, A.H.; Murphy, G.; D’Souza, S.E. Membrane-type
1-matrix metalloproteinase regulates intracellular adhesion molecule-1 (ICAM-1)-mediated monocyte
transmigration. J. Biol. Chem. 2007, 282, 25010–25019. [CrossRef]

36. Tarín, C.; Gomez, M.; Calvo, E.; López, J.A.; Zaragoza, C. Endothelial nitric oxide deficiency reduces
MMP-13-mediated cleavage of ICAM-1 in vascular endothelium: A role in atherosclerosis. Arterioscler.
Thromb. Vasc. Biol. 2009, 29, 27–32. [CrossRef]

37. Essick, E.; Sithu, S.; Dean, W.; D’Souza, S. Pervanadate-induced shedding of the intercellular adhesion
molecule (ICAM)-1 ectodomain is mediated by membrane type-1 matrix metalloproteinase (MT1-MMP).
Mol. Cell. Biochem. 2008, 314, 151–159. [CrossRef]

38. Amano, T.; Kwak, O.; Fu, L.; Marshak, A.; Shi, Y.-B. The matrix metalloproteinase stromelysin-3 cleaves
laminin receptor at two distinct sites between the transmembrane domain and laminin binding sequence
within the extracellular domain. Cell Res. 2005, 15, 150–159. [CrossRef]

39. Szklarczyk, A.; Ewaleifoh, O.; Beique, J.-C.; Wang, Y.; Knorr, D.; Haughey, N.; Malpica, T.; Mattson, M.P.;
Huganir, R.; Conant, K. MMP-7 cleaves the NR1 NMDA receptor subunit and modifies NMDA receptor
function. FASEB J. 2008, 22, 3757–3767. [CrossRef]

40. Milward, E.; Kim, K.J.; Szklarczyk, A.; Nguyen, T.; Melli, G.; Nayak, M.; Deshpande, D.; Fitzsimmons, C.;
Hoke, A.; Kerr, D.; et al. Cleavage of myelin associated glycoprotein by matrix metalloproteinases.
J. Neuroimmunol. 2008, 193, 140–148. [CrossRef]

41. Chow, J.P.H.; Fujikawa, A.; Shimizu, H.; Suzuki, R.; Noda, M. Metalloproteinase- and
gamma-secretase-mediated cleavage of protein-tyrosine phosphatase receptor type Z. J. Biol. Chem. 2008,
283, 30879–30889. [CrossRef]

42. Lynch, C.C.; Hikosaka, A.; Acuff, H.B.; Martin, M.D.; Kawai, N.; Singh, R.K.; Vargo-Gogola, T.C.; Begtrup, J.L.;
Peterson, T.E.; Fingleton, B.; et al. MMP-7 promotes prostate cancer-induced osteolysis via the solubilization
of RANKL. Cancer Cell 2005, 7, 485–496. [CrossRef]

93



Int. J. Mol. Sci. 2019, 20, 3847

43. Basile, J.R.; Holmbeck, K.; Bugge, T.H.; Gutkind, J.S. MT1-MMP controls tumor-induced angiogenesis
through the release of semaphorin 4D. J. Biol. Chem. 2007, 282, 6899–6905. [CrossRef]

44. Belkin, A.M.; Zemskov, E.A.; Hang, J.; Akimov, S.S.; Sikora, S.; Strongin, A.Y. Cell-surface-associated tissue
transglutaminase is a target of MMP-2 proteolysis. Biochemistry 2004, 43, 11760–11769. [CrossRef]

45. Belkin, A.M.; Akimov, S.S.; Zaritskaya, L.S.; Ratnikov, B.I.; Deryugina, E.I.; Strongin, A.Y. Matrix-dependent
proteolysis of surface transglutaminase by membrane-type metalloproteinase regulates cancer cell adhesion
and locomotion. J. Biol. Chem. 2001, 276, 18415–18422. [CrossRef]

46. Schlöndorff, J.; Lum, L.; Blobel, C.P. Biochemical and pharmacological criteria define two shedding activities
for TRANCE/OPGL that are distinct from the tumor necrosis factor alpha convertase. J. Biol. Chem. 2001, 276,
14665–14674. [CrossRef]

47. Andolfo, A.; English, W.R.; Resnati, M.; Murphy, G.; Blasi, F.; Sidenius, N. Metalloproteases cleave the
urokinase-type plasminogen activator receptor in the D1-D2 linker region and expose epitopes not present
in the intact soluble receptor. Thromb. Haemost. 2002, 88, 298–306. [CrossRef]

48. Peter, M.E.; Legembre, P.; Barnhart, B.C. Does CD95 have tumor promoting activities? Biochim. Biophys. Acta
2005, 1755, 25–36. [CrossRef]

49. Shresta, S.; Pham, C.T.; Thomas, D.A.; Graubert, T.A.; Ley, T.J. How do cytotoxic lymphocytes kill their
targets? Curr. Opin. Immunol. 1998, 10, 581–587. [CrossRef]

50. Mollinedo, F.; Gajate, C. Fas/CD95 death receptor and lipid rafts: New targets for apoptosis-directed cancer
therapy. Drug Resist. Updat. 2006, 9, 51–73. [CrossRef]

51. Mitsiades, N.; Yu, W.H.; Poulaki, V.; Tsokos, M.; Stamenkovic, I. Matrix metalloproteinase-7-mediated
cleavage of Fas ligand protects tumor cells from chemotherapeutic drug cytotoxicity. Cancer Res. 2001, 61,
577–581.

52. Kayagaki, N.; Kawasaki, A.; Ebata, T.; Ohmoto, H.; Ikeda, S.; Inoue, S.; Yoshino, K.; Okumura, K.; Yagita, H.
Metalloproteinase-mediated release of human Fas ligand. J. Exp. Med. 1995, 182, 1777–1783. [CrossRef]

53. Pan, G.; Bauer, J.H.; Haridas, V.; Wang, S.; Liu, D.; Yu, G.; Vincenz, C.; Aggarwal, B.B.; Ni, J.; Dixit, V.M.
Identification and functional characterization of DR6, a novel death domain-containing TNF receptor. FEBS
Lett. 1998, 431, 351–356. [CrossRef]

54. Benschop, R.; Wei, T.; Na, S. Tumor necrosis factor receptor superfamily member 21: TNFR-related death
receptor-6, DR6. Adv. Exp. Med. Biol. 2009, 647, 186–194.

55. Klíma, M.; Zájedová, J.; Doubravská, L.; Andera, L. Functional analysis of the posttranslational modifications
of the death receptor 6. Biochim. Biophys. Acta 2009, 1793, 1579–1587. [CrossRef]

56. Nikolaev, A.; McLaughlin, T.; O’Leary, D.D.M.; Tessier-Lavigne, M. APP binds DR6 to trigger axon pruning
and neuron death via distinct caspases. Nature 2009, 457, 981–989. [CrossRef]

57. DeRosa, D.C.; Ryan, P.J.; Okragly, A.; Witcher, D.R.; Benschop, R.J. Tumor-derived death receptor 6 modulates
dendritic cell development. Cancer Immunol. Immunother. 2008, 57, 777–787. [CrossRef]

58. Tam, E.M.; Morrison, C.J.; Wu, Y.I.; Stack, M.S.; Overall, C.M. Membrane protease proteomics: Isotope-coded
affinity tag MS identification of undescribed MT1-matrix metalloproteinase substrates. Proc. Natl. Acad. Sci.
USA 2004, 101, 6917–6922. [CrossRef]

59. Brambilla, R.; Br uuml ckner, K.; Orioli, D.; Bergemann, A.; Flanagan, J.; Klein, R. Similarities and Differences
in the Way Transmembrane-Type Ligands Interact with the Elk Subclass of Eph Receptors. Mol. Cell. Neurosci.
1996, 8, 199–209. [CrossRef]

60. Flanagan, J.G.; Vanderhaeghen, P. The ephrins and Eph receptors in neural development. Annu. Rev. Neurosci.
1998, 21, 309–345. [CrossRef]

61. Klein, R. Eph/ephrin signalling during development. Development 2012, 139, 4105–4109. [CrossRef]
62. Zimmer, M.; Palmer, A.; Köhler, J.; Klein, R. EphB-ephrinB bi-directional endocytosis terminates adhesion

allowing contact mediated repulsion. Nat. Cell Biol. 2003, 5, 869–878. [CrossRef]
63. Marston, D.J.; Dickinson, S.; Nobes, C.D. Rac-dependent trans-endocytosis of ephrinBs regulates Eph-ephrin

contact repulsion. Nat. Cell Biol. 2003, 5, 879–888. [CrossRef]
64. Dufour, A.; Zucker, S.; Sampson, N.S.; Kuscu, C.; Cao, J. Role of matrix metalloproteinase-9 dimers in cell

migration: Design of inhibitory peptides. J. Biol. Chem. 2010, 285, 35944–35956. [CrossRef]
65. Dufour, A.; Sampson, N.S.; Li, J.; Kuscu, C.; Rizzo, R.C.; Deleon, J.L.; Zhi, J.; Jaber, N.; Liu, E.; Zucker, S.; et al.

Small-molecule anticancer compounds selectively target the hemopexin domain of matrix metalloproteinase-9.
Cancer Res. 2011, 71, 4977–4988. [CrossRef]

94



Int. J. Mol. Sci. 2019, 20, 3847

66. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
67. Morath, I.; Hartmann, T.N.; Orian-Rousseau, V. CD44: More than a mere stem cell marker. Int. J. Biochem.

Cell Biol. 2016, 81, 166–173. [CrossRef]
68. Nakamura, H.; Suenaga, N.; Taniwaki, K.; Matsuki, H.; Yonezawa, K.; Fujii, M.; Okada, Y.; Seiki, M.

Constitutive and induced CD44 shedding by ADAM-like proteases and membrane-type 1 matrix
metalloproteinase. Cancer Res. 2004, 64, 876–882. [CrossRef]

69. Zöller, M. CD44, Hyaluronan, the Hematopoietic Stem Cell, and Leukemia-Initiating Cells. Front. Immunol.
2015, 6, 235.

70. Aruffo, A.; Stamenkovic, I.; Melnick, M.; Underhill, C.B.; Seed, B. CD44 is the principal cell surface receptor
for hyaluronate. Cell 1990, 61, 1303–1313. [CrossRef]

71. Naor, D.; Sionov, R.V.; Ish-Shalom, D. CD44: Structure, function, and association with the malignant process.
Adv. Cancer Res. 1997, 71, 241–319.

72. Zarrabi, K.; Dufour, A.; Li, J.; Kuscu, C.; Pulkoski-Gross, A.; Zhi, J.; Hu, Y.; Sampson, N.S.; Zucker, S.; Cao, J.
Inhibition of matrix metalloproteinase 14 (MMP-14)-mediated cancer cell migration. J. Biol. Chem. 2011, 286,
33167–33177. [CrossRef]

73. Hauser, A.S.; Attwood, M.M.; Rask-Andersen, M.; Schiöth, H.B.; Gloriam, D.E. Trends in GPCR drug
discovery: New agents, targets and indications. Nat. Rev. Drug Discov. 2017, 16, 829–842. [CrossRef]

74. Hilger, D.; Masureel, M.; Kobilka, B.K. Structure and dynamics of GPCR signaling complexes. Nat. Struct.
Mol. Biol. 2018, 25, 4–12. [CrossRef]

75. Latorraca, N.R.; Venkatakrishnan, A.J.; Dror, R.O. GPCR Dynamics: Structures in Motion. Chem. Rev. 2017,
117, 139–155. [CrossRef]

76. Laguri, C.; Arenzana-Seisdedos, F.; Lortat-Jacob, H. Relationships between glycosaminoglycan and receptor
binding sites in chemokines-the CXCL12 example. Carbohydr. Res. 2008, 343, 2018–2023. [CrossRef]

77. Griffith, J.W.; Sokol, C.L.; Luster, A.D. Chemokines and chemokine receptors: Positioning cells for host
defense and immunity. Annu. Rev. Immunol. 2014, 32, 659–702. [CrossRef]

78. Eash, K.J.; Greenbaum, A.M.; Gopalan, P.K.; Link, D.C. CXCR2 and CXCR4 antagonistically regulate
neutrophil trafficking from murine bone marrow. J. Clin. Invest. 2010, 120, 2423–2431. [CrossRef]

79. Sabroe, I.; Hartnell, A.; Jopling, L.A.; Bel, S.; Ponath, P.D.; Pease, J.E.; Collins, P.D.; Williams, T.J. Differential
regulation of eosinophil chemokine signaling via CCR3 and non-CCR3 pathways. J. Immunol. 1999, 162,
2946–2955.

80. Serbina, N.V.; Pamer, E.G. Monocyte emigration from bone marrow during bacterial infection requires
signals mediated by chemokine receptor CCR2. Nat. Immunol. 2006, 7, 311–317. [CrossRef]

81. Berkhout, T.A.; Sarau, H.M.; Moores, K.; White, J.R.; Elshourbagy, N.; Appelbaum, E.; Reape, R.J.; Brawner, M.;
Makwana, J.; Foley, J.J.; et al. Cloning, in vitro expression, and functional characterization of a novel human
CC chemokine of the monocyte chemotactic protein (MCP) family (MCP-4) that binds and signals through
the CC chemokine receptor 2B. J. Biol. Chem. 1997, 272, 16404–16413. [CrossRef]

82. Thompson, S.; Martínez-Burgo, B.; Sepuru, K.M.; Rajarathnam, K.; Kirby, J.A.; Sheerin, N.S.; Ali, S. Regulation
of Chemokine Function: The Roles of GAG-Binding and Post-Translational Nitration. Int. J. Mol. Sci. 2017,
18, 1692. [CrossRef]

83. McQuibban, G.A.; Gong, J.-H.; Wong, J.P.; Wallace, J.L.; Clark-Lewis, I.; Overall, C.M. Matrix metalloproteinase
processing of monocyte chemoattractant proteins generates CC chemokine receptor antagonists with
anti-inflammatory properties in vivo. Blood 2002, 100, 1160–1167.

84. Starr, A.E.; Bellac, C.L.; Dufour, A.; Goebeler, V.; Overall, C.M. Biochemical characterization and
N-terminomics analysis of leukolysin, the membrane-type 6 matrix metalloprotease (MMP25): Chemokine
and vimentin cleavages enhance cell migration and macrophage phagocytic activities. J. Biol. Chem. 2012,
287, 13382–13395. [CrossRef]

85. Prudova, A.; Auf dem Keller, U.; Butler, G.S.; Overall, C.M. Multiplex N-terminome analysis of MMP-2 and
MMP-9 substrate degradomes by iTRAQ-TAILS quantitative proteomics. Mol. Cell Proteom. 2010, 9, 894–911.
[CrossRef]

86. Nelissen, I.; Martens, E.; Van den Steen, P.E.; Proost, P.; Ronsse, I.; Opdenakker, G. Gelatinase B/matrix
metalloproteinase-9 cleaves interferon-beta and is a target for immunotherapy. Brain 2003, 126, 1371–1381.
[CrossRef]

95



Int. J. Mol. Sci. 2019, 20, 3847

87. Gearing, A.J.; Beckett, P.; Christodoulou, M.; Churchill, M.; Clements, J.; Davidson, A.H.; Drummond, A.H.;
Galloway, W.A.; Gilbert, R.; Gordon, J.L. Processing of tumour necrosis factor-alpha precursor by
metalloproteinases. Nature 1994, 370, 555–557. [CrossRef]

88. Ito, A.; Mukaiyama, A.; Itoh, Y.; Nagase, H.; Thogersen, I.B.; Enghild, J.J.; Sasaguri, Y.; Mori, Y. Degradation
of interleukin 1beta by matrix metalloproteinases. J. Biol. Chem. 1996, 271, 14657–14660. [CrossRef]

89. D’Angelo, M.; Billings, P.C.; Pacifici, M.; Leboy, P.S.; Kirsch, T. Authentic matrix vesicles contain active
metalloproteases (MMP). a role for matrix vesicle-associated MMP-13 in activation of transforming growth
factor-beta. J. Biol. Chem. 2001, 276, 11347–11353.

90. Yu, Q.; Stamenkovic, I. Cell surface-localized matrix metalloproteinase-9 proteolytically activates TGF-beta
and promotes tumor invasion and angiogenesis. Genes Dev. 2000, 14, 163–176.

91. Shah, D.K.; Zúñiga-Pflücker, J.C. An overview of the intrathymic intricacies of T cell development. J. Immunol.
2014, 192, 4017–4023. [CrossRef]

92. Koch, U.; Radtke, F. Mechanisms of T cell development and transformation. Annu. Rev. Cell Dev. Biol. 2011,
27, 539–562. [CrossRef]

93. Uehara, S.; Grinberg, A.; Farber, J.M.; Love, P.E. A role for CCR9 in T lymphocyte development and migration.
J. Immunol. 2002, 168, 2811–2819. [CrossRef]

94. Ueno, T.; Hara, K.; Willis, M.S.; Malin, M.A.; Höpken, U.E.; Gray, D.H.D.; Matsushima, K.; Lipp, M.;
Springer, T.A.; Boyd, R.L.; et al. Role for CCR7 ligands in the emigration of newly generated T lymphocytes
from the neonatal thymus. Immunity 2002, 16, 205–218. [CrossRef]

95. Al-Alwan, L.A.; Chang, Y.; Mogas, A.; Halayko, A.J.; Baglole, C.J.; Martin, J.G.; Rousseau, S.; Eidelman, D.H.;
Hamid, Q. Differential roles of CXCL2 and CXCL3 and their receptors in regulating normal and asthmatic
airway smooth muscle cell migration. J. Immunol. 2013, 191, 2731–2741. [CrossRef]

96. Wuyts, A.; Govaerts, C.; Struyf, S.; Lenaerts, J.P.; Put, W.; Conings, R.; Proost, P.; van Damme, J. Isolation
of the CXC chemokines ENA-78, GRO alpha and GRO gamma from tumor cells and leukocytes reveals
NH2-terminal heterogeneity. Functional comparison of different natural isoforms. Eur. J. Biochem. 1999, 260,
421–429. [CrossRef]

97. Van den Steen, P.E.; Wuyts, A.; Husson, S.J.; Proost, P.; Van Damme, J.; Opdenakker, G. Gelatinase B/MMP-9
and neutrophil collagenase/MMP-8 process the chemokines human GCP-2/CXCL6, ENA-78/CXCL5 and
mouse GCP-2/LIX and modulate their physiological activities. Eur. J. Biochem. 2003, 270, 3739–3749.
[CrossRef]

98. Berahovich, R.D.; Miao, Z.; Wang, Y.; Premack, B.; Howard, M.C.; Schall, T.J. Proteolytic activation of
alternative CCR1 ligands in inflammation. J. Immunol. 2005, 174, 7341–7351. [CrossRef]

99. McQuibban, G.A.; Gong, J.H.; Tam, E.M.; McCulloch, C.A.; Clark-Lewis, I.; Overall, C.M. Inflammation
dampened by gelatinase A cleavage of monocyte chemoattractant protein-3. Science 2000, 289, 1202–1206.
[CrossRef]

100. Altan-Bonnet, G.; Mukherjee, R. Cytokine-mediated communication: A quantitative appraisal of immune
complexity. Nat. Rev. Immunol. 2019, 19, 205–217. [CrossRef]

101. Van Lint, P.; Libert, C. Chemokine and cytokine processing by matrix metalloproteinases and its effect on
leukocyte migration and inflammation. J. Leukoc. Biol. 2007, 82, 1375–1381. [CrossRef]

102. Crow, M.K. Autoimmunity: Interferon α or β: Which is the culprit in autoimmune disease? Nat. Rev.
Rheumatol. 2016, 12, 439–440. [CrossRef]

103. Cheung, C.; Marchant, D.; Walker, E.K.-Y.; Luo, Z.; Zhang, J.; Yanagawa, B.; Rahmani, M.; Cox, J.; Overall, C.;
Senior, R.M.; et al. Ablation of matrix metalloproteinase-9 increases severity of viral myocarditis in mice.
Circulation 2008, 117, 1574–1582. [CrossRef]

104. Wajant, H.; Pfizenmaier, K.; Scheurich, P. Tumor necrosis factor signaling. Cell Death Differ. 2003, 10, 45–65.
[CrossRef]

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

106. Haro, H.; Crawford, H.C.; Fingleton, B.; Shinomiya, K.; Spengler, D.M.; Matrisian, L.M. Matrix
metalloproteinase-7-dependent release of tumor necrosis factor-alpha in a model of herniated disc resorption.
J. Clin. Investig. 2000, 105, 143–150. [CrossRef]

96



Int. J. Mol. Sci. 2019, 20, 3847

107. English, W.R.; Puente, X.S.; Freije, J.M.; Knauper, V.; Amour, A.; Merryweather, A.; Lopez-Otin, C.; Murphy, G.
Membrane type 4 matrix metalloproteinase (MMP17) has tumor necrosis factor-alpha convertase activity but
does not activate pro-MMP2. J. Biol. Chem. 2000, 275, 14046–14055. [CrossRef]

108. Chandler, S.; Cossins, J.; Lury, J.; Wells, G. Macrophage metalloelastase degrades matrix and myelin proteins
and processes a tumour necrosis factor-alpha fusion protein. Biochem. Biophys. Res. Commun. 1996, 228,
421–429. [CrossRef]

109. d’Ortho, M.P.; Will, H.; Atkinson, S.; Butler, G.; Messent, A.; Gavrilovic, J.; Smith, B.; Timpl, R.; Zardi, L.;
Murphy, G. Membrane-type matrix metalloproteinases 1 and 2 exhibit broad-spectrum proteolytic capacities
comparable to many matrix metalloproteinases. Eur. J. Biochem. 1997, 250, 751–757. [CrossRef]

110. Brough, D.; Rothwell, N.J. Caspase-1-dependent processing of pro-interleukin-1beta is cytosolic and precedes
cell death. J. Cell. Sci. 2007, 120, 772–781. [CrossRef]

111. Thornberry, N.A.; Bull, H.G.; Calaycay, J.R.; Chapman, K.T.; Howard, A.D.; Kostura, M.J.; Miller, D.K.;
Molineaux, S.M.; Weidner, J.R.; Aunins, J. A novel heterodimeric cysteine protease is required for interleukin-1
beta processing in monocytes. Nature 1992, 356, 768–774. [CrossRef]

112. Schönbeck, U.; Mach, F.; Libby, P. Generation of biologically active IL-1 beta by matrix metalloproteinases: A
novel caspase-1-independent pathway of IL-1 beta processing. J. Immunol. 1998, 161, 3340–3346.

113. Bellehumeur, C.; Collette, T.; Maheux, R.; Mailloux, J.; Villeneuve, M.; Akoum, A. Increased soluble
interleukin-1 receptor type II proteolysis in the endometrium of women with endometriosis. Hum. Reprod.
2005, 20, 1177–1184. [CrossRef]

114. Orlando, S.; Sironi, M.; Bianchi, G.; Drummond, A.H.; Boraschi, D.; Yabes, D.; Mantovani, A. Role of
metalloproteases in the release of the IL-1 type II decoy receptor. J. Biol. Chem. 1997, 272, 31764–31769.
[CrossRef]

115. Sheppard, D. Transforming growth factor beta: A central modulator of pulmonary and airway inflammation
and fibrosis. Proc. Am. Thorac. Soc. 2006, 3, 413–417. [CrossRef]

116. Maeda, S.; Dean, D.D.; Gomez, R.; Schwartz, Z.; Boyan, B.D. The first stage of transforming growth factor beta1
activation is release of the large latent complex from the extracellular matrix of growth plate chondrocytes
by matrix vesicle stromelysin-1 (MMP-3). Calcif. Tissue Int. 2002, 70, 54–65. [CrossRef]

117. Karsdal, M.A.; Larsen, L.; Engsig, M.T.; Lou, H.; Ferreras, M.; Lochter, A.; Delaissé, J.-M.; Foged, N.T. Matrix
metalloproteinase-dependent activation of latent transforming growth factor-beta controls the conversion of
osteoblasts into osteocytes by blocking osteoblast apoptosis. J. Biol. Chem. 2002, 277, 44061–44067. [CrossRef]

118. Dallas, S.L.; Rosser, J.L.; Mundy, G.R.; Bonewald, L.F. Proteolysis of latent transforming growth factor-beta
(TGF-beta )-binding protein-1 by osteoclasts. A cellular mechanism for release of TGF-beta from bone matrix.
J. Biol. Chem. 2002, 277, 21352–21360. [CrossRef]

119. Imai, K.; Hiramatsu, A.; Fukushima, D.; Pierschbacher, M.D.; Okada, Y. Degradation of decorin by matrix
metalloproteinases: Identification of the cleavage sites, kinetic analyses and transforming growth factor-beta1
release. Biochem. J. 1997, 322 (Pt 3), 809–814. [CrossRef]

120. Gordon, G.M.; Ledee, D.R.; Feuer, W.J.; Fini, M.E. Cytokines and signaling pathways regulating matrix
metalloproteinase-9 (MMP-9) expression in corneal epithelial cells. J. Cell. Physiol. 2009, 221, 402–411.
[CrossRef]

121. Tseng, H.-C.; Lee, I.-T.; Lin, C.-C.; Chi, P.-L.; Cheng, S.-E.; Shih, R.-H.; Hsiao, L.-D.; Yang, C.-M. IL-1β promotes
corneal epithelial cell migration by increasing MMP-9 expression through NF-κB- and AP-1-dependent
pathways. PLoS ONE 2013, 8, e57955. [CrossRef]

122. Dufour, A.; Sampson, N.S.; Zucker, S.; Cao, J. Role of the hemopexin domain of matrix metalloproteinases in
cell migration. J. Cell. Physiol. 2008, 217, 643–651. [CrossRef]

123. Zucker, S.; Schmidt, C.E.; Dufour, A.; Kaplan, R.C.; Park, H.I.; Jiang, W. ProMMP-2: TIMP-1 complexes
identified in plasma of healthy individuals. Connect. Tissue Res. 2009, 50, 223–231. [CrossRef]

124. Pavlaki, M.; Zucker, S.; Dufour, A.; Calabrese, N.; Bahou, W.; Cao, J. Furin Functions as a Nonproteolytic
Chaperone for Matrix Metalloproteinase-28: MMP-28 Propeptide Sequence Requirement. Biochem. Res. Int.
2011, 2011, 630319. [CrossRef]

125. Sela-Passwell, N.; Kikkeri, R.; Dym, O.; Rozenberg, H.; Margalit, R.; Arad-Yellin, R.; Eisenstein, M.;
Brenner, O.; Shoham, T.; Danon, T.; et al. Antibodies targeting the catalytic zinc complex of activated matrix
metalloproteinases show therapeutic potential. Nat. Med. 2011, 18, 143–147. [CrossRef]

97



Int. J. Mol. Sci. 2019, 20, 3847

126. Talmi-Frank, D.; Altboum, Z.; Solomonov, I.; Udi, Y.; Jaitin, D.A.; Klepfish, M.; David, E.; Zhuravlev, A.;
Keren-Shaul, H.; Winter, D.R.; et al. Extracellular Matrix Proteolysis by MT1-MMP Contributes to
Influenza-Related Tissue Damage and Mortality. Cell Host Microbe 2016, 20, 458–470. [CrossRef]

127. Devy, L.; Huang, L.; Naa, L.; Yanamandra, N.; Pieters, H.; Frans, N.; Chang, E.; Tao, Q.; Vanhove, M.;
Lejeune, A.; et al. Selective inhibition of matrix metalloproteinase-14 blocks tumor growth, invasion, and
angiogenesis. Cancer Res. 2009, 69, 1517–1526. [CrossRef]

128. Ager, E.I.; Kozin, S.V.; Kirkpatrick, N.D.; Seano, G.; Kodack, D.P.; Askoxylakis, V.; Huang, Y.; Goel, S.;
Snuderl, M.; Muzikansky, A.; et al. Blockade of MMP14 activity in murine breast carcinomas: Implications
for macrophages, vessels, and radiotherapy. J. Natl. Cancer Inst. 2015, 107, 52. [CrossRef]

129. Vandenbroucke, R.E.; Dejager, L.; Libert, C. The first MMP in sepsis. EMBO Mol. Med. 2011, 3, 367–369.
[CrossRef]

130. Vanlaere, I.; Libert, C. Matrix metalloproteinases as drug targets in infections caused by gram-negative
bacteria and in septic shock. Clin. Microbiol. Rev. 2009, 22, 224–239. [CrossRef]

131. Vandenbroucke, R.E.; Dejonckheere, E.; Van Hauwermeiren, F.; Lodens, S.; De Rycke, R.; Van Wonterghem, E.;
Staes, A.; Gevaert, K.; López-Otín, C.; Libert, C. Matrix metalloproteinase 13 modulates intestinal epithelial
barrier integrity in inflammatory diseases by activating TNF. EMBO Mol. Med. 2013, 5, 1000–1016. [CrossRef]

132. Vandenbroucke, R.E.; Libert, C. Is there new hope for therapeutic matrix metalloproteinase inhibition? Nat.
Rev. Drug Discov. 2014, 13, 904–927. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

98



 International Journal of 

Molecular Sciences

Article

Identification of ADAM12 as a Novel
Basigin Sheddase

Reidar Albrechtsen 1, Nicolai J. Wewer Albrechtsen 2, Sebastian Gnosa 1, Jeanette Schwarz 1,†,
Lars Dyrskjøt 3 and Marie Kveiborg 1,*

1 Biotech Research and Innovation Centre (BRIC), Faculty of Health and Medical Sciences,
University of Copenhagen, 2200 Copenhagen, Denmark; reidar.albrechtsen@bric.ku.dk (R.A.);
sebastian.gnosa@bric.ku.dk (S.G.); j.schwarz@ikmb.uni-kiel.de (J.S.)

2 Department of Biomedical Sciences and Department of Clinical Biochemistry, Rigshospitalet,
Faculty of Health and Medical Sciences, University of Copenhagen, 2200 Copenhagen, Denmark;
nicolai.albrechtsen@sund.ku.dk

3 Department of Molecular Medicine (MOMA), Aarhus University Hospital, 8200 Aarhus, Denmark;
lars@clin.au.dk

* Correspondence: marie.kveiborg@bric.ku.dk
† Current affiliation: Institute of Clinical Molecular Biology, University Hospital Schleswig-Holstein and

Institute of Clinical Chemistry, University Hospital Schleswig-Holstein, 24105 Kiel, Germany.

Received: 6 March 2019; Accepted: 17 April 2019; Published: 22 April 2019

Abstract: The transmembrane glycoprotein basigin, a member of the immunoglobulin superfamily,
stimulates matrix metalloproteinase (MMP)-mediated extracellular matrix (ECM) degradation and
thereby drives cancer cell invasion. Basigin is proteolytically shed from the cell surface and high
concentrations of soluble basigin in the blood dictates poor prognosis in cancer patients. A positive
correlation between basigin and a disintegrin and metalloproteinase (ADAM)-12 in serum from
prostate cancer patients has been reported. Yet, the functional relevance of this correlation is
unknown. Here, we show that ADAM12 interacts with basigin and cleaves it in the juxtamembrane
region. Specifically, overexpression of ADAM12 increases ectodomain shedding of an alkaline
phosphatase-tagged basigin reporter protein from the cell surface. Moreover, CRISPR/Cas9-mediated
knockout of ADAM12 in human HeLa carcinoma cells results in reduced shedding of the basigin
reporter, which can be rescued by ADAM12 re-expression. We detected endogenous basigin fragments,
corresponding to the expected size of the ADAM12-generated ectodomain, in conditioned media
from ADAM12 expressing cancer cell-lines, as well as serum samples from a healthy pregnant donor
and five bladder cancer patients, known to contain high ADAM12 levels. Supporting the cancer
relevance of our findings, we identified several cancer-associated mutations in the basigin membrane
proximal region. Subsequent in vitro expression showed that some of these mutants are more prone
to ADAM12-mediated shedding and that the shed ectodomain can enhance gelatin degradation by
cancer cells. In conclusion, we identified ADAM12 as a novel basigin sheddase with a potential
implication in cancer.

Keywords: a disintegrin and metalloproteinase; EMMPRIN; CD147; ectodomain shedding

1. Introduction

Basigin (BSG), also named CD147/EMMPRIN, a member of the immunoglobulin family of
transmembrane proteins, exerts a wide range of both physiological and pathological functions [1–4].
Of particular note, BSG regulates the expression and cell surface localization of monocarboxylate
transporters-1 (MCT1) and MCT4, allowing the efflux of lactate produced by aerobic glycolysis [5].
Moreover, it induces matrix metalloproteinase (MMP)-mediated extracellular matrix (ECM)
degradation, thereby driving tumor invasion and metastasis [6–8].
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BSG is upregulated in several types of tumors, and soluble BSG concentrations in blood or urine
from cancer patients correlate with disease stage and poor prognosis [9,10]. Furthermore, BSG associates
with chemotherapy response and survival in bladder cancer [11]. Full-length BSG can be released from
tumor cells, macrophages, and stromal cells through micro-vesicle or exosome secretion [3]. However,
BSG can also be released into the circulation as a soluble form through proteolytic shedding of its
extracellular part (ectodomain). For example, Tang et al. showed a MMP-dependent generation of
soluble BSG, lacking the C-terminal part [12], and Egawa et al. demonstrated that MMP14 sheds a
22-kDa N-terminal fragment of BSG into the media of tumor cells [13]. Also, it was recently shown
that cholesterol-depletion induces ectodomain shedding of BSG by a disintegrin and metalloproteinase
(ADAM)-10 in tumor cells [14].

Like BSG, several of the ADAMs play important roles in cancer. ADAMs are frequently
upregulated in human tumors, with high levels of expression indicating worse prognosis [15,16]. Here,
ADAM-mediated shedding of membrane bound substrates, such as growth factors, cytokines and
adhesion molecules is thought to promote tumor growth and/or progression, best demonstrated by
the role of ADAM17 in epidermal growth factor receptor (EGFR) signaling [17]. Another example
is ADAM12, which among several substrates is capable of shedding some EGFR ligands [18–20]
and adhesion molecules like VE-cadherin [21]. Moreover, ADAM12 exerts pro-tumorigenic effects
independent of its own protease function [22,23], partly by regulating the activity of MMP14 [24].
A recent study showed a significant correlation between serum levels of ADAM12 and BSG from
prostate cancer patients. The two proteins were therefore suggested as biomarker candidates for
early diagnosis of prostate cancer [25]. However, the functional relevance of the correlation between
ADAM12 and BSG in cancer remains elusive.

Our present study demonstrates novel functional aspects of the interaction between ADAM12
and BSG. We show that ADAM12 binds BSG and cleaves it in the juxta membrane region, thereby
releasing a soluble BSG fragment to the extracellular space. Importantly, assessment of publicly
available data revealed a number of cancer-associated BSG mutations in the ADAM12 cleavage region
and when tested experimentally, we found that some of the mutations alter the susceptibility to
ADAM12-mediated cleavage.

2. Results

2.1. ADAM12 Interacts with BSG in Human Cells

To understand the functional correlation between ADAM12 and BSG, we first examined whether
the two proteins interact. To this end, we used 293-VnR cells that express little ADAM12, but
substantial amounts of endogenous BSG (Table S1). We transiently expressed ADAM12-Δcyt
(hereafter named ADAM12), tagged at the truncated C-terminus with green fluorescence protein (GFP),
immunoprecipitated it with an antibody against GFP, and tested it for interaction with endogenous BSG
by Western blot. Using an antibody against the C-terminal part of BSG, we detected an approximately
55 kDa protein band in immunoprecipitates from ADAM12-GFP expressing cells, but not from control
cells expressing GFP alone (Figure 1A). Performing the reverse co-immunoprecipitation experiment on
lysates from cells co-transfected with ADAM12 and full-length BSG, precipitated BSG was capable of
pulling down the 68 kDa mature ADAM12 protein, whereas we did not detect ADAM12 when we used
control IgG for precipitation (Figure 1B). As the overexpressed ADAM12 protein lacks the cytoplasmic
tail, we predict that the interaction site between ADAM12 and BSG resides in the extracellular part of
ADAM12. Also, we found that only the mature form of ADAM12 and not the pro form of ADAM12
co-immunoprecipitates with BSG. Since the mature form of ADAM12 is generated by pro protein
processing in the secretory pathway [26], this indicates that the interaction between ADAM12 and BSG
takes place after transit through the Golgi, possibly at the cell surface.
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Figure 1. A disintegrin and metalloproteinase (ADAM)-12 interacts with basigin (BSG) in human cells.
(A) 293-VnR cells were transfected with A12-GFP or GFP alone, immunoprecipitated with a polyclonal
anti-GFP antibody and analyzed by Western blot, using an antibody against the C-terminal part of BSG.
Total cell lysates (TCL) were tested for A12-GFP (pro and mature forms) and endogenous BSG protein
expression. Actin was used as the loading control. (B) 293-VnR cells were co-transfected with A12
and full-length BSG, immunoprecipitated with an antibody against BSG and analyzed by Western blot,
using a rabbit polyclonal antibody against A12. Immunoprecipitation with control rabbit IgG served as
a negative control. (C) 293-VnR cells were transfected with A12 or the catalytically inactive A12-E/A
mutant, together with full-length BSG and tested for A12 expression by Western blot, using actin as the
loading control. (D) Cells from C were tested for A12-BSG co-localization by the proximity ligation
assay (PLA) (red signal), using antibodies against the extracellular parts of A12 and BSG. Reactions
using either of the two antibodies alone served as negative controls. Scale bar = 8 μm. (E) Number of
red foci were automatically counted in 50 cells from three independent experiments, using MetaMorph
microscopy analysis software. The average number of foci per cells ± SEM is shown in the graph.
* p < 0.05, Student’s t-test.

To examine whether indeed ADAM12 and BSG interact at the cell surface, we used the commercially
available Duolink® kit, which is based on the in situ proximity ligation assay (PLA) [27]. We transfected
293-VnR cells with ADAM12 or the catalytically dead ADAM12-E/A mutant (Figure 1C) and stained
for ADAM12 and/or BSG. As seen in Figure 1D and quantified in Figure 1E, over-expressed ADAM12
interacts with BSG and the interaction is significantly increased when we express the catalytically
inactive ADAM12-E/A mutant.

2.2. ADAM12 Overexpression Increases Ectodomain Shedding of a Truncated BSG Reporter Substrate

To investigate a potential role of ADAM12 in shedding of BSG, we employed a cell-based shedding
assay. The reporter substrate consisted of a truncated form of BSG, containing the extracellular
membrane proximal region, the transmembrane domain and the entire cytoplasmic domain fused
at the N-terminus to alkaline phosphatase (BSG-AP; Figure 2A). Transfection of 293-VnR cells with
the BSG-AP construct, together with either ADAM12 or ADAM12-E/A showed a clear increase in
the amount of shed BSG when we expressed the active protease (Figure 2B). Treating the cells with
the broad-spectrum metalloproteinase inhibitor Batimastat, known to block ADAM12 activity [21],
abrogated the ADAM12-mediated shedding (Figure 2B).
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Figure 2. ADAM12 overexpression increases ectodomain shedding of a truncated BSG reporter
substrate. (A) Amino acid sequence of the reporter substrate BSG-AP, consisting of the C-terminal part
of BSG fused to alkaline phosphatase (AP). The truncated extracellular part of BSG is shown in red and
the transmembrane domain is underlined. (B) Fold shedding in 293-VnR cells transfected with BSG-AP
together with A12 or catalytically inactive A12-E/A, and treated with or without the metalloproteinase
inhibitor Batimastat (BB94). Fold shedding is calculated as AP activity in the medium divided by the
total AP activity in medium and cell lysate, and normalized to A12-E/A. (C) Fold shedding in 293-VnR
cells transfected with BSG-AP and A12-E/A, A12, ADAM9 (A9) or ADAM17 (A17), calculated as in
(C). (D) Western blot of total lysates from cells used in (C), showing comparable expression of the
different ADAMs. (E) Fold shedding in 293-VnR cells transfected with BSG-AP alone (no A12) or with
BSG-AP and A12 together in cells treated with control siRNA, siRNA against matrix metalloproteinase
(MMP)-14, or the inhibitor BB94 as indicated. (F) Western blot of media and total cell lysates (TCL)
from cells in (E), using actin as the loading control. For all graphs, values represent means ± SEM from
three independent experiments. * p < 0.05, ANOVA.

Demonstrating the specificity of the proteolytic release, BSG-AP shedding was only seen when
we overexpressed ADAM12, but not the related ADAM9 or ADAM17 (Figure 2C,D). Since ADAM12
regulates MMP14 [24], which has been previously implicated in the shedding of BSG [12], we tested
whether MMP14 was required for the observed ADAM12-mediated shedding of BSG-AP. As expected,
since the BSG-AP reporter substrate does not contain the previously reported MMP14 cleavage site [12],
knocking down the expression of MMP14 by siRNA did not significantly reduce the increased BSG-AP
shedding seen when overexpressing ADAM12 (Figure 2E). Complementing these shedding data,
Western blot analysis of the conditioned media, using an antibody against alkaline phosphatase (AP),
showed a band corresponding to the shed AP-fusion protein, which had approximately the same
intensity when analyzing media from MMP14 and control siRNA transfected cells, whereas media
from cells treated with Batimastat showed little to no shed protein (Figure 2F, top lane). Of note, the
shedding assay showed a certain level of BSG-AP shedding in the absence of exogenous ADAM12
expression (Figure 2E), which we could block with the protease inhibitor Batimastat. This shedding
activity may reflect the expression of other sheddases in 293-VnR cells.
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2.3. CRISPR/Cas9-Mediated ADAM12 Knockout Reduces BSG Reporter Shedding

To corroborate the importance of ADAM12 for shedding of BSG, we knocked out ADAM12
expression in HeLa cells, known to express endogenous ADAM12 (Table S1), using CRISPR/Cas9 gene
editing. Based on sequencing of established cell clones, we chose the knockout clone D7, which harbors
deletions of 4 and 14 nucleotides, and the E7 clone that harbors 4 nucleotides deletion on both alleles.
We used parental HeLa cells and the non-edited clone D4 as control cell lines. We validated the lack of
ADAM12 expression in D7 and E7 cell lines by qPCR analysis (Figure 3A) and immunofluorescence
staining (Figure 3B). When we tested clones D7 and E7 for BSG-AP shedding, we observed a decreased
shedding for both ADAM12 knockout clones, as compared to parental HeLa cells or the D4 control cell
line (Figure 3C). Importantly, re-expressing ADAM12 in both D7 and E7 cells partially rescued the lack
of BSG-AP shedding (Figure 3C).

Figure 3. CRISPR/Cas9-mediated ADAM12 knockout reduces BSG reporter shedding. (A) qPCR
analysis of A12 mRNA in CRISPR/Cas9 generated A12 knockout (clones D7 and E7) and non-edited
wildtype (clone D4) HeLa cells. (B) Immunofluorescence staining of A12 in CRISPR/Cas9 generated
A12 knockout HeLa clones (KO) D7 and E7, and parental HeLa cells. Nuclei were stained with
4′,6-diamidino-2-phenylindole (DAPI) and scale bar = 12 μm. (C) Fold shedding of BSG-AP transfected
parental HeLa cells, CRISPR/Cas9-generated A12 knockout (KO) HeLa clones D7 or E7 with or
without A12 re-expressed, and the non-edited wildtype (WT) clone D4, as indicated. Values represent
means ± SEM from three independent experiments. * p < 0.05, ** p < 0.005, ANOVA.

2.4. ADAM12 Sheds Endogenous BSG

To assess ADAM12-mediated shedding of full-length endogenous BSG, we stably expressed
ADAM12 in MCF7 human breast cancer cells, which express no detectable endogenous ADAM12
(Table S1). To detect the shed BSG ectodomain, we used an antibody recognizing a peptide (amino acids
70–206) located between the known MMP14 cleavage site and the region suggested to be cleaved by
ADAM12 (Figure 4A). Immunofluorescence staining, using this antibody, detected a substantial amount
of endogenous BSG at the cell surface of most MCF7 cells (Figure 4B). In contrast, the fluorescence
signal was almost completely absent in MCF7 cells expressing ADAM12 (Figure 4B), indicating that
the BSG ectodomain was shed from these cells. Also, using cell surface biotinylation and streptavidin
pull-down of biotinylated proteins, we could detect more of the endogenous BSG ectodomain by
Western blot in media from ADAM12 expressing MCF7 cells, as compared to wildtype MCF7 cells
(Figure 4C). Supporting the notion that the soluble BSG protein is proteolytically shed from the cell
surface rather than secreted (e.g., in exosomes), we did not detect any bands in conditioned media
when blotting with an antibody against the intracellular C-terminal part of BSG (Figure 4C). In contrast,
bands corresponding to full-length BSG and the cleaved C-terminal fragment were identified in total
cell lysates when using this antibody (Figure 4C).
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Figure 4. ADAM12 sheds endogenous BSG. (A) Schematic of the BSG structure, showing the two
immunoglobulin domains (D1 and D2), the identified MMP14 and putative ADAM12 (A12) cleavage
sites, and the transmembrane domain (TM). (B) Cytospin of wildtype or A12 expressing MCF7 cells were
immuno-stained with the antibody PA5-29787, recognizing region aa. 70–206 of BSG. Scale bar = 8 μm.
(C) Wildtype or A12 expressing MCF7 cells were surface biotinylated and incubated overnight in
serum free media. Biotinylated cell surface proteins were pulled down with streptavidin–agarose from
conditioned cell media or total cell lysates (TCL) and detected by Western blot, using antibodies against
aa. 70–206 (PA5-29787) or the C-terminus of BSG. Actin was used as a loading control. (D) Western blot
of BSG in serum from pregnant (pregn.) or non-pregnant (control) women. (E) Western blot of BSG
in serum from five bladder cancer patients stained with antibodies recognizing either the C- or the
N-terminus of BSG.

Human placenta produces high amounts of ADAM12, both the transmembrane ADAM12-L and
the soluble ADAM12-S isoforms [28]. To assess the physiological relevance of ADAM12-mediated
BSG shedding, we examined whether soluble BSG could be detected in serum from pregnant women.
As shown by Western blot analysis, we detected a 55 kDa band, corresponding to full-length BSG, in
pregnant or non-pregnant women, whereas we could only detect an approximately 48 kDa band in
serum from pregnant women (Figure 4D). Similarly, we detected bands of a size corresponding to
shed BSG in a Western blot of sera from five bladder cancer patients (Figure 4E), which we previously
reported exhibit high levels of soluble ADAM12 in the circulation [29].

2.5. Cancer-Associated BSG Mutants Are Differentially Shed by ADAM12

When examining the extracellular membrane proximal region of BSG that is cleaved by ADAM12
(marked by red in the BSG-AP reporter substrate in Figure 2A), we noticed three amino acid pairs
(SK, QA, LA), which were also found in the cleavage site of tumor necrosis factor (TNF)-α and
constitutes the quenched fluorescence peptide substrate frequently used for measuring the catalytic
activity of several ADAMs, including ADAM12 [30]. Searching the COSMIC (Catalogue Of Somatic
Mutations In Cancer) database for mutations in the BSG gene associated with a broad range of
cancers (https://cancer.sanger.ac.uk/cosmic), there were several somatic mutations in the part encoding
this extracellular membrane proximal region (Figure 5A). To investigate the consequence of these
mutations for BSG shedding, we introduced the identified individual single point mutations in the
BSG-AP construct, co-transfected the constructs together with ADAM12, and performed shedding
assays. Of the ten mutations tested, two of the cancer-associated mutations (T199A and A207T) were
more efficiently shed compared to the control wildtype construct, whereas one mutation (A207V)
resulted in significantly reduced shedding (Figure 5B). Notably, the BSG-AP mutants were expressed to
approximately similar levels, but ran at slightly variable molecular weights, as shown by Western blot
analysis (Figure 5C), indicating that some of the mutations changed the protein glycosylation pattern.
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Figure 5. Cancer-associated BSG mutants are differentially shed by ADAM12. (A) Illustration
of cancer-associated mutations (marked in grey) in the extracellular membrane proximal region
(aa. 190–208) of BSG, identified in the Catalogue Of Somatic Mutations In Cancer (COSMIC) database
(BSG, ENST00000333511; August 2017). (B) Fold shedding in 293-VnR cells transfected with A12 or
the catalytically inactive A12-E/A mutant together with wildtype (BSG-AP), or various BSG-AP point
mutations identified in (A). (C) Western blot of AP in total cell lysates (TCL) from cells in (B). Actin was
used as loading control. (D) In situ gelatinase assay, using HT1080 cells grown on Oregon green-labeled
gelatin and treated with conditioned media from untransfected 293-VnR cells (control) or 293-VnR cells
transfected with ADAM12 together with a full-length BSG expression construct harboring the A207T
mutation. Dark areas (without green fluorescence) represent gelatin degradation, scale bar = 10 μm.
(E) Gelatin degradation was measured in μm2 for 27 images, using MetaMorph software and the
percentage degradation was calculated. For both graphs, values represent means ± SEM from three
independent experiments. * p < 0.05, Student’s t-test or ANOVA.

The biological role of BSG shedding is not fully understood; yet, several studies have shown a
stimulatory effect of the MMP14-generated BSG ectodomain on MMP activation, particularly activation
of the secreted MMP2 collagenase [2,3,8]. To test the effect of the ADAM12-generated ectodomain on
collagen degradation, we performed an in situ gelatinase assay [24]. Specifically, we added conditioned
media from control 293-VnR cells or cells expressing ADAM12, together with the shedding prone
BSG-A207T mutant, onto HT1080 cells grown on Oregon green gelatin and incubated the cells for
24 h. Little gelatin degradation was observed when media from control cells was added to the HT1080
cells (Figure 5D); however, gelatin degradation was clearly enhanced when we added media from
BSG-A207T expressing cells to the HT1080 cells (Figure 5D).
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3. Discussion

The proteolytic shedding of BSG from the cell surface is well described [12–14]. However, our data
are the first to demonstrate that, in addition to MMP14 and most recently ADAM10, also ADAM12 is
capable of shedding BSG. By ADAM12 overexpression and siRNA- or CRISPR-Cas9-mediated ADAM12
depletion, we demonstrate that the transmembrane form of ADAM12 cleaves BSG in the extracellular
membrane proximal region. In contrast, we observed no BSG shedding when overexpressing the
shorter secreted ADAM12 isoform. While MMP14 has been shown to cleave BSG between the two
immunoglobulin-like domains IgC2 (D1: aa. 25–101) and IgI (D2: aa. 106–200), generating a 22 kDa
soluble fragment [13], we showed that ADAM12 generates an approximately 48 kDa ectodomain,
containing both immunoglobulin-like domains (Figure 4A). The protein region harboring the ADAM12
cleavage site contains three amino acid pairs (SK, QA, LA), which were previously referred to by
Moss et al. as the potential cleavage site found in a short peptide of TNFα, used to measure the catalytic
activity of multiple MMPs and ADAMs [30]. While this suggests that other MMPs or ADAMs would
likely also be able to cleave within this region, our data indicate that neither MMP14, nor ADAM9 or
ADAM17 cleave at this site. As for ADAM10-mediated BSG shedding, the published study focused on
the intracellular cytoplasmic fragment generated by intramembranous proteolysis following the initial
extracellular cleavage event and did not mention the size of the shed ectodomain [14].

According to previous reports, the generated soluble BSG ectodomain acts to stimulate the activity
of MMPs [12,13,31–33], for which reason BSG is also designated EMMPRIN—extracellular matrix
metalloprotease inducer [6]. For example, it appears that soluble BSG, shed from the cell surface of
cancer cells, acts in a paracrine manner to stimulate the expression of MMP2 in the surrounding stromal
fibroblast [31]. Furthermore, it has been suggested that membrane bound BSG on fibroblasts functions
as a receptor for the soluble BSG ectodomain, which upon binding gets internalized and activates
the ERK1/2 signaling pathway, thereby inducing the expression of MMP1, MMP2, and MMP3 [34].
Based on our findings, the soluble BSG fragment generated by ADAM12 can increase gelatinase
activity when added to cancer cells in vitro. In this context, it is worth mentioning that ADAM12 has
been previously shown to enhance the gelatinase activity of MMP14, through a mechanism involving
a protein complex composed of ADAM12, MMP14, and the adhesion receptor αvβ3 [24]. Thus, it
appears that ADAM12 contributes to BSG shedding and MMP activation both directly and indirectly
by enhancing MMP14 activity.

To assess the relevance of our in vitro findings, we examined serum samples from pregnant versus
non-pregnant healthy women, as well as five bladder cancer patients by Western blot. Here we detected
a protein band, most likely corresponding to full-length BSG released in exosomes. Moreover, we
detected a smaller protein band of approximately 48 kDa in all cancer samples, as well as in pregnancy
serum, but not in the non-pregnancy serum. Based on the band size and the fact that we only detected
the band when we used an antibody against the N-terminal extracellular part, but not an antibody
binding in the intracellular C-terminal part, this could potentially represent the ADAM12 generated
BSG ectodomain. Supporting this idea, we previously reported that ADAM12 is highly upregulated in
the same serum samples where we detected the 48 kDa band [29]. Thus, as previously suggested for
ADAM12, it could be interesting to investigate if presence of this BSG fragment in plasma samples
constitutes a potential prognostic marker.

In line with the shed BSG ectodomain being a potential biomarker in cancer, we found a number
of cancer-associated mutations in the region harboring the ADAM12 cleavage site. When introducing
the individual mutations in the exogenous BSG-AP substrate, we found two of the mutations (T199A
and A207T) to be more susceptible to ADAM12-mediated shedding. Also, one of these BSG mutations
(T199A) appeared to change the size of the shed BSG fragment, thereby potentially shifting the
ADAM12 cleavage site. Indeed, some variability of the cleavage site has been reported for the shedding
of BSG by MMP14 [13]. Looking into the structural information, BSG has been shown to function as a
dimer [34], and the dimerization of the two BSG molecules were suggested to take place around amino
acids 184–196 [35], which is exactly at the beginning of the region harboring the identified cancer
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mutations. While our data does not reveal any effects of BSG dimerization on shedding efficiency,
our findings provide an example of how proteolytic events can be affected not only at the level of the
protease, but also by altering the susceptibility of the substrate for being cleaved under particular
pathological conditions.

In conclusion, the present study provides mechanistic insight on the pro-tumorigenic role of
ADAM12 in cancer. ADAM12-mediated shedding of BSG could promote tumor progression by
stimulating MMP activation and enabling cancer cell invasion.

4. Materials and Methods

4.1. Antibodies and Reagents

Antibodies against ADAM12 were as previously described [23,36,37]. The rabbit polyclonal
antibodies N-19 (sc-9752) and H-200 (sc-13976) against BSG, and goat polyclonal antibody L-19
against PLAP (sc-9757) were from Santa Cruz Biotechnology (Dallas, TX, USA). Other antibodies used
were rabbit polyclonal antibody PA5-29787 against BSG (Thermo Fischer Scientific, Waltham, MA,
USA), mouse monoclonal antibodies against actin (MAB1501, Millipore Chemicon, Burlington, MA,
USA) and FITC-conjugated anti-CD147 (555962, BD Biosciences, San Jose, CA, USA). Living Colors®

GFP Monoclonal Antibody from Clontech was used for co-immunoprecipitation studies. Secondary
antibodies used were horseradish peroxidase (HRP)-conjugated goat anti-mouse, goat anti-rabbit, and
rabbit anti-goat immunoglobulins from DAKO A/S (Glostrup, Denmark). Alexa Fluor 488-conjugated
rabbit anti-goat IgG and goat anti-mouse IgG, and Alexa Fluor 546-conjugated goat anti-mouse IgG
F(ab)2 fragment and goat anti-rabbit IgG F(ab)2 fragment were from Invitrogen (Taastrup, Denmark).
The metalloprotease inhibitors Batimastat, GM6001, and all other chemicals were from Merck KGaA
(Darmstadt, Germany).

4.2. Plasmid

Mammalian expression constructs encoding full-length human ADAM12-L (ADAM12), human
ADAM12-L fused to GFP (ADAM12-GFP), or human ADAM12-L lacking the cytoplasmic tail
(ADAM12-Δcyt) were as previously described [24]. A point mutation in the catalytic site (E351Q) of
ADAM12 (ADAM12-E/A) was introduced using the Phusion Site-directed mutagenesis kit (Thermo
Fischer Scientific, Waltham, MA, USA). For retroviral transduction, cDNA encoding ADAM12 and
ADAM12-E/A was cloned into the retroviral expression vector pRevTRE (Clontech, BD Biosciences).
Full-length human BSG isoform 2 (OHu27639) cDNA was obtained from GeneScript (Piscataway, NJ,
USA) and inserted into the pcDNA3.1 vector. The expression construct encoding alkaline phosphatase
(AP)-tagged BSG (BSG-AP) was provided by Carl Blobel (New York, NY, USA), and have been
described previously [21]. Using a PCR-based method [38], single point mutations were introduced
into the BSG-AP construct or the full-length BSG construct as indicated. ADAM9 and ADAM17
expression constructs were from William English (Sheffield, UK), and Gillian Murphy (Cambridge,
UK), respectively.

4.3. Cell Culture and Transfections

The HEK293 cell line stably expressing the vitronectin receptor αVβ3 integrin, called 293-VnR,
was previously described [39]. The cancer cell lines MCF-7, HeLa, and HT1080 were from ATCC (LGC
Standards AB, Boras, Sweden) and cultured as previously described [36]. All cell lines were transiently
transfected using X-tremeGENE9 Transfection Reagent (Roche Applied Science, Hvidovre, Denmark).
MCF-7 cells stably expressing ADAM12-Δcyt in a tetracycline (tet)-Off system (MCF7-A12) were
generated by retroviral transduction of ADAM12-Δcyt in the pRevTRE vector (Clontech, BD Sciences)
as described previously [40]. The MCF7-A12 cell line was kept in growth medium supplied with
50 mg/mL hygromycin B (Roche Applied Science) and 100 mg/mL geneticin (Sigma-Aldrich, St. Louis,
MO, USA). Small interfering RNAs (siRNAs) against MMP14 were obtained as siGENOME SMARTpool
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reagents from Thermo Scientific (Dharmacon, Waltham, MA, USA), and siRNA universal negative
control was from Sigma-Aldrich. siRNA transfection was performed according to the manufacturer’s
instructions, using OPTI-MEM I and LipofectamineTM 2000 (Invitrogen).

4.4. CRISPR/Cas9 Gene Editing

HeLa ADAM12 knockout cells were generated using the CRISPR-Cas9 system. Guide RNAs
(gRNA) were designed using the WTSI genome editing tool [41] and individually inserted in the vector
pSpCas9(BB)-2A-GFP [42]. To determine the gRNA editing efficiency, HeLa cells were transfected with
the pSpCas9(sgRNA)-2A-GFP vectors and verified by Indel Detection by Amplicon Analysis (IDAA).
gRNA 5-TACCGTGTAATTTCGAGCGA-3, targeting exon 4, showed the highest editing efficiency and
was subsequently transfected into HeLa cells. GFP positive cells were single cell sorted, expanded and
tested by qPCR and Western blot for ADAM12 knockout. Additionally, we screened positive clones for
biallelic frameshifts using Sanger sequencing. Two individual ADAM12 knockout clones, D7 and E7,
as well as one non-edited clone D4, were used for further experiments.

4.5. Human Serum Samples

Control and pregnancy serum samples obtained from healthy individuals and serum samples from
patients with bladder carcinomas were obtained as previously described [29]. Informed consent was
obtained from all patients and the bladder cancer protocol was approved by The National Committee
on Health Research Ethics (#1708266).

4.6. Shedding Assay

ADAM12-mediated shedding of AP-tagged substrates was determined as described
previously [21]. The shedding activity was calculated as AP activity in conditioned medium divided
by AP activity in the medium plus corresponding cell lysate after subtracting the background signal
from non-transfected cells. The value from cells transfected with the AP construct alone or together
with ADAM12-E/A was set to 1. Western blot analysis of total cell lysates was performed to ensure
equal expression of the constructs.

4.7. Immunofluorescence Staining

Visualization of ADAM12 and BSG by immunofluorescence staining was performed using
standard techniques as previously described [36]. Cell surface staining of BSG was done using a
cytospin method, as described by Kawaguchi et al. [43]. In brief, cells were trypsinized and stained
without permeabilization, fixed in 4% paraformaldehyde, and spun down in a cytospin centrifuge
(Sandon, Thermo Fisher Scientific, Waltham, MA, USA). For staining of adherent cells, fixation by
either cold methanol or 4% paraformaldehyde was used. BSG-stained cells were counted and the total
grey value was measured at 546 nm using MetaMorph software and a multi wavelength cell-scoring
program. For visualization of protein co-localizing at the cell surface, Duolink reagents from Olink
(Uppsala, Sweden) were used to stain non-permeabilized cells, as recently described [26]. Fluorescence
imaging was performed using an inverted Zeiss Axiovert 220 Apotome system equipped with a
63/1.4 Plan-Apochromat water immersion objective. The images were processed using the Axiovision
program (Carl Zeiss, Oberkochen, Germany) and MetaMorph software. Average number of foci from
50 cells from ADAM12 or ADAM12-E/A transfected cells were compared.

4.8. In Situ Gelatinase Assay

The in situ gelatinase assay was performed as previously described [24]. In brief, cells were
seeded on 3.5 cm dishes coated with gelatin (10 mg/mL) coupled to Oregon green 488 dye (G-13186)
from Molecular Probes (Life Technologies, Taastrup, Denmark). Twenty-four hours after, gelatin
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degradation was quantified by measuring the area of black holes in the fluorescent gelatin relative to
the total area, using MetaMorph software (MM45, Molecular Devices, San Jose, CA, USA).

4.9. Immunoprecipitation and Western Blot Analysis

Protein immunoprecipitation and Western blot analysis were performed using standard protocols,
as previously described [21,24]. In brief, 293-VnR cells transfected with ADAM12-GFP or with basigin
were extracted in RIBA buffer for 20 min, containing inhibitors as described [20,23]. The extracts were
incubated with antibodies for 2 h at 4 ◦C with gentle agitation. Protein G-SepharoseTM 4 Fast Flow
beads (GE Healthcare, Chicago, IL, USA) were added for an additional 1 h at 4 ◦C. Beads were gently
washed three times in RIPA buffer (20 mM Tris-HCl (pH 7.5) 150 mM NaCl, 1 mM Na2EDTA, 1%
Triton X-100). Bound proteins were eluted in 2× sample buffer, followed by Western blot analysis. Cell
surface proteins were biotinylated using non-cleavable EZ-Link Sulfo-NHS-LC-Biotin, pulled down
with streptavidin–agarose, and analyzed by Western blotting as previously described [44].

4.10. Quantitative PCR

Total RNA extraction was performed using GeneJet RNA Purification kit (Thermo
Scientific), cDNA synthesis, and quantitative PCR (qPCR) and was carried out as described
earlier [21]. They were performed with ADAM12 primers 5-CAGGCACAAAGTGTGCAGAT-3,
5-GCTTGTGCTTCCTCCAAAGC-3 and BSG primers 5-GACGTCCTGGATGATGACGA-3,
5-GAAGAGTTCCTCTGGCGGAC-3. The gene for ribosomal phosphoprotein (RPO) was
used as a house keeping reference gene, and RPO primers 5-CAGCAGTTTCTCCAGAGC-3,
5-TTCATTGTGGGAGCAGAC-3, and data were analyzed using the 2(−ΔΔCT) method.

4.11. Statistical Analysis

Statistical analyses of all experiments were performed for three independent repeats using
Student’s t test for comparing two groups and ANOVA for multiple group comparisons; p < 0.05 was
considered statistically significant.
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Abbreviations

ADAM A disintegrin and metalloproteinase
AP Alkaline phosphatase
BSG Basigin
COSMIC Catalogue of somatic mutations in cancer
ECM Extracellular matrix
EGFR Epidermal growth factor receptor
EMMPRIN extracellular matrix metalloprotease inducer
HRP Horseradish peroxidase
MCT Monocarboxylate transporter
MMP Matrix metalloproteinase
PLA Proximity ligation assay
TNFα Tumor necrosis factor alpha
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Abstract: Matrix metalloproteinases (MMPs) are enzymes involved in periodontal tissue destruction.
Hemagglutinin B (HagB) from the periodontal pathogen Porphyromonas gingivalis induces an elevated
MMP response in dendritic cells, but responses from cultures of single-cell types do not reflect the
local tissue environment. The objective of this study was to measure HagB-induced MMP responses
in a transwell co-culture system containing dendritic cells, gingival epithelial (GE) keratinocytes,
and CD4+ T-cells. Transwell co-cultures were assembled and treated with or without HagB.
Immunoassays were used to determine production of MMP1, MMP7, MMP9, and MMP12 in response
to HagB up to 64 h. Control responses were subtracted from HagB-induced responses. A two-way
fixed effect ANOVA was fit to log-transformed concentrations and pairwise group comparisons
were conducted (p < 0.05). At 64 h, dendritic cells produced elevated MMP1 and MMP9 responses,
which were attenuated in the 3-cell co-culture (p < 0.05). There were also significant differences in
MMP7 and MMP12 production between single-cell cultures and co-cultures. These results support
the need to use multiple cell types in culture models to evaluate a more representative response to
proinflammatory agonists. This three-cell transwell co-culture model may help us better understand
the inflammatory process in periodontal disease and test novel therapeutic approaches.

Keywords: hemagglutinin-B; transwell co-cultures; matrix metalloproteinases

1. Introduction

Periodontal disease, a chronic inflammatory disease that causes tissue damage in the oral cavity,
affects approximately 46% of U.S. adults [1]. Periodontal disease results from exposure of gingival
tissue to microorganisms and microbial products in adhered polymicrobial biofilms and the subsequent
host inflammatory and immune responses they induce [2]. Biofilms contain a number of early and late
colonizers, including Porphyromonas gingivalis. The prolonged inflammatory response to this biofilm
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results in elevated matrix metalloproteinase (MMP) production, which in turn leads to degradation
of collagen fibers and subsequent periodontal attachment and bone loss, and ultimately tooth loss if
left untreated.

The periodontal inflammatory response is a complex process involving communication between
cells and strict regulation of cell activities necessary for host defense [3]. A network of cytokines and
chemokines directs cell migration, survival, and immune cell function. MMPs are enzymes that play a
critical role in the inflammatory response either by modifying proteins post-translationally to promote
rapid delivery to other cells or by inactivating these proteins to initiate or terminate the immune
process [4]. These functions allow MMPs to direct systematic inflammation and regulate cytokine
biosynthesis through activation of signal transduction pathways. In periodontal disease, there is an
elevated MMP response associated with the inflammatory response.

Matrix metalloproteinases are major enzymes implicated in extracellular matrix degradation
and tissue remodeling [5]. MMPs are part of a large family of calcium-dependent, zinc-containing
endopeptidases categorized into six groups based on their respective substrates [6,7]. Healthy adults
express low levels of MMPs compared to the elevated levels expressed in adults with inflammatory
diseases [6]. MMPs play an important role in the physiological response during wound healing, tissue
repair, morphogenesis, tooth eruption, cell communication, and remodeling after injury, and they
are also implicated in diseases such as rheumatoid arthritis, atherosclerosis, cancer, and periodontal
disease. With respect to periodontal disease, biofilm induced inflammation amplifies MMP expression
leading to increased tissue damage.

Recently, we reported that dendritic cells produce an enhanced cytokine and MMP response when
treated with Hemagglutinin B (HagB), a virulence factor of the periodontal pathogen P. gingivalis [8].
Because cells in single-cell culture systems cannot receive signals from surrounding cells as they would
in the natural host environment, the results from single-cell culture studies are not representative of
the host response. Thus, studies encompassing multiple cell types are needed to better represent the
in vivo host response. In this study, we utilized a three-cell transwell co-culture, composed of dendritic
cells, gingival epithelial (GE) keratinocytes, and CD4+ T-cells, three cell types that play an important
role in the innate immune response in periodontal disease. CD4+ helper T-cells were included in the
transwell co-culture because they are the most dominant type of T-cell in the gingiva and have been
suggested to play roles in homeostasis and immunopathology [9,10]. Dendritic cells in the periodontal
tissues detect bacteria and initiate an immune response by migrating to the lymph nodes, leading to
activation of other cell types and their recruitment to these tissues [11].

The transwell co-culture allows for the exchange of extracellular biomarkers from one cell type
to stimulate co-cultured cells in an allogeneic system. In this study, we explored the use of immune
cells and epithelial cells from different hosts in a three-cell transwell co-culture where the cells do
not have physical contact with one another. Our study compared the P. gingivalis HagB-induced
MMP response in a uniquely stacked, three-cell transwell co-culture system containing dendritic cells,
GE keratinocytes, and T-cells to the MMP response from single-cell cultures.

2. Results

2.1. Experimental Set-Up of the Three-Cell Transwell Co-Culture.

The production of MMPs in response to HagB was assessed in a modified three-cell transwell
co-culture (Figure 1). The production of MMPs was first examined in samples at 0, 2, 4, 8, 16, and 32 h
after HagB addition or HagB diluent (n = 3, Figure 2a, Figure 3a, Figure 4a, Figure 5a, and Supplemental
Table S1) and then more closely examined at 64 h (n = 9, Figure 2b, Figure 3b, Figure 4b, Figure 5b,
and Supplemental Table S2). Note thatFigure 2a, Figure 3a, Figure 4a, and Figure 5a are from one
experiment with three replicate reads at each time point (n = 3) from 0 to 32 h, while Figure 2b,
Figure 3b, Figure 4b, and Figure 5b are based on three experiments with three replicate reads each
(n = 9) at 64 h. These values were determined by subtracting the response to the HagB diluent from
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the HagB-induced response. This not only eliminates the response of any reaction to the diluent,
but also eliminates the cell responses induced by the other cell types in the co-cultures and any baseline
MMP production from the cells when no agonist is present. In most cases, MMP production was first
observed from 8 to 16 h.

Figure 1. (a) Set-up of the three-cell transwell co-culture. The top insert contained CD4+ T-cells (TC),
the middle insert contained GE keratinocytes (Ker) and the bottom well contained dendritic cells (DC).
Cells were suspended in LGM-3. The inserts stack into each other. A porous membrane is found on
the bottom of each insert, allowing small molecules, such as cytokines and MMPs, to travel between
the cell layers while cells remain in their designated tiers. This plate was inserted in the incubator on
a shaker plate to facilitate diffusion between the inserts. (b) Template used to establish the one-cell,
two-cell, and three-cell co-cultures. Two plates were constructed; one was treated with HagB (test) and
the other with diluent (control).

2.2. Single-Cell Culture Responses to HagB

The transwell co-cultures were set up with only one cell type. Each cell type was in its respective
tier: Dendritic cells (bottom), GE keratinocytes (middle), and T-cells (top). By 64 h, HagB stimulated
single cultures of dendritic cells, GE keratinocytes, and T-cells produced varying concentrations
of MMP1, MMP7, MMP9, and MMP12 (Figure 2b, Figure 3b, Figure 4b, and Figure 5b). Of the
single-cell cultures at 64 h, dendritic cells produced significantly higher amounts of MMP1 and MMP9
in response to HagB (p < 0.05), while GE keratinocytes and T-cells produced little to no MMP1 and
MMP9. This trend of MMP1 and MMP9 production was observed throughout the 64 h, starting at 8 h
(Figure 2a and Figure 4a). There was little to no production of MMP7 and MMP12 in the single-cell
cultures, as there was no significant difference (p > 0.05) from the no cell control at 64 h (Figure 3b and
Figure 5b). However, from the detection of MMP12 from 0 to 32 h, dendritic cells were the highest
single-cell culture to produce MMP12 in response to HagB. In general, GE keratinocytes and T-cells
single-cell cultures produced little to no MMP response to HagB of the four MMPs examined.
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Figure 2. (a) Matrix metalloproteinase 1 (MMP1) responses of single cell and co-cultures when treated
with hemagglutinin B (HagB) (n = 3). HagB was added at Time 0 to single-cell cultures and co-cultures
of T-cells (TC), GE keratinocytes (Ker), and dendritic cells (DC). MMP1 concentrations were determined
at 0, 2, 4, 8, 16, and 32 h. The MMP1 responses from the HagB diluent were subtracted from the
HagB-induced MMP1 responses. (b) MMP1 responses to HagB at 64 h (n = 9). The MMP1 responses
from the HagB diluent were subtracted from the HagB-induced MMP1 responses. A two-way fixed
effect ANOVA was fit to log-transformed concentrations of MMP1. Pairwise group comparisons
were conducted using the post-hoc Tukey’s honest significance test. A 0.05 level was used determine
statistically significant differences between groups. Shared letters above bars indicate the groups
are not statistically different from one another (p > 0.05), while differing letters indicate significantly
different mean values (p < 0.05).

Figure 3. (a) MMP7 responses of single cell and co-cultures when treated with HagB (n = 3). HagB
was added at Time 0 to single-cell cultures and co-cultures of T-cells (TC), GE keratinocytes (Ker), and
dendritic cells (DC). MMP7 concentrations were determined at 0, 2, 4, 8, 16, and 32 h. The MMP7
responses from the HagB diluent were subtracted from the HagB-induced MMP7 responses. (b) MMP7
responses to HagB at 64 h (n = 9). The MMP7 responses from the HagB diluent were subtracted
from the HagB-induced MMP7 responses. A two-way fixed effect ANOVA was fit to log-transformed
concentrations of MMP7. Pairwise group comparisons were conducted using the post-hoc Tukey’s
honest significance test. A 0.05 level was used determine statistically significant differences between
groups. Shared letters above bars indicate the groups are not statistically different from one another
(p > 0.05), while differing letters indicate significantly different mean values (p < 0.05).
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2.3. Multiple Cell Types in the Three-cell Transwell Co-Culture System

As noted above, dendritic cells produced the highest amount of MMP1 in single-cell cultures,
but when dendritic cells were cultured with GE keratinocytes or GE keratinocytes + T-cells, production
of MMP1 was attenuated (p < 0.05). At 64 h, the dendritic cell MMP1 response was attenuated in
dendritic cells + GE keratinocytes (p < 0.05) and dendritic cells + GE keratinocytes + T-cells transwell
co-cultures (p < 0.05) (Figure 2b).

Dendritic cells were also the main drivers of the MMP9 response to HagB, as all cultures containing
dendritic cells had the greatest response (Figure 4). However, at 64 h the three-cell co-culture values
were significantly less than the dendritic cells alone, dendritic cells + GE keratinocytes, and dendritic
cells + T-cells cultures, suggesting the presence of both T-cells and GE keratinocytes caused a decrease
in the production of MMP9 by dendritic cells in response to HagB.

Figure 4. (a) MMP9 responses of single cell and co-cultures when treated with HagB (n = 3). HagB
was added at Time 0 to single-cell cultures and co-cultures of T-cells (TC), GE keratinocytes (Ker), and
dendritic cells (DC). MMP9 concentrations were determined at 0, 2, 4, 8, 16, and 32 h. The MMP9
responses from the HagB diluent were subtracted from the HagB-induced MMP9 responses. (b) MMP9
responses to HagB at 64 h (n = 9). The MMP9 responses from the HagB diluent were subtracted
from the HagB-induced MMP9 responses. A two-way fixed effect ANOVA was fit to log-transformed
concentrations of MMP9. Pairwise group comparisons were conducted using the post-hoc Tukey’s
honest significance test. A 0.05 level was used determine statistically significant differences between
groups. Shared letters above bars indicate the groups are not statistically different from one another
(p > 0.05), while differing letters indicate significantly different mean values (p < 0.05).

Like the single-cell cultures above, there was little to no production of MMP7 and MMP12 in
the transwell co-cultures in response to HagB, as there was no significant difference from the no cell
control at 64 h (Figure 3b and Figure 5b). However, from the detection of MMP7 and MMP12 from 0 to
32 h, it seems dendritic cell cultures may have been the main producer of MMP12 as it was produced
in all cultures containing dendritic cells (Figure 3a and Figure 5a). Dendritic cells + GE keratinocytes
and dendritic cells + GE keratinocytes + T-cells produced the greatest amount of MMP7 (Figure 3).
MMP7 and MMP12 responses were suggestively enhanced in the dendritic cells + GE keratinocytes +
T-cells three-cell transwell co-culture relative to the single-cell cultures, although that enhancement
was not significant (Figures 3 and 5).
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Figure 5. (a) MMP12 responses of single cell and co-cultures when treated with HagB (n = 3).
HagB was added at Time 0 to single-cell cultures and co-cultures of T-cells (TC), GE keratinocytes
(Ker), and dendritic cells (DC). MMP12 concentrations were determined at 0, 2, 4, 8, 16, and 32 h.
The MMP12 responses from the HagB diluent were subtracted from the HagB-induced MMP12
responses. (b) MMP12 responses to HagB at 64 h (n = 9). The MMP12 responses from the HagB diluent
were subtracted from the HagB-induced MMP12 responses. A two-way fixed effect ANOVA was fit
to log-transformed concentrations of MMP12. Pairwise group comparisons were conducted using
the post-hoc Tukey’s honest significance test. A 0.05 level was used determine statistically significant
differences between groups. Shared letters above bars indicate the groups are not statistically different
from one another (p > 0.05), while differing letters indicate significantly different mean values (p < 0.05).

3. Discussion

There has been little research on characterizing MMP responses of cells grown in three-cell
transwell co-culture systems using primary GE keratinocytes from the oral cavity. We used the
three-cell transwell co-cultures to elucidate cell-to-cell communication that regulates MMP production
induced by proinflammatory agonists such as HagB. Co-cultures produced significantly different
MMP responses than single-cell cultures, and cytokine and chemokine responses also differed [12].

In this model, dendritic cells drove MMP production, but the expression of MMPs changed in
the presence of GE keratinocytes and T-cells. Using transwell co-cultures, we demonstrated how
the MMP responses of three cell types differed in a co-culture environment when exposed to the
proinflammatory agonist HagB. This experimental approach highlights the contribution and influence
multiple cell types in co-culture can have on the MMP response, which plays a role in the pathogenesis
of periodontal tissue destruction. Studying the MMP response in this model provides insight into
intra- and inter-cellular regulation of MMPs and the role of multiple cell types in the overall MMP
inflammatory response.

Knowing more about the MMP response of the immune system can provide us with a better
understanding of regulation of MMP expression. For example, MMP9 cleaves and activates
interleukin-8 (IL8), a cytokine that enhances neutrophil recruitment to the site of infection [13]. MMP9
has a major role in extracellular matrix degradation and tissue remodeling [14]. HagB induced
a high MMP9 response from dendritic cells in this study. MMP9 is upregulated during wound
healing, development, and in inflammatory pathologies. Furthermore, in inflammatory diseases such
as arthritis, cardiovascular disease, cancer, and diabetes, MMP9 stimulates the immune response
initiating pathogenesis and increasing disease progression. TNFα causes upregulation of MMP9
expression [14]. MMP9 can also recruit eosinophils and T-cells to the site of infection. In this study,
the dendritic cell MMP9 response was significantly decreased in the presence of T-cells and GE
keratinocytes when all three cell types were cultured together, but not when dendritic cells were
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cultured with GE keratinocytes or T-cells (Figure 4b). The presence of both GE keratinocytes and
T-cells caused an attenuation of the dendritic cell response, suggesting a synergistic inhibition effect of
MMP9 expression to prevent further immune cell recruitment. One possibility is that T-cells signal the
GE keratinocytes to produce tissue inhibitors of metalloproteinases, which in turn leads to a reduction
in MMP9 production, but this has yet to be shown.

Similarly, dendritic cells produced more collagenase MMP1 than other cell types, but this response
was significantly attenuated when all three cell types were cultured together (Figure 2b). MMP1
is elevated during tissue remodeling, wound healing, and repair [15]. Therefore, we expected
MMP1 expression to be enhanced by the presence of an agonist like HagB, which occurred in the
dendritic cell single-cell culture. When cultured with GE keratinocytes, the dendritic cells’ response is
significantly attenuated. This suggests GE keratinocytes may inhibit MMP1 expression in dendritic
cells. One possibility is that the GE keratinocytes are inhibiting one of the cytokine inducers of MMP1
expression such as growth factors and interleukins [15].

Co-culture models differ from other systems because of their unique ability to focus on the cellular
communication between different cell types over time. Standard in vitro culture systems are limited by
the inability to represent all of the immune mediators found in the host environment. In particular,
a more complex multi-dimensional system that can more closely mimic the in vivo inflammatory
response is required to generate a comprehensive understanding of the process underlying periodontal
disease [16]. There are numerous co-culture models, each with their own intrinsic advantages and
disadvantages, which have been extensively described in the current literature [17–23]. These models
generally consist of autologous cells cultured together (e.g., organoids, spheroids, etc.), or allogeneic
cells cultured together but physically separated (e.g., transwell co-cultures, etc.). They can be
constructed as 2D or 3D systems and may involve different cell types, different types of membranes,
and different sources of collagen or matrix.

The three-cell transwell co-culture system developed for this study is not without its own
advantages and disadvantages. We used a heterotypic, transwell co-culture system that does not allow
contact among the different cell types by separation using membranes as barriers between the cells.
By removing cell–cell physical interactions, we can focus on the effects of cell signals elicited by the
agonist or from other cells in the co-culture. Preventing cell-to-cell contact allows us to use cells from
different individuals that would otherwise be incompatible. One limitation of this study is that the
cells are not necessarily in the same ratios as they would be in vivo. With this in mind, we chose to use
equal concentrations of each cell type because it is easily repeatable and can be plated in the transwell
plates at a reasonable density.

In conclusion, a number of factors could be causing the attenuation of dendritic cell expression of
MMP9 and MMP1 in the three-cell co-culture. This study provided insight into MMP regulation in
the host environment and the effects of a proinflammatory agonist, HagB. Learning more about these
signaling pathways and MMP involvement may lead to identification of possible targets for therapeutic
approaches. Further analysis will look for connections between the MMP responses over time and the
associated cytokine responses, which will provide more information on the inflammatory response.

In silico models using bioinformatics are being developed to help us study and analyze
inflammatory responses in environments like the periodontal tissues where multiple factors are
involved [24]. Previously, we used a computational model to examine the HagB-induced MMP
response [10]. Similarly, the results from this study will be used to modify this computational model
so that it can be used to search drug databases for potential MMP inhibitors. These drugs can then
be tested in the three-cell transwell co-culture to verify their effectiveness in suppressing MMP and
inflammatory cytokine expression. This will help us identify and test possible therapeutic approaches
for suppressing the inflammatory response in diseases such as periodontal disease.
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4. Materials and Methods

4.1. Preparation of HagB

Hemagglutinin B (HagB) from P. gingivalis (Pg strain 381) was cloned and His-tagged into the
vector pQE31 and expressed in Escherichia coli (M15 pREP4 pQE-31-TX1, QIAGEN Inc., Valencia, CA,
USA), which was obtained and prepared similarly to what was previously described [25]. Briefly,
recombinant E. coli was grown at 37 ◦C in selective Luria-base (LB) broth with ampicillin and kanamycin
A. After 4 h, 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) per liter of culture was added to
induce HagB expression. After an additional 4 h of incubation, 10.0 mL of 1.54 M sodium azide (NaN3)
per liter of culture was added to arrest growth. The culture was pelleted and washed in 10.0 mL of
140 mM phosphate buffered saline (PBS). The PBS was removed, and the cells were resuspended in
10 mL of Buffer A (6.0 M Guanidine-HCl, 0.1 M NaH2PO4, 0.01 M Tris acid, pH 8.0) to lyse the E. coli.
The cells were pelleted and the supernatant containing the HagB was collected.

To purify the HagB, affinity chromatography was performed using the BioRad Biologic
low-pressure pump and a column containing Profinity IMAC Ni-charged resin (Bio-Rad Laboratories,
Inc., Hercules, CA, USA), which binds His-tagged proteins. After the column was equilibrated with
Buffer A, the supernatant containing HagB was passed through the column. This elution was collected
and discarded since the proteins remained in the column. The affinity-attached HagB was washed
with 8.0 M Urea, 0.1 M NaH2PO4, 0.01 M Tris acid, pH 8.0, followed by a second wash with 8.0 M Urea,
0.1 M NaH2PO4, 0.01 M Tris acid, pH 6.3. To refold the HagB, a buffer containing 6.0 M Urea, 0.5 M
NaCl, 0.01 M Tris acid, 20.0% glycerol, pH 7.4 was applied to the column. The next refolding buffer
applied was the same buffer but with 3.0 M Urea followed by buffer without Urea. The last buffer
(0.25 M Imidazole, 0.5 M NaCl, 0.01 M Tris acid, 20.0% glycerol, pH 7.4) added to the column was a
refolding buffer with imidazole to elute the HagB using a fraction collector. The protein concentration
of each fraction was obtained using a NanoDrop (NanoDrop Technologies, Inc., Wilmington, DE, USA),
and fractions containing the most protein were pooled.

This protein sample was applied to a desalting column (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) to remove imidazole and for further purification using the BioRad Biologic low-pressure
pump. The column was equilibrated with a refolding buffer of 0.5 M NaCl, 0.01 M Tris acid,
20.0% glycerol, pH 7.4. The pooled fraction sample was run through the column followed by
the refolding buffer without urea. The protein concentration was quantified using a NanoDrop,
and fractions containing the most protein were pooled together.

4.2. Analysis of HagB

To determine the protein concentration of the sample more precisely, a BCA protein concentration
assay was utilized, and found to be approximately 0.445 mg/mL (Pierce bicinchoninic acid (BCA)
Protein Assay Kit, ThermoFisher Scientific, Rockford, IL, USA). The final concentration of LPS was
2.44 ng LPS/1.0 μg HagB (QCL-1000, Chromogenic Limulus Amebocyte Lysate Assay, Lonza, Inc.
Walkersville, MD, USA). An SDS-Page of the sample was performed to verify purification of HagB
using a NuPAGE Novex 4% to 12% Bis-Tris protein gel. This produced a solid band at about 46 kDa.
A MALDI-TOF mass spectrometry analysis confirmed the presence of HagB in this band with the
greatest number of matches and sequences of all proteins found. HagB was the only protein found
from P. gingivalis.

4.3. Dendritic cells, GE keratinocytes, and T-cells

Dendritic cells, GE keratinocytes, and T-cells were chosen for this experiment due to their presence
in the periodontium and their innate immune functions. Human monocyte-derived immature myeloid
dendritic cells (AllCells, Alameda, CA, USA) were thawed, washed with LGM-3 (Lymphocyte Growth
Media-3, Lonza, Walkersville, MD, USA), counted, pelleted by centrifugation (400× g) at 4 ◦C for 10 min,
and then resuspended in LGM-3 to 1 × 105 viable cells/mL. CD4+ T-cells (StemCell Technologies, Inc.,
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Vancouver, BC, Canada) were activated using a human T-cell Activation/Expansion kit (Miltenyi
Biotec, San Diego, CA, USA) in TexMACS medium (Miltenyi Biotec) for 3 days at 37 ◦C with 5%
CO2. The T-cells were then collected, pooled, and a viable cell count was obtained. The T-cells were
resuspended to 1 × 105 viable activated cells/mL in LGM-3. Primary first passage GE keratinocytes
were used, which were previously prepared and stored in liquid nitrogen [26]. These cells were isolated
from healthy, non-smoking individuals undergoing crown lengthening or canine exposure procedures.
In compliance with a protocol approved by the University of Iowa Institutional Review Board for the
Use of Human Subjects in Research (199811030, approval date 11 June 2005), informed consent was
previously obtained from these patients.

All three cell types were centrifuged at 400× g at 4 ◦C for 10 min and resuspended in LGM-3 to
1 × 105 viable cells/mL. LGM-3 was used because all three cell types can survive and remain active in
this serum-free media.

4.4. Establishment of Co-Culture

The three-cell transwell co-culture system was made using transwell 12-well polystyrene plates
(3104, Corning, Inc., Corning, NY, USA) and inserts from the transwell 24-well polystyrene plates
(3413, Corning, Inc., Corning, NY, USA). 200 μL of 1 × 105 cells/mL of dendritic cells were added to
the bottom well of the transwell 12-well plate along with 800 μL of LGM-3. 200 μL of 1 × 105 cells/mL
of GE keratinocytes were added to the middle 12 mm insert along with 300 μL of LGM-3. 200 μL
of 1 × 105 cells/mL of activated T-cells were added to the top 6.5 mm insert. These inserts have a
permeable membrane with a pore size of 0.4 um to allow media to be shared between the three cell
types. The cell layers are organized in this manner due to cell properties. For example, dendritic cells
are placed in the bottom well so they can spread out and adhere to the plate. GE Keratinocytes also
somewhat adhere so they were given the middle tier, while the T-cells do not adhere and therefore do
not require as much surface area on the plate. The plates were placed on a plate shaker at low speed
in the incubator at 37 ◦C with 5% CO2 (Figure 1a). This created a diffusible 3-tier platform. The total
volume was 1700 μL/well.

To compare the responses between different cell types, single-cell responses, and the response
of all three cell types together, combinations of cell types and single cells were set up in the same
manner (Figure 1b). In total, there were three replicates of each well. LGM-3 was added in place of cell
suspensions not present in a well. The HagB diluent (refolding buffer: 0 M Urea, 0.5 M NaCl, 0.01 M
Tris acid, 20% glycerol, pH 7.4) was used as the treatment control, which allows any responses from
the buffer to be subtracted out. The plates were incubated for 2 h at 37 ◦C to allow the cells to settle
and adjust.

HagB was then added at a concentration of 10.0 μg/mL. Preliminary tests were used to determine
the appropriate concentration of HagB to use by testing varying concentrations and their respective
dendritic cell response. An equal amount of buffer was added to control wells. Plates were placed on a
titer plate shaker at a low speed for 60 s to diffuse the treatment. 200 μL of supernatant was collected
from each well as a time zero sample, and 200 μL of LGM-3 was added back to each well. Samples
were centrifuged for five minutes at 0.8× g to pellet any cells or debris, and supernatants were stored
at −80 ◦C. The plates were placed on the shaker and incubated at 37 ◦C, 5% CO2 for 64 h. Samples
were collected in this same manner at 2, 4, 8, 16, and 32 h. At 64 h, 2.0 mL centrifugal filter tubes were
used to pool the media, one tier at a time.

4.5. Determination of MMP Concentrations

The concentrations of MMP1, MMP7, MMP9, and MMP12 were first evaluated to examine
production over 32 h. This was done using multiplex immunoassays (Human Magnetic Luminex
Screening Assay, R & D Systems, Minneapolis, MN, USA) read on the Luminex100 (Luminex 100
IS Instrument, Luminex, Austin, TX, USA) (n = 3) (Figure 2a, Figure 3a, Figure 4a, and Figure 5a).
After the experiment was repeated twice more, MMP concentrations at 64 h were further evaluated
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and compared (n = 9) using multiplex immunoassays (Milliplex MAP Human MMP Magnetic Bead
Panels, EMD Millipore, Billerica, MA, USA) read on the Luminex100 (Figure 2b, Figure 3b, Figure 4b,
and Figure 5b). These immunoassay kits use antibody-coated magnetic beads to bind desired analytes
and use a standard curve of known concentrations to determine unknown concentrations as previously
described [27].

4.6. Statistical Analysis

MMP concentrations were interpolated from curves constructed from the MMP standards and
their respective median fluorescence intensity (MFI) readings on the Luminex100 and readout files
(Milliplex Analyst v5.1 software, EMD Millipore, Billerica, MA, USA). First, the 0 to 32 h results from
the immunoassay (Human Magnetic Luminex Screening Assay, R & D Systems, Minneapolis, MN,
USA) were analyzed (n = 3). The responses of the control plate (HagB diluent) were subtracted from
the responses of the test plate (HagB) to assess only the effect of the presence of HagB. A two-way fixed
effect ANOVA was fit to log-transformed concentrations of the MMPs (Analysis performed using JMP,
Version 10.0, SAS, Cary, NC, USA). Pairwise group comparisons were conducted using the post-hoc
Tukey’s honest significance test. A significance level of 0.05 was used determine statistically significant
differences between groups.

The co-culture experiment was then repeated three times, and three repeats from each experiment
at 64 h were included in the immunoassay (n = 9). Responses from the control plate (HagB diluent)
were subtracted from the responses from the test plate (HagB) to assess only the effect of HagB.
Once again, results were analyzed using a two-way fixed effect ANOVA fit to log-transformed data
and pairwise group comparisons were made.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/12/
3923/s1.
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Abstract: Background: Cleaving ligands and receptors of the tumor necrosis factor (TNF) superfamily
can critically regulate the induction of apoptosis. Matrix metalloproteinases (MMPs) such as MMP-9
and tumor necrosis factor-α-converting enzyme (TACE) have been shown to cleave CD95-Ligand
(CD95L) and TNF/(TNF receptor-1) TNFR1 which induce phagocytosis induced cell death (PICD) in
adult monocytes. This process is reduced in neonatal monocytes. Methods: Here we tested in vitro,
whether Escherichia coli infection mounts for activation of MMP-9 and TACE in monocytes and
whether this process regulates PICD. Results: The surface expression of TACE was most prominent on
infected adult monocytes. In contrast, surface presentation of MMP-9 was highest on infected neonatal
monocytes. Selective blocking of MMP-9 decreased CD95L secretion, while inhibition of TACE left
CD95L secretion unaltered. Blocking of MMP-9 increased surface CD95L (memCD95L) expression on
infected neonatal monocytes to levels comparable to infected adult monocytes. Moreover, MMP-9
inhibition raised PICD of infected neonatal monocytes to levels observed for infected adult monocytes.
In contrast, TACE inhibition decreased PICD in infected monocytes. Addition of extracellular TNF
effectively induced memCD95L presentation and PICD of adult monocytes and less of neonatal
monocytes. Conclusion: MMP-9 activity is crucial for downregulating cell-contact dependent PICD
in E. coli infected neonatal monocytes. By this mechanism, MMP-9 could contribute to reducing
sustained inflammation in neonates.

Keywords: matrix-metalloproteinase; monocytes; inflammation; phagocytosis; apoptosis

1. Introduction

Perinatal mortality and morbidity is often caused by preterm delivery. Although modern intensive
care has increased the number of surviving preterm infants, they may suffer from complications
and lifelong handicaps. Preterm delivery can be triggered by intrauterine infections and numerous
environmental and genetic factors, which give raise to an inappropriate cytokine response [1].
Granulocytes, monocytes and monocyte-derived macrophages build up the first line of defence against
infections. Especially, macrophages secrete pro-inflammatory cytokines that trigger the antibacterial
response. This promotes recruitment of phagocytes to the site of infection and subsequent phagocytosis
and killing of the infectious pathogens. After the clearance of bacteria, the pro-inflammatory response
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is shifted into an anti-inflammatory situation. In this process, monocytes releasing anti-inflammatory
mediators become more prominent while phagocytosing monocytes are removed via apoptosis [2].
This phagocytosis induced cell death (PICD) extenuates the pro-inflammatory response of monocytes
after the acute phase of infection. Monocytes of neonates exhibit reduced PICD, resulting in a prolonged
pro-inflammatory phase compared to adults [2]. There is increasing evidence that the inadequate
termination of inflammation in prematurity (“sustained inflammation”) is of major impact on tissue
and organ damage later in life [3].

We have previously shown that monocytes derived from neonatal cord blood (CBMO) undergo
less apoptosis following infection with E. coli or group B-streptococci (GBS), while monocytes from
adult donors (PBMO) show a strong apoptotic response to infection [4,5]. Moreover, infected
PBMO were able to induce apoptosis of monocytes, which were not infected (bystander-apoptosis),
thereby actively terminating inflammatory immune response [6]. The mechanisms by which cell
death was induced were activation of internal and external apoptosis pathways mediated through
CD95L/CD95 (receptor) [7], and apoptosis induction by tumor-necrosis-factor-alpha (TNF) via
tumor-necrosis-factor-receptor-1 (TNFR1) followed by caspase-cleaving and consecutive cell death [8].

Previous work revealed that CBMO show less CD95L-expression, TNFR1-internalization and
TNF secretion compared to PBMO. This difference could be the result of a distinct posttranslational
regulation of these pro-apoptotic factors in adults and neonates. One possible regulatory
mechanism is the limited proteolysis of surface. This process, designated as shedding, can
critically reduce ligands/receptors on the cell surface and thereby down-regulate the signal
transmission [9,10]. The responsible enzymes are termed ectodomain sheddases and often represent
zinc containing metalloproteinases.

The most relevant metalloproteinase for shedding of TNF and TNFR-1 is the tumor necrosis
factor-converting enzyme (TACE/ADAM17). TACE belongs to the ADAM family proteases that share
the characteristics of type-1-transmembrane proteins containing a catalytically active metalloproteinase,
a disintegrin, an EGF and a transmembrane domain. Many other substrates for TACE have been
identified including the IL-6 receptor [10], CD62L [11,12] and growth factors such as AREG and
EGF [13].

Cleavage of CD95L can be mediated by the matrix metalloproteinase-9 (MMP-9, Gelatinase-B).
This protease is well known to cleave extracellular matrix proteins such as collagen IV and V. De
novo synthesized MMP-9 (pro-MMP-9) is activated by a two-step auto-proteolysis [14,15]. Moreover,
MMP-9 activity can be regulated by TNF [16] and lipopolysaccharide (LPS), therefore playing an
important role in endotoxin tolerance [17].

To better understand differences in PICD between neonatal and adult monocytes we here study
the regulation of MMP-9 and TACE expression in CBMO and PBMO after E. coli infection. By blocking
experiments with distinct metalloproteinase inhibitors we then investigate the role of MMP-9 and
TACE for surface-expression and secretion of death ligands in monocytes from adults and neonates.
Next, we perform blocking experiments to obtain information on the involvement of metalloproteinase
activities for PICD of CBMO and PBMO. Finally, we compare the relevance of cell contact formation
for bystander apoptosis induced in CBMO and PBMO target cells. Our results suggest that MMP9
and TACE are differentially regulated and have opposite functions in PICD. MMP9 expression is
comparatively high in CBMO and seems in part responsible for shedding of CD95L and the low rate
of PICD in these cells.
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2. Results

2.1. Plasma-Membrane Expression of Metalloproteinases is Induced by E. coli Infection

In previous studies we observed that phagocytosing PBMO and CBMO express similar levels
cell associated TNF whereas CBMO secrete much lower levels of soluble TNF than PBMO 24 h and
48 h post-infection (p.i.), (Supplemental Figure S1). These findings led us to the question whether
ectodomain sheddases responsible for release of TNF and other death ligands (e.g., CD95L) could be
differentially regulated in PBMO and CBMO. We here focus on the two metalloproteinase TACE and
MMP-9 known as major shedding enzymes for membrane expressed TNF (memTNF) and memCD95L,
respectively. First, we studied the surface expression level of TACE and MMP9 by flow cytometry
before and after infection with E. coli. Infection caused a significant up-regulation of TACE on PBMO,
whereas the expression level remained low in CBMO (Figure 1A). In contrast to TACE, the expression
level of MMP-9 was significantly higher in CBMO compared to PBMO (Figure 1B).

Figure 1. TACE and MMP-9 expression is induced four hours p.i. by infection with E. coli. TACE
expressing monocytes were assessed before and after infection with E. coli. (A) Histogram plots to the
right compare isotype controls (filled) and anti-TACE stained PBMO which were non-infected or E. coli
infected. Density plots (below) detail the distribution of E. coli infected PBMO regarding TACE surface
expression (compare to the non-infected PBMO to the left). E. coli MMP-9 expressing monocytes were
assessed before and after infection with E. coli. (B) (n = 5, *** p < 0.001, forked bars represent Student’s
t-test, blunt-ended bars represent ANOVA). Blocking of TACE activity increases its substrate CD62L.
(C) Monocytes were infected with GFP-E. coli for 4 h with or without indicated inhibitors and surface
expression of CD62L was determined. (A–C); (n = 5, ** p < 0.01, *** p < 0.001, forked bars represent
Student’s t-test, blunt-ended bars represent ANOVA).
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To check whether expression profiles were correlated to enzyme activities and to exclude the
possibility that infection caused alterations in the presence of MMP-9 and TACE only coincidentally, we
performed a shedding assay for CD62L as an indicator for TACE-activity (Figure 1C). CD62L plasma
membrane expression was induced after E. coli infection in PBMO but less in CBMO. Administration
of the TACE inhibitor TAPI-0 considerably increased CD62L expression on infected PBMO and less on
CBMO, indicating that the expression level of TACE is reflected by the shedding of one of the major
substrates. By contrast, CHX treatment, which is known to inhibit MMP-9 activity [18] had no effect on
CD62L expression (Figure 1C). These data show that under our experimental conditions PBMO exhibit
higher TACE expression and activity while CBMO exhibit higher expression of MMP9. Furthermore,
the results show effectiveness of the used inhibitors.

2.2. Metalloproteinase-Inhibition Down-Regulates the Expression of CD95L and TNF

Next we checked whether TACE and MMP-9 activities on E. coli infected monocytes could affect
the expression of the two reported substrates CD95L and TNF, respectively. To this end, we added
the metalloproteinase inhibitors TAPI-0 and CHX to infected monocytes (Figure 2). Addition of
these inhibitors had no effect on the phagocytosis index under the chosen conditions (Supplemental
Figure S2).

PBMO showed reduced levels of memCD95L after treatment with both inhibitors and an increase
of memCD95L after E. coli infection. CBMO showed no difference regarding memCD95L levels. The
memTNF levels increased significantly after E. coli infection in PBMO and CBMO (Supplemental
Figure S3). Inhibition of MMP-9 by CHX was associated with a two-fold increase of memCD95L
on PBMO and CBMO, whereas TACE inhibitor TAPI-0 had no effect (Figure 2A, compare columns
1, 2 and 3). The results are in line with the CD62L shedding assay, which shows a clear specificity
of CHX for MMP-9 (Figure 1B). Infection with E. coli increased the number of memCD95L-positive
PBMO eight-fold. This effect was much lower (four-fold) in CBMO (Figure 2A, compare columns 1
and 4). CHX but not TAPI-0 increased the number of memCD95L expressing infected PBMO. CHX
also increased the number of memCD95L expressing CBMO to levels that were observed for infected
but not CHX treated PBMO (Figure 2A, compare columns 4 and 11).

CHX had no effect on the expression of memTNF. However, treatment with TAPI-0 clearly
increased the number of memTNF expressing PBMO and CBMO (Figure 2B, compare columns 1 and
3). Infection with E. coli amplified the expression level of memTNF three-fold on PBMO and two-fold
on CBMO (Figure 2B, p < 0.05 vs. non-treated, non-infected monocytes). After blockage of TACE,
nearly all PBMO expressed memTNF, while only 60% of CBMO did (Figure 2B, compare columns 4
and 6).

The results mirrored the effects of CHX and TAPI-0 on memCD95L and memTNF: While
increasing memCD95L on infected monocytes (Figure 2A), CHX significantly diminished the
concentration of secreted CD95L (Figure 2C). Similar results were obtained for TAPI-0 with respect to
secreted TNF (Figure 2D).
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Figure 2. Blockage of metalloproteinases modulated expression of memCD95L and memTNF. PBMO
and CBMO were infected and/or treated with the indicated metalloproteinase inhibitors. Expression of
memCD95L (A) and memTNF (B) were assessed on CD14-positive gated monocytes. The same groups
were analyzed for secreted (s) CD95 (C) and TNF (D) 24 h p.i. via ELISA (n = 5, * p < 0.05, ** p < 0.01,
*** p < 0.001, forked bars represent Student’s t-test, blunt-ended bars represent ANOVA).

2.3. Inhibition of TACE Reduced PICD, but Inhibition of MMP-9 Restored PICD in CBMO

Since our experiments indicated the involvement of metalloproteinases in the regulation of death
receptors and ligands we addressed the question as to whether inhibition of metalloproteinases affects
the induction of apoptosis in uninfected and infected monocytes (Figure 3). Treatment with CHX
doubled apoptosis rates in uninfected PBMO and CBMO (compare columns 1 and 2). TAPI-0 did not
show this effect (compare columns 1 and 3). In concordance with our previous results, PICD of CBMO
was diminished compared to PBMO (column 4). Treatment with CHX increased the PICD in infected
PBMO significantly by about 10%. In infected CBMO, the effect of CHX on PICD was much higher
and doubled PICD rates on E. coli. infected monocytes. PICD rates of CHX treated infected CBMO
were two times higher than infected PBMO (Figure 3, right panel) In contrast, TAPI-0 addition reduced
PICD in PBMO by about 50% (p < 0.05 vs. infected PBMO). In CBMO PICD was found to be unaltered
(colums 6).
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Figure 3. Blockage of MMP-9 increased PICD of CBMO. PBMO and CBMO were infected and/or
treated with the indicated metalloproteinase inhibitors. Apoptosis was determined by Nicoletti assay
24 h p.i. The right panel gives the ratio of the values highlighted in dark-grey and grey, respectively
(n = 5, * p < 0.05, ** p < 0.01, *** p < 0.001, forked bars represent Student’s t-test, blunt-ended bars
represent ANOVA).

2.4. TNF and E. coli Infection Triggers Expression of memCD95L

We had observed that infected PBMO and CBMO release considerable amounts of soluble TNF in
a manner that most likely involves TACE (Figure 2D). Moreover, this inhibition was associated with a
reduction of CD95L expression (Figure 2A). This may suggest that a cross-talk between TNF production
and memCD95L expression exists. To address this possibility, monocytes were either incubated with
soluble recombinant TNF and/or infected with E. coli and memCD95L expression was analyzed. Both
addition of TNF and E. coli infection strongly up-regulated memCD95L on PBMO and to a lesser
degree in CBMO (Figure 4, compare groups 2 and 3). As an inhibitor of TNF, we applied the TNF
inhibitor etanercept to one group (Figure 4A, columns 2 and 4) resulting in considerable reduction of
CD95L expression in PBMO, while the effect was not significant in CBMO. Furthermore, pre-treatment
with etanercept reduced apoptosis rates significantly in TNF-incubated and E. coli-infected PBMO,
but had no effect on CBMO (Figure 4A). Comparing the mean intensity values (MFI) of memCD95L
(Figure 4B) reflected the specific effect of TNF, since addition of etanercept reduced the concentration
of memCD95L on both PBMO and CBMO after TNF treatment and infection, respectively.
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Figure 4. TNF triggers expression of CD95L. PBMO and CBMO were stimulated with TNF and/or
infected with E. coli for four hours and analyzed for CD95L expression. Some groups were pre-treated
with etanercept. The number of PBMO and CBMO expressing memCD95L were determined as the
percentage (A) and the mean concentration given as the mean intensity (MFI), (B); for A and B,
n = 5, * p < 0.05, ** p < 0.01, *** p < 0.001, forked bars represent Student’s t-test, blunt-ended bars
represent ANOVA.
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2.5. Apoptosis of Bystander Monocytes is Reduced Without Cellular Contact

The surface expression levels of TNF and CD95L are separately regulated by TACE and MMP-9
leading to the release of soluble mediators. This process may affect bystander apoptosis in which
cells could be directed to undergo apoptosis by either cell-to-cell contact or soluble mediators. In fact,
bystander-apoptosis in PBMO required intercellular contact with phagocytosing monocytes, as we
have previously shown in a transwell chamber setup [8]. To compare this aspect in CBMO and
PBMO, we infected monocytes with E. coli-GFP in one (upper) transwell chamber and co-cultivated
non-infected monocytes of the same donor in the other (lower) chamber (Figure 5A, sketch). In the
upper chamber apoptosis occurred in PBMO in a significantly higher percentage compared to CBMO,
as was expected. In the lower chamber, apoptosis of PBMO was reduced by 70% compared to PBMO in
the upper chamber (Figure 5A). In CBMO, contact-independent (“trans“) apoptosis was nearly absent.

We then questioned whether the expression of death receptors or shedding enzymes on cells that
had either bound or ingested E. coli would be different from that on those cells, that had no contact to
bacteria. As previously reported [6], we distinguished monocytes that had either bound or ingested E.
coli (GFP-positive, GFP+) from those that had no contact with bacteria (GFP-negative, GFP−). CD95L
was significantly higher up-regulated on the surface of GFP+ PBMO as compared to GFP− PBMO
(Figure 5B). For CBMO, the upregulation of CD95L on GFP+ cells was less compared to on GFP+ PBMO
(p < 0.005). Moreover, for on GFP- cells much less upregulation of CD95L was seen on CBMO than
on PBMO.

Since CD95L expression can be regulated via TACE through TNF signalling and via MMP9 by
cleavage of CD95L we analyzed TACE and MMP-9 expression on GFP+ and GFP− PBMO and CBMO,
respectively. GFP+ PBMO expressed more TACE and MMP-9 compared to GFP− PBMO (Figure 5C, left
panel, p < 0.001). MMP-9 was also upregulated on GFP+ CBMO compared to GFP− CBMO (Figure 5C,
right panel). By contrast TACE expression was very low and comparable on GFP+ and GFP− CBMO
(Figure 5C). These results suggest that CBMO are less effective in inducing bystander apoptosis than
PBMO. This correlates with less upregulation of CD95L on CBMO compared to PBMO target cells,
which is again associated with a low expression of TACE but still high expression of MMP-9 on
CBMO compared to PBMO target cells. This correlation further supports our notion that activity
of MMP-9 rather than of TACE contributes to reduced levels of PICD that are typically observed in
neonate monocytes.

Additionally, the percentage of memCD95L-, memTNF-positive PBMO as well as the density of
memTNF on PBMO was higher than on CBMO. In contrast, with less memCD95L-positive CBMO,
their mean density was higher than on PBMO (Figure 5D).
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Figure 5. Monocyte PICD is enhanced by cell–cell contact. Monocytes were infected with GFP-E. coli
for one hour, washed and re-incubated for another 24 h in transwell chambers (experimental setup
sketch); non-infected cells served as controls. Monocytes from the same donor were co-cultivated in
compartments, separated by teflon membranes. Apoptosis was detected by hypodiploid DNA-content
(A, n = 6 for PBMO and n = 4 for CBMO; * p < 0.05). PBMO and CBMO were sub-gated (B) in
phagocyting/binding (GFP+) and non-phagocyting (GFP−) monocytes and analyzed for memCD95L
expression. Subgated PBMO and CBMO were further analyzed for TACE (C, left panel) and MMP9 (C,
right panel) expression. (D) The expression of memCD95L and memTNF of monocytes in the lower
(“trans“) chamber was assessed. The percentage of surface expressing monocytes (panels to the left)
and the mean values (MFI, panels to the right) were determined (n = 5, * p < 0.05, ** p < 0.01, *** p <
0.001, forked bars represent Student’s t-test, blunt-ended bars represent ANOVA).

3. Discussion

The present study compared the induction of PICD in infected and non-infected monocytes
(bystander cell death) from cord blood and adult blood, utilizing an in vitro E. coli infection model
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with respect to a distinct regulation pattern of the metalloproteinases TACE and MMP-9 (Figure 1).
MMP expression was distinctly regulated by infection in PBMO and CBMO. Whereas infected CBMO
exhibited less TACE expression and activity, they reacted with stronger expression of MMP-9 (Figure 1)
as compared to PBMO. Depending on the expression pattern of MMP-9 and TACE, death ligands
CD95L and TNF were either presented on the surface or shedded by distinct monocyte populations and
thereby functionally controlled in regard to PICD (Figure 2, Supplemental Figure S3). We speculate that
this regulation may be phagocytosis dependent (see Figure 5B), since the percentage of memCD95L
appears higher on GFP+ phagocytosing monocytes (Figure 5B) than on non-phagocytosing (GFP-)
monocytes. This observation was one of the reasons for monitoring the shedding of memCD95L
and TNF via ELISA (Figure 2C,D). We could show, that PICD in CBMO was diminished (Figure 3),
confirming earlier results [4]. TNF secretion triggered expression of memCD95L on PBMO but
critically less on CBMO (Figure 4) which may explain that induction of PICD is predominantly
contact-dependent (Figure 5). The data suggest that phagocytosis regulates expression of MMP-9 but
not TACE in E. coli infected CBMO (Figure 5). To our knowledge, data on the expression and activity
of metallomatrixproteinases in CBMO have been scarcely published.

The results of the actual study indicate an interlocked action of TNF and memCD95L. They suggest
a functional model, where infection with E. coli activates TNF and consecutive TACE secretion
in PBMO. TACE cleaves memTNF allowing predominantly ligation to TNFR1, since soluble TNF
preferentially binds to TNFR1 [19,20]. The TNFR1/TNF ligand receptor complex is internalized to
induce apoptosis [8,20]. This is in line with the findings that TAPI-0 decreases concentrations of
soluble TNF resulting in reduced apoptosis (Figure 2B,D and Figure 3) However, our experiments
provide evidence that soluble TNF also induces memCD95L (Figure 4). Pro-apoptotic signaling of
CD95L/CD95R (receptor) can be distinguished from death receptor signaling by acting in a cell–cell
contact dependent manner [21]. Increasing the amount of memCD95L by the MMP-9 inhibitor CHX is
accompanied by an increase in apoptosis rates (Figure 2A,C and Figure 3).

This model is further supported by the low abundance of secreted TNF, TNFR1 [6] and CD95L
in CBMO resulting in reduced PICD [4]. It explains also the significantly reduced trans-activation of
PICD in PBMO and CBMO (Figure 5A). Phagocytosing monocytes express more TNF (Supplemental
Figure S1A) which may cause a higher level of memCD95L in GFP+ monocytes (Figure 5B). Previous
data have shown that blockage of TNF almost abolished PICD in PBMO [6]. The fact that CBMO
secrete significantly less TNF than PBMO (Supplemental Figure S1B), but TNF stimulation increases
the memCD95L-expression (Figure 4) may explain the observation of a reduced PICD initiation in
cord blood (Figure 3). However, PBMO and CBMO showed a different reaction to factors which were
secreted by phagocytosing mates in the transwell experiments (Figure 5D), pointing to a fundamental
different meaning of cell-contact independent signaling in neonatal monocytes. Future experiments
will elucidate these differences.

Various microbial, fungal and viral agents such as Streptococcus pneumoniae [22], zymosan [23] and
HIV [24] were reported to initialize bystander apoptosis in monocytes. For resolving inflammation,
bystander apoptosis may in the same way be essential [25]. Disbalancing this system may result in
overwhelming infection or prolonged inflammation, thus the reduced bystander apoptosis of CBMO
may be critical for the resulting immune reaction.

The mechanism of infection induced MMP-9/TACE expression should be clarified by future
experiments. It was recently published, that soluble CD95L as well as memTNF activate the NFκ-B
pathway which in turn targets metalloproteinases such as MMP-9 [26]. TACE, which also was examined
in this study, is activated by infection-induced p38 MAP kinase and reactive oxygen species (ROS) [27].

MMP-9 and TACE are integrative members of a feedback control system which can skew the signal
transduction of TNF-α and CD95L from pro-apoptotic to pro-inflammatory by balancing soluble and
plasma-membrane bound forms and vice versa [28,29]. Reduced TACE activity was shown to promote
endotoxin tolerance [30] without engagement of TLR4 [31], which circumvents an overwhelming
inflammation upon infection.
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The damage of organ tissues can be curtailed by controlling the expression of MMP-9. Enhanced
expression of MMP-9 was correlated to COPD [32,33]. MMP-9 activation plays also a role in amniotic
membrane rupture during labor [34] and enhanced MMP levels were associated with sepsis [35].

In this study we attributed a co-expression of MMP-9 and TACE with memCD95L and memTNF
to the induction of apoptosis and proved this by simultaneous exposure to inhibitors. As a limitation it
has to be mentioned that substrate specificity of the two enzymes is still controversial. The cleavage
of memTNF by TACE is well documented [36,37] but the cleavage of the receptor TNFR1 in vivo has
been discussed [38]. Furthermore it was reported that pathogenic E. coli synthesize proteins with
metalloproteinase like properties [39,40] which could contribute to the shedding of TNF and CD95L.
The results of our study are based on relatively small sample sizes and did not follow up on kinetics of
cord and peripheral blood of newborns longitudinally. The neonatal situation several days postnatal is
therefore not properly reflected by this study.

PICD and bystander apoptosis represent important tools to shape the immune response upon
infection. Our data suggest phagocytosis-related cell death of non-phagocytosing monocytes,
designated as monocytic bystander kill after infection with E. coli. It provides evidence that if
monocytes are “at the wrong place at the wrong time”, i.e., near or in contact to phagocytosing
monocytes, they may be killed by fratricide. To what extent this may influence the course of neonatal
sepsis, remains to be elucidated in vivo.

4. Materials and Methods

4.1. Patients

The study protocol was approved by the Ethics Committees of Aachen University Hospital
(Permission No: EK150/09, 6 October 2009, signed by Profs G. Schmalzing and U. Buell, respectively).
All adult participants involved gave written consent to use their blood samples. All term neonates
were delivered spontaneously and did not exhibit signs of infection, as defined by clinical status,
white blood cell count and C-reactive protein. Mothers with amnion infection and prolonged labour
(>12 h) were excluded. Umbilical cord blood was placed in heparin-coated tubes (4 IE/mL blood),
immediately following cord ligation as described before [7].

4.2. Bacteria

E. coli-GFP

E. coli DH5α, an encapsulated K12 laboratory strain, carrying the green fluorescent protein
(gfp)-mut2 gene (E. coli-GFP) was a generous gift from Prof. Dr. Dehio (University of Basel,
Switzerland) and was used for phagocytosis as previously described. Bacteria were freshly
grown in Lennox-L-Broth-medium (Invitrogen) until early logarithmic growth, resuspended in
phosphate-buffered-saline (PBS) and used immediately. Infection was performed at a multiplicity
of infection (MOI) of 25 which was achieved by dilution with PBS. The phagocytosis assays were
performed as described [7]. The phagocytosis index (CD14+GFP+ monocytes: CD14+ monocytes) was
analyzed by flow cytometry. In some indicated experiments, E. coli-GFP was replaced by E. coli-EOS-FP
(Supplemental Figure S1).

4.3. Reagents

Antibodies to CD14 (clone MEM18), MMP-9 (clone 56129), TACE (clone FAB9301P), CD62L
(L-selectin; clone LT-TD180) and Ig-matched controls (IgG1, IgG2b) were purchased from R&D
Systems and Immunotools (Abingdon, UK and Friesoythe, Germany), respectively. FITC-labeled
CD95L antibody (clone SB93a) was purchased from SouthernBiotech (Birmingham, USA) and
corresponding mouse IgG2b kappa isotype control (clone eBMG2b) was obtained from eBioscience
(Waltham, USA). The secondary anti-mouse-PB antibody (F’ab fragment) was purchased from
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Invitrogen (Darmstadt, Germany). Propidium iodide (PI), isopropyl-β-D-thiogalactopyranoside
(IPTG) and antibiotics were purchased from Sigma (Munich, Germany). For the blocking
of TNF an anti-TNF antibody (a chimeric molecule combining the ligand-binding domain of
the TNF-receptor 2 and the Fc-domain of human IgG1 (Etanercept, Pfizer–Wyeth, Hamburg,
Germany), final concentration 1 μg/mL) was administered 1 h prior to infection. TACE inhibitor
N-(R)-(2-(Hydroxyaminocarbonyl)Methyl)-4-Methylpentanoyl-L-Naphthylalanyl-L-Alanine amide
(TAPI-0; Merck Millipore, Darmstadt, Germany) was added to a final concentration of 100 nm/L 30 min
prior to infection. PBMO and CBMO were pre-incubated with MMP-9 inhibitor CHX (chlorhexidine;
Santa Cruz Biotechnologies, Heidelberg, Germany) to a final concentration of 20 μg/mL 1 h prior to
the infection. This concentration was chosen since it had been previously shown to be effective in
MMP-9 inhibition [18].

TNF was purchased from eBiosciences (eBiosciences-Natutec, Frankfurt, Germany), aliquoted
freshly after dilution in PBS and used in apoptosis induction assays in final concentrations of 5 ng/mL.

4.4. Mononuclear Cell Cultures

Peripheral blood cells from adults and cord blood mononuclear cells (PBMC and CBMC) were
isolated by density gradient centrifugation on Ficoll cushions (Amersham, Freiburg, Germany) as
described previously [7]. Washed cells were resuspended in VLE RPMI-1640 (Biochrom, Berlin,
Germany). For analysis of post-phagocytic reactions, cells were counted in an ultraplane Neubauer
hemocytometer, placed at 2 × 106 cells/ml in flat bottom 24 well cell culture plates (Costar, Bodenheim,
Germany), containing 10% heat-inactivated fetal calf serum (FCS, Biochrom) and were incubated at
37 ◦C.

4.5. Flow Cytometry

A daily calibrated FACS-Canto flow cytometer (Becton Dickinson, Mountain View, CA, USA)
was used to perform phenotypic analysis. To prevent nonspecific binding, cells were incubated
with 10% fetal calf serum on ice for 10 min before staining with appropriate fluorophore coupled
secondary antibodies, or isotype-specific immunoglobulin-labelled monoclonal antibodies for 20 min
over ice in the dark. Monocytes were gated by forward (FSC), side scatter (SSC), and CD14 expression.
For intracellular cytokine staining, monocytes were fixed in 2% paraformlaldehyde/PBS for 30 min at
room temperature (RT) and washed three times with PBS. Afterwards monocytes were permeabilized
utilizing a permeabilization buffer (purchased from Thermo Fisher Scientific, Hennef, Germany)
according to the manufacturers’ recommendations. Data was analyzed using the FCS Express V4.0
research Edition software (DeNovo Software, Glendale, California, USA).

4.6. Detection of Hypodiploid Nuclei

DNA fragmentation was assessed according to Nicoletti and previously described [4]. In brief,
washed cells were slowly resuspended in 2 mL of −20 ◦C ethanol 70% with continuous vortexing and
stored for four hours at −20 ◦C. Cells were washed twice, resuspended in 50 μL PBS containing 13 units
RNAse (DNAse free; Sigma, Taufkirchen, Germany) and incubated for 15 min at 37 ◦C. 180 μL of PI
(70 μg/mL) was added, incubated for 20 min and analysis was performed immediately. Alternatively,
mononuclear cells were stained with CD14 antibody for 15 min at RT to identify monocytes. A fixation
with paraformaldehyde (2% v/v in PBS) for 2 h at RT replaced the ethanol fixation. Afterwards, cells
were permeabilized by incubation in PBS-T (PBS, Triton X-100 0.1% v/v) for 20 min at RT, washed
twice in PBS, resuspended in PBS-PI (PBS, 70 μg/mL PI and 13 units RNAse) and incubated for
10 min at RT before analysis by flow cytometry. Cell-doublets were discriminated by assessment of
PI-width/PI-area.
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4.7. Transwell Experiments

Transwell plates (pore diameter 0.4 μm, purchased from Corning, NY, USA) were used. Cells
in the upper chamber were untreated or infected as described above. Cells separated by the Teflon
membrane had no contact to bacteria as assessed by plating on appropriate growth-medium and
FACS analysis.

4.8. ELISA

The TNF enzyme-linked immunosorbent assay (ELISA) was purchased from eBiosciences
(eBiosciences-Natutec, Frankfurt, Germany) and the CD95L ELISA from Hölzel Diagnostika (Hölzel
Diagnostika Handels GmbH, Cologne, Germany). Both were used according to the manufacturer’s
recommendations. The read-out was executed in a spectra max 340PC ELISA reader (Molecular
Devices, Sunnyvale, CA, USA) with a sensitivity from 4–500 pg/mL.

4.9. Statistical Analysis

Results are expressed as mean +/− standard deviation. Error bars represent standard deviations.
Values of p < 0.05 were considered as significant. Analyses were done with statistical software
(performing two-way ANOVA adjusted according to Bonferroni-Holm for multiple group comparisons
as provided by GraphPad Software Statistical Package, La Jolla, CA 92037 USA).

5. Conclusions

Matrix metalloproteases regulate the expression of death ligands and their receptors. On neonatal
monocytes CD95L density is reduced upon infection due to lower activity of MMP-9. Enhancing
MMP-9 expression could be a target to restore PICD in neonatal monocytes.
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Abstract: Snake venom contains large amounts of active proteins and peptides. In this study, a
novel snake protein, metalloproteinase SP, was successfully isolated from the venom of Agkistrodon
acutus by multi-gel chromatography. The isolated protein exhibits anti-platelet aggregation activity.
Animal experiments showed that it exhibited defibration, anticoagulation, and antithrombotic effects
and contributes to improved blood rheology and antiplatelet aggregation. In vivo experiments
demonstrated that it prolonged clotting time, partial thromboplastin time, prothrombin time,
thrombin time, fibrinogen time and reduced fibrinogen content of mice. Also, metalloproteinase SP
inhibited carrageenan-induced tail thrombosis, ADP-induced acute pulmonary embolism, and ADP,
Arachidonic acid (AA), or collagen-induced platelet aggregation. In vitro experiments showed that
the protein cleaved the α, β, and γ chains of fibrinogen. Metabolomic analysis upon metalloproteinase
SP treatment revealed that 14 metabolites, which are mainly involved in phenylalanine, tyrosine, and
tryptophan biosynthesis, responded to metalloproteinase SP treatment. In summary, the isolated
snake venom protein inhibits formation of acute pulmonary embolism probably through regulating
and restoring perturbed energy, lipid, and amino acid metabolism.

Keywords: Agkistrodon venom; metalloproteinase; fibrinogen; antithrombotic; metabolomics

1. Introduction

Thrombotic disease is one with a high morbidity and mortality rate in the world, accounting
for approximately 40% of deaths yearly [1]. Thrombotic diseases include pulmonary embolism (PE),
deep vein thrombosis (DVT), myocardial infarction, coronary atherosclerosis, ischemic stroke, and
so on [2,3]. The formation of thrombus is closely related to platelet aggregation, blood coagulation,
and fibrin network formation. At present, antithrombotic drugs are categorized into three groups:
anti-platelet aggregation drugs, anticoagulants, and thrombolytic drugs.

Evidence from recent research indicates that snake venom contains many active protein or peptides
with defibration, anticoagulation, antiplatelet aggregation, and antithrombotic functions [4]. The
anti-thrombotic action of snake venom protein is due to its ability to cleave the fibrinogen, reduce
the content of fibrinogen, activate fibrinolytic enzyme, inhibit the activation of FXa, FIIa, thrombin,
and other coagulation factors [5–7]. A large number of snake venom protease components have been
isolated and some snake venom preparations are widely used in clinical practice.

Deinagkistrodon is one of the most virulent snake species in China that mostly lives in China’s
coastal and southwestern regions [8,9]. Snake venom contains a variety of active ingredients related
to blood coagulation, such as phospholipase A2, serine protease, thrombin, metalloproteinase, and
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thrombin-like protein. Several new proteases and peptides have been isolated from the venom of
Agkistrodon, such as Agacutas, Pt-A (Glu-Asn-Trp), Pt-B (Glu-Gln-Trp), ACH-11 [10–12]. These
proteases affect many coagulation factors and cascades in the hemostatic system, such as cleavage of the
alpha or beta chain of fibrinogen, inhibition of FXa, and activation of plasmin [13]. Most of the studied
venomous snake venom polypeptides belong to serine proteases rather than metalloproteinases [14].
Metalloproteinases constitute an important components of the Agkistrodon genus. Metalloproteinase
is an essential anticoagulant factor and exhibits fibrinogenolytic activity. However, there are few
studies on the isolation and characterization of metalloproteinases from the venom of snakes belonging
to the Agkistrodon genus. There is also paucity of information on the pharmacological effects of the
isolated metalloproteinases. Metabolomics is an emerging discipline that compares the changes in body
metabolites under different physiological and pathological conditions. In recent years, metabolomics
has been widely used in drug research. It can be applied to study the mechanism of drug action by
examining the changes of metabolic components in the body using serum, urine, and tissue fluid. It has
been widely used in the study of monomeric compounds and traditional Chinese medicinal compounds.
This study, to our best knowledge, is the first to report the anti-thrombotic effect mechanism of snake
venom monomer using metabolomics

This work aimed to isolate and purify a novel metalloproteinase SP, determine its chemical
properties and amino acid sequence, and investigate its pharmacological effects via in vivo studies.
In order to study the mechanism of action of the novel snake venom protein, we investigated its
antithrombotic effect using fibrinogen solubilization assay combined with UPLC-Q/TOF-MS-based
non-targeted plasma metabolomics.

2. Results

2.1. Isolation of Metalloproteinase SP from Agkistrodon Venom

Based on the molecular weight differences of the snake venom proteins, an efficient separation
and purification was achieved by the functional group ion exchange. The metalloproteinase
SP snake venom monomer was then isolated and purified by sequential preparation, including
ultracentrifugation, molecular exclusion chromatography on Sephadex TM G-75 (Figure 1A), anion
exchange chromatography on DEAE-SphadexA-50 (Figure 1B), Sephadex TM G-75 (Figure 1C),
and ultrafiltration.

2.2. Protein Identification

Based on LC-MS/MS analysis and database search analysis, it was found that three specific amino
acid sequence fragments including SFGEWR, STEFQR, ENPPCILNKP were identified to belong to
metalloproteinase SP (Figure 1D and Figure S1). Metalloproteinase SP consists of 202 amino acids with
a molecular weight of 22.945 KDa and an isoelectric point of 5.78.

2.3. Anti-Thrombotic Activity

2.3.1. Anti-Coagulant Activity

Compared to the control group, the coagulation time after metalloproteinase SP treatment was
significantly prolonged (*** p < 0.001, Figure 2A,B). Anticoagulant activity of metalloproteinase
SP was evaluated by the classical coagulation assays. The parameters including activated partial
thromboplastin time (APTT), thrombin time (TT), prothrombin time (PT), and Fibrinogen time (FT)
were checked (Figure 2C–F). Metalloproteinase SP protein also significantly prolonged the clotting
time, which inevitably influenced the changes in blood components and affect blood rheology (Tables 1
and 2).
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Figure 1. Isolation of metalloproteinase SP from Agkistrodon venom. (A) Snake venom (1000 mg)
was subjected to Sephadex TM G-75 chromatography (1 × 100 cm) by eluting with 5 mM Tris-HCl
(pH 7.4). The fraction III contains the target molecular weight protein. (B) Fraction III was further
subjected to separation on DEAE-SphadexA-50 column (2 × 150 cm), eluted with 5 mM Tris-HCl (pH
7.4) and a segmented concentration gradient of 0.2 M NaCl. The fraction I contain the target molecular
weight protein. (C) Fraction I was then separated on Sephadex TM G-75 column (1 × 50 cm), with
5 mM Tris-HCl (pH 7.4). Fraction II of this separation contains the target molecular weight protein.
M, marker of protein molecular weight. (D) The peptide sequence of targeted protein. Red colors
indicated unique peptides identified by LC-MS/MS, matching to targeted protein.

Table 1. Hemodynamic examination of arterial blood in clopidogrel and metalloproteinase SP
treated mice.

Red Blood
Cell Count

(1012/L)

Hematocrit
(%)

Blood Platelet
Count (109/L)

Plateletcrit
(%)

Mean Platelet
Volume (fL)

Platelet Volume
Distribution

Width (%)

Platelet
Larger Cell
Ratio (%)

Blank 5.50 ± 0.29 29.4 ± 1.81 812 ± 36.7 0.440 ± 0.03 5.45 ± 0.16 4.15 ± 0.20 5.93 ± 0.93
Clopidogrel sulfate 5.61 ± 0.22 29.2 ± 0.81 783 ± 27.5 0.430 ± 0.02 5.47 ± 0.41 4.22 ± 0.22 4.42 ± 0.50 ***
Metalloproteinase

SP 5.47 ± 0.20 28.9 ± 0.96 777 ± 26.5 * 0.410 ± 0.02 ** 5.42 ± 0.27 4.21 ± 0.30 6.45 ± 0.26

In the clopidogrel sulfate treated group, the platelet-larger cell ratio was decreased compared with the blank group.
In the metalloproteinase SP group, the platelet count and plateletcrit were decreased compared to the blank group.
All data were expressed as mean ± SD. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the blank control.

Table 2. Hemodynamic examination of venous blood in clopidogrel and metalloproteinase SP
treated mice.

Red Blood
Cell Count

(1012/L)

Hematocrit
(%)

Blood Platelet
Count (109/L)

Plateletcrit
(%)

Mean Platelet
Volume (fL)

Platelet Volume
Distribution

Width (%)

Platelet-Larger
Cell Ratio (%)

Blank 6.20 ± 0.57 31.4 ± 2.51 701 ± 86.3 0.391 ± 0.04 5.46 ± 0.19 4.37 ± 0.20 6.21 ± 0.79
Clopidogrel sulfate 5.37 ± 0.31 ** 27.9 ± 1.66 ** 733 ± 99.5 0.382 ± 0.06 5.29 ± 0.21 4.45 ± 0.25 4.60 ± 0.94 **
Metalloproteinase

SP 5.63 ± 0.24 * 30.1 ± 2.56 613 ± 61.6 * 0.341 ± 0.02 ** 5.41 ± 0.29 4.36 ± 0.60 5.39 ± 1.21

In the clopidogrel sulfate treated group, red blood cell count, hematocrit, and platelet-larger ratio cell were decreased
compared with the blank group. In the metalloproteinase SP treated group, the red blood cell count, the number of
platelets and plateletcrit were decreased. All data were expressed as mean ± SD. * p < 0.05 and ** p < 0.01 compared
with the blank group.
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Figure 2. Anticoagulant activity of metalloproteinase SP was evaluated by coagulation time. (A) Blood
coagulation time was determined by using the capillary technique. (B) Blood coagulation time was
determined by the slide method. (C) Activated partial thromboplastin time (APTT). (D) Thrombin
time (TT). (E) Prothrombin time (PT). (F) Fibrinogen time (FT). All data were expressed as mean ± SD,
n = 10, * p < 0.05 and *** p < 0.01, compared with the blank group.

2.3.2. Anti-Thrombotic Activity

Compared with the blank group, the red blood cell and platelet content in the model group
were significantly changed (** p < 0.01), indicating the successful establishment of model (Table 3).
Metalloproteinase SP significantly inhibited acute pulmonary embolism formation induced by ADP
(Figure 3A,B). It also inhibited Carrageenan-induced tail thrombus (Figure 3C and Figure S2). CCK-8
assay indicated that metalloproteinase SP did not have cytotoxicity within concentration of 0.5 ug/mL
(Figure S3). Then, metalloproteinase SP activity was evaluated by the classical coagulation assays,
thus, activated partial thromboplastin time (APTT), thrombin time (TT), prothrombin time (PT), and
fibrinogen time (FT) (Figure 4A–D).

Table 3. Hemodynamic examination of venous blood to check clopidogrel and metalloproteinase SP
effects on acute pulmonary embolism mice.

Red Blood
Cell Count

(1012/L)

Hematocrit
(%)

Blood Platelet
Count (109/L)

Plateletcrit
(%)

Mean
Platelet

Volume (fL)

Platelet Volume
Distribution

Width (%)

Blank 8.01 ± 0.33 37.4 ± 2.36 865 ± 51.6 0.400 ± 0.04 4.16 ± 1.83 4.15 ± 0.21
Control 7.54 ± 0.40 34.6 ± 1.64 720 ± 73.5 0.350 ± 0.04 4.44 ± 0.65 3.99 ± 0.34

Clopidogrel sulfate 6.93 ± 0.16 ** 31.3 ± 1.83 ** 704 ± 56.9 0.320 ± 0.01 4.57 ± 0.167 3.91 ± 0.36
Metalloproteinase

SP 6.92 ± 0.19 ** 32.0 ± 1.16 ** 640 ± 64.3 * 0.300 ± 0.03 * 4.70 ± 0.20 3.84 ± 0.28

In the clopidogrel sulfate treated group, red blood cell count and hematocrit were decreased compared with the
blank group. In the metalloproteinase SP treated group, the red blood cell level, hematocrit, platelet count, and
plateletcrit were decreased compared with blank. All data were expressed as mean ± SD. * p < 0.05 and ** p < 0.01
compared with the blank control group.
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Figure 3. Effects of metalloproteinase SP on thrombosis. (A) Metalloproteinase SP inhibited the
tail thrombus induced by the Carrageenan. (B,C) Metalloproteinase SP inhibited ADP-induced
acute pulmonary thrombosis in mice. ADP (250 mg/kg) was intravenously injected to induce acute
pulmonary thrombosis. The time that the mice righting reflex recovery was recorded as the recovery
time. The hematoxylin and eosin stained section of the lung tissue shows the one for the control
mouse to be dominated by thrombi. Effect of metalloproteinase SP on the ADP-induced formation
of acute pulmonary thromboembolism in mice. Compared with the control group, the thrombus of
the metalloproteinase SP and the clopidogrel group exhibited significant difference. All data were
expressed as mean ± SD, compared with the control group, ** p < 0.01, *** p < 0.001 and compared with
the blank group ### p < 0.001.

2.3.3. Antiplatelet Aggregation Activity

In vitro, metalloproteinase SP showed powerful antiplatelet activity by inhibiting the stimulatory
effect of ADP, AA, and collagen (Figure 5A–C). In vivo, it exhibited a dose-dependent inhibition of the
ADP-induced aggregation of PRP (Figure 5D–F). However, the inhibitory anti-platelet aggregation
activity in vitro was more pronounced than in vivo.

2.4. Fibrinogenolytic Activity

In vivo, metalloproteinase SP protein cleaved α, β, and γ chains of fibrinogen, and decomposed
the fibrinogen chain sequence in the order, α > β > γ. In addition to degrading the α, β, and γ chains of
fibrinogen, metalloproteinase SP also degraded the primary and secondary decomposition products to
produce stable small molecular peptides (Figure 6A). Fibrinogen was also used to evaluate the effects of
different inhibitors on the activity of metalloproteinase SP. The specific serine protease inhibitors such
as benzamidine, butyl boronic acid, trasylol, trypsin, and PMSF were not able to significantly inhibit
its enzymatic activity. However, EDTA significantly inhibited its enzymatic activity to a statistically
significant level (Figure 6B). Regarding ideal temperature conditions, the enzyme showed high activity
at 30–60 ◦C (Figure 6C). Metalloproteinase SP showed higher enzymatic activity at neutral pH values,
with optimum catalysis at pH 6–7 (Figure 6D).
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Figure 4. Effects of metalloproteinase SP on acute pulmonary embolism coagulation. Compared with
blank group, the activated partial thromboplastin time (APTT), thrombin time (TT), prothrombin
time (PT), and fibrinogen time (FT) of the control group exhibited significant difference (*** p < 0.001).
Compared with control group, the metalloproteinase SP group could prolong the APTT, PT, TT, FT. (A)
Activated partial thromboplastin time (APTT). (B) Thrombin time (TT). (C) Prothrombin time (PT).
(D) Fibrinogen time (FT). All data were expressed as mean ± SD, compared with the control group,
** p < 0.01 ***, p < 0.001, and compared with the blank group ### p < 0.01.

Figure 5. The in vitro and in vivo anti-platelet aggregation activity of metalloproteinase SP.
(A) Compared with the blank group, the clopidogrel and the metalloproteinase SP groups specifically
inhibited ADP-induced platelet aggregation. Metalloproteinase SP inhibited ADP-induced platelet
aggregation with an inhibition rate of 44.28%. (B) Metalloproteinase SP inhibited AA-induced platelet
aggregation with an inhibition rate of 13.19%. (C) Metalloproteinase SP inhibited collagen-induced
platelet aggregation with an inhibition rate of 71.09%. The anti-platelet aggregation activity of
metalloproteinase SP in vitro. (D,E) Metalloproteinase SP exhibited a dose-dependent inhibition of
the ADP-induced aggregation of PRP. Compared with blank group, 0.5 μg of metalloproteinase
SP significantly inhibited ADP-induced platelet aggregation with an inhibition rate of 18.27%.
(F) Metalloproteinase SP not exhibited the promoted platelet aggregation activity. All data were
expressed as mean ± SD, compared with the blank control group, * p < 0.05, ** p < 0.01, *** p < 0.01.
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Figure 6. (A) Time-dependent effect of metalloproteinase SP on fibrinogen. Fibrinogenolytic activity
was evaluated on 12% SDS-PAGE after incubation of metalloproteinase SP (5 μg) with human fibrinogen
at 37 ◦C for different time periods. (B) Effects of inhibitors on metalloproteinase SP. Metalloproteinase SP
was pre-incubated at 37 ◦C for 30 min at the presence of benzamidine (5 mM), ethylenediaminetetraacetic
acid (EDTA, 5 mM), butyl boronic acid (20 mM), Trasylol (400 IU), trypsin inhibitor (20 mM), and
PMSF (5 mM), respectively, prior to the addition of fibrinogen. (C) Temperature dependent effect of
metalloproteinase SP on fibrinogen. Effect of temperature on fibrinogenolytic activity was evaluated
on 12% SDS-PAGE after incubation of metalloproteinase SP (5 μg) with human fibrinogen at different
temperature for 30 min. (D) The pH-dependent effect of metalloproteinase SP on fibrinogen. Effect of
pH on fibrinogenolytic activity was evaluated on 12% SDS-PAGE after incubation of metalloproteinase
SP (5 μg) with human fibrinogen at different pH for 30 min. All data were expressed as mean ± SD.

2.5. Effects of Snake Venom Monomer on the Chemical Constituents of Acute Pulmonary Embolism

In this study, the effect of metalloproteinase SP in an acute pulmonary embolism animal model was
explored by analyzing metabolomic changes among metalloproteinase SP, model, and blank groups.
As shown in the OPLS-DA score plot in both positive and negative ion modes, the three groups could
be clearly distinguished (Figure 7A,C). This suggests that metalloproteinase SP exhibited a significant
effect on acute pulmonary embolism by changing the anomalous metabolic states. Therefore, the
metalloproteinase SP may be able to improve the pathological process of acute pulmonary embolism.
The metabolites identified herein are listed in Table 4.
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Figure 7. Score plot of plasma metabolomic profiling of three groups mice in positive ion mode (A)
and negative ion mode (C). A total of 119 differential ions were screened by “adjusted p-value < 0.05,
Fold change > 2” in positive ion mode (B). A total of 42 differential ions were screened by “adjusted
p-value < 0.05, FC > 2” in negative ion mode (D).

The potential metabolic pathways and networks were analyzed by Metabo Analyst 4.0. Based
on the Met PA analysis of Metabo Analyst 4.0, the related biomarkers primarily participated in the
following pathways: tyrosine and tryptophan biosynthesis, phenylalanine metabolism, catecholamine
biosynthesis, beta-alanine metabolism, aspartate metabolism, histidine metabolism, propanoate
metabolism, pyrimidine metabolism, valine, leucine and isoleucine degradation, and tyrosine
metabolism (Figure 8, Table 5).

Table 5. Metabolic pathways and differential metabolites.

NO Pathway Hits Metabolites

1 Phenylalanine, tyrosine and tryptophan biosynthesis 2 L-Phenylalanine, L-Tyrosine
2 Phenylalanine metabolism 2 L-Phenylalanine, L-Tyrosine
3 Beta-Alanine Metabolism 1 Beta-Alanine
4 Aspartate Metabolism 1 Beta-Alanine
5 Histidine Metabolism 1 Beta-Alanine
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Figure 8. (A) Relative signal intensities for metabolic biomarkers in the blood. (B) Summary of pathway
analysis with Metabo Analyst 4.0. Each ordinate in the plot represents a metabolic pathway. The
ordinate is the original p-value obtained from the pathway analysis, and the abscissa is the influence
value of pathways obtained from the topological analysis. The ordinate color and size of each circle
was based on p-value and pathway impact value, respectively.

3. Discussion

The snake venom contains a large number of active proteins, peptides and small molecular
weight compounds, which show anticoagulant, procoagulant, antithrombotic, antiplatelet aggregation,
Fibrinogenolytic activity, analgesic, and other activities [15–18]. In the past few decades, various
snake venom proteins have been extensively studied, and many snake venom proteins have been
purified and characterized. Some snake venom preparations have been widely used in clinical
settings as hemostatics, anticoagulants, antithrombotics, and thrombolytics. Examples include Ancrod,
Batroxobin, and Acutase [18,19].

In the present study, metalloproteinase SP was purified form Agkistrodon acutus venom through
ultracentrifugation, molecular exclusion chromatography on Sephadex TM G-75, anion exchange
chromatography on DEAE-SphadexA-50, Sephadex TM G-75, and ultrafiltration. The molecular weight
of metalloproteinase SP was determined by LC-MS/MS to be 22.9 kDa [20]. Metalloproteinase SP was
proven to show anticoagulant, antithrombotic, antiplatelet aggregation, and fibrinogenolytic activities,
and improve blood rheology. In vivo and in vitro experiments showed that metalloproteinase SP could
cleave α, β, and γ chains of fibrinogen and further reduce fibrinogen content.

Fibrinogen plays a vital role blood coagulation, blood rheology, platelet aggregation, and
thrombosis [21,22]. The coagulation process is traditionally classified into extrinsic, intrinsic, and
common coagulation. In the common pathway of coagulation, fibrinogen forms the insoluble
fibrin network under the stimulation of coagulation factors such as thrombin and FXa, which
ultimately constitutes a fibrin clot that stops bleeding [23,24]. Fibrinogen mainly affects platelet
aggregation, blood rheology, fibrinogen clot structure, atherosclerosis, plasmin activation, and
fibrinogen decomposition (FgDP) to adjust the formation of thrombus [24–28]. Hence, the centrality
of fibrinogen in platelet aggregation cannot be overemphasized. Fibrinogen has multiple GPIIb/IIa
receptor binding sequences, such as γ400~411, α95~97, and α572~574 [29]. Fibrinogen functions as
a bridge of platelet aggregation [29–31]. Moreover, fibrinogen is the most important factor affecting
plasma viscosity. Increased plasma fibrinogen levels inevitably result in elevated plasma viscosity
and shear stress, as well as endothelial cells and platelets activation. Activation of endothelial cells
further promotes the expression or activation of various adhesion molecules and integrins, which leads
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to red blood cells adhesion and platelets aggregation and thrombosis [32–34]. Fibrin also possesses
multiple plasminogen binding sites. Fibrinogen was cleaved by metalloproteinase SP to form fibrin,
which may be through decomposing the α, β, and γ chain of fibrinogen, to reduce the content of the
fibrinogen in the blood. Furthermore, it affected the blood coagulation pathway, prolonged the clotting
time, directly inhibited the aggregation of platelets, indirectly regulated blood rheology, and indirectly
regulated the formation of thrombus [35–38].

Based on the in vivo and in vitro experiments, the underlying mechanism of metalloproteinase
SP on ADP-induced acute pulmonary embolism in mice was further investigated by untargeted mass
spectrometry-based metabolomics profiling [39]. Metalloproteinase SP inhibited the formation of
acute pulmonary embolism induced by ADP, which may be related to the amino acid metabolism and
synthesis, including phenylalanine, tyrosine and tryptophan biosynthesis, phenylalanine metabolism,
catecholamine biosynthesis, and eight other metabolic pathways [40,41].

Phenylalanine is one of the essential amino acids in humans that forms tyrosine under the
action of phenylalanine hydroxylase in the liver [42,43]. Tyrosine synthesizes certain hormones and
neurotransmitters such as dopamine (DA), norepinephrine (NE), epinephrine (E), and melanin in the
nervous system and adrenal medulla. Thus, tyrosine plays an important role in regulating energy
metabolism and scavenging free radicals [40]. Metalloproteinase SP regulated the biosynthesis of
tyrosine and tryptophan, thereby alleviating lipid metabolism disorder and exert indirectly inhibited
the formation of thrombus.

The content of catecholamines is closely related to blood coagulation and thrombosis [44]. Excessive
levels of catecholamines could result in hypertension and acute myocardial infarction. Catecholamines
act on platelet alpha (2)-adrenergic receptors to regulate platelet activation and aggregation, blood
coagulation, and thrombosis.

The anticoagulant and antithrombotic activity of metalloproteinase SP may be ascribed to the
regulation of histidine metabolism. Histidine is a semi-essential amino acid that is decarboxylated to
form histamine under the action of histidine decarboxylase. Histamine exhibits diastolic vasoactive,
antihypertensive and anti-inflammatory activities, and regulates a variety of allergic reactions.
Histamine is clinically used for angina pectoris, cardiac insufficiency and other diseases [45]. Histamine
has a strong vasodilator effect and is associated with a variety of allergic reactions and inflammation.
Histidine may indirectly regulate inflammatory factors and inflammatory reaction by regulating the
synthesis of histamine, thus inhibiting the formation of thrombus.

Metalloproteinase SP has many pharmacological activities, such as prolonging coagulation time,
anti-platelet aggregation, inhibiting thrombosis, and decomposing fibrinogen. Metalloproteinase SP
has high affinity with fibrinogen, and its anti-platelet aggregation and inhibition of thrombosis are
closely related to its ability to decompose fibrinogen. Studies have shown that fibrinogen decomposition
has an important relationship with the activation of fibrinolytic enzymes, and at the same time affects
them. The experimental results showed that metalloproteinase SP can rapidly decompose fibrinogen
and plays an anti-thrombotic role. However, fibrinogen content that is too low can easily lead to
hemorrhage and coagulation disorders. At the same time, metalloproteinase has certain blood toxicity,
which may lead to the reduction of platelet count and erythrocyte count. Thus, toxicity and safety of
this venome component are needed to be further studied before its application in clinical.

4. Materials and Methods

4.1. Materials

SPF grade ICR mice (18–22 g) were purchased from the Comparative Medical Center of Yangzhou
University (Jiangsu province, China, License No. SYXK (Su) 2018-0019). Sprague-Dawley rats
(180–220 g) were purchased from Nanjing Qing long Shan Animal Center (Jiangsu province, China,
License No. SYXK (su) 2018-0022). Animals were housed in a room of temperature of 22 ± 2 ◦C,
relative humidity of 50 ± 5%, and exposed to 12 h dark/light cycle. The animals had free access to
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food and drinking water, and were allowed to acclimatize to their new environment for 1 week. The
experiments were carried out in accordance with the guidelines and the regulations of the Ethical
Committee of the China Pharmaceutical University. The protocols were approved by the Institutional
Animal Care and Use Committee of the China Pharmaceutical University. The ethics approval number
was AUC-37 (20180329) and the approval date was 29 March 2018.

4.2. Separation and Purification of Metalloproteinase SP

A total of 1000 mg venom powder was dissolved in 5 mM Tris-HCl solution (pH 7.4), and then
centrifuged at 12,000 r/min for 15 min at 4 ◦C. After centrifugation, the supernatant was collected and
loaded on a gel filtration column of Sephadex TM G-75. The transparent supernatant was further
analyzed by molecular exclusion chromatography with Sephadex TM G-75 column (1 × 100 cm,
GE Healthcare, Frankfurt, Germany), which was pre-conditioned with 5 mM Tris-HCl (pH 7.4).
Aliquots separated samples (4 mL/tube) were collected at a flow rate of 0.5 mL/min at 15 ◦C. The
target component was chosen according to its profile on sodium dodecyl sulfate poly-acrylamide gel
electrophoresis (SDS-PAGE) and was pooled, lyophilized, and then stored at −20 ◦C for subsequent
chromatographic analysis. The target component from Sephadex TM G-75 was solubilized in 4 mL of
5 mM Tris-HCl (pH 7.4), and centrifuged at 12,000 r/min for 15 min at 4 ◦C. The supernatant was loaded
on the anion exchange chromatography column (DEAE-SphadexA-50, 2 × 150 cm GE Healthcare,
Germany) previously equilibrated and eluted with 5 mM Tris-HCl (pH 7.4). The target proteins were
sequentially washed out with 5 mM Tris-HCl (pH 7.4), 0−0.2 M NaCl in 5 mM Tris-HCl (pH 7.4),
and 0.2 M NaCl in 5 mM Tris-HCl (pH 7.4). The 4 mL/tube samples were collected at a flow rate
of 0.5 mL/min at 15 ◦C. The target component was chosen based on its SDS-PAGE profile and was
re-chromatographed after lyophilization. The clear supernatant was subjected to further purification via
molecular exclusion chromatography using Sephadex TM G-75 (1 × 50 cm, GE Healthcare, Germany),
previously equilibrated and eluted with 5 mM Tris-HCl (pH 7.4). Samples of 3 mL/tube were collected
at a flow rate of 0.5 mL/min at 15 ◦C. The target component was chosen according to its profile on
sodium dodecyl sulfate poly-acrylamide gel electrophoresis (SDS-PAGE) and was pooled, lyophilized,
and stored at −20 ◦C for further chromatographic analysis.

4.3. Protein Quantification and Identification

The protein concentration was determined by the Bradford Protein Concentration Assay Kit
(Thermo Fisher Scientific Incorporation, MA, USA), according to the manufacturer’s instructions [46].
The purified venome protein was separated by SDS-PAGE and identified by LC-MS/MS and a Uniprot
database search (https://www.uniprot.org/uniprot/?query=agkistrodon+acutus&sort=score).

4.4. Pharmacological Evaluation of Metalloproteinase SP

4.4.1. Anti-Coagulant Activity

Blood Clotting Assays

Half an hour after metalloproteinase SP intravenous administration via the tail vein, blood samples
were collected from the orbital plexus of mice. Afterward, the time for the blood coagulate was
recorded. The clotting time was observed when microfibril was visible. The average time of each
observation was 20 s. The collected blood samples were also spotted on glass slides and clotting times
determined. Clotting was achieved when the fibrin mesh appeared and could be picked by glass
dissecting needle [47,48].

Blood Parameters Test

Half an hour after clopidogrel sulfate and metalloproteinase SP administration via the tail vein,
blood samples were collected from the orbital plexus of mice or from abdominal aorta of mice. Both
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venous and arterial blood were anticoagulated by heparin sodium. The anticoagulant whole blood
was placed in the automatic blood cell analyzer (RT-7600Vet, Rayto, Shenzhen, China) for detection
and analysis within 2 h.

Coagulation Function Test

One hour after the intravenous administration of test drugs or vehicles, blood samples were
harvested from the orbital plexus. An aliquot of 600 μL blood was gently mixed with 66 μL
citrate sodium anticoagulant. The changes of blood corpuscles in whole blood (anticoagulated by
citrate sodium) were analyzed using blood cell analyzer RT-7600Vet (Rayto, Shenzhen China). After
centrifugation at 3000 rpm/min for 15 min, the plasma and blood cells were collected and analyzed
for four coagulation parameters using the semiautomatic blood coagulation analyzer LG-PABER-I
(STEELLEX, Beijing, China) [49–51]. These parameters were: activated partial thromboplastin time
(APTT), thrombin time (TT), prothrombin time (PT), and Fibrinogen time (FT). Standard analytical
protocols were closely followed for all determinations.

4.4.2. Anti-Thrombotic Activity

The anti-thrombotic effect of metalloproteinase SP was evaluated using two thrombosis
pathological models [52,53].

ADP-Induced Acute Pulmonary Thrombosis in Mice

After metalloproteinase SP and clopidogrel treatment for 1 h, the ADP solution (250 mg/kg) was
intravenously administered to induce acute pulmonary embolism, which could probably cause the
paralysis or unpredicted death of mice. The recovery time of the mice was then recorded. After
establishment of the model, the whole blood cell changes were assayed and coagulation parameters
determined as earlier mentioned.

Half an hour after metalloproteinase SP intravenous administration via the tail vein, blood
samples were collected from the orbital plexus of mice of mice. Both venous and arterial blood were
anticoagulated by heparin sodium. The anticoagulant whole blood was placed in the automatic blood
cell analyzer (RT-7600Vet, Rayto, Shenzhen, China) for detection and analysis within 2 h.

Carrageenan-Induced Tail Thrombosis in Mice

One hour after intravenous administration of metalloproteinase SP and aspirin in each group,
Carrageenan solution (20 mg/kg) was intraperitoneally injected to induce tail thrombosis. The mice
were then placed in environmentally-friendly cages for 12 h and their tail lengths recorded.

4.4.3. Antiplatelet Aggregation Activity

In Vivo Antiplatelet Aggregation Assay

After 60 min of administration in each group, the rats were anaesthetized with 50 mg/kg chloral
hydrate via abdominal injection. Blood samples were collected from abdominal aorta via cannulation.
An aliquot of 8 mL blood was gently mixed with 880 μL citrate sodium anticoagulant (3.8%, v/v).
Afterward, platelet-rich plasma (PRP) was obtained after centrifugation at 1000 rpm/min for 10 min.
The residue was further centrifuged at 3000 rpm/min for 10 min to get platelet poor plasma (PPP).
Prior to the antiplatelet aggregation assay, both PRP and PPP were incubated at 37 ◦C. An aliquot of
250 μL PPP was added into the measuring cup to calibrate the baseline. Thereafter, 225 μL of PRP
was added and platelet aggregation stimulated with 25 μL different stimulants; thus, ADP (150 μM),
AA (1 mg/mL), Collagen (50 μg/mL). Platelet aggregation was measured by aggregometer (AggRAM,
Helena, USA), and the maximal aggregation rate was recorded within 5 min [54].
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In Vitro Antiplatelet Aggregation Activity

The blank PRP plasma was harvested from control rats. Metalloproteinase SP (1 μg, 5 μg) was
pre-incubated with 225 μL PRP at 37 ◦C for 5 min, and then stimulated with 25 μL different aggregating
agents at the following final concentrations (ADP 15 μM). Platelet aggregation was assayed by a platelet
aggregation instrument (AggRAM, Helena, TX, USA), and the maximum aggregation rate recorded in
5 min. 225 uL aliquot of PRP was measured into each cuvette and stimulated with metalloproteinase
SP 25 uL (1 μg, 5 μg). Platelet aggregation was assayed by a platelet aggregation instrument, and the
maximum aggregation rate recorded in 5 min [53].

4.4.4. Fibrinogenolytic Activity

Human fibrinogen (8 mg/mL) was incubated with 5 μg metalloproteinase SP at 37 ◦C for 0.25 h,
0.5 h, 1 h, 2 h, 3 h, 4 h, 6 h, 12 h, 24 h, 48h, 72 h, and 96 h [53]. Afterward, the samples mixed with
loading buffer solution were heated at 100 ◦C for 10 min. All samples were transferred to SDS-PAGE
system for fibrinogen degradation analysis.

Effect of Temperature and pH on Metalloproteinase SP Activity

Human fibrinogen (8 mg/mL) was incubated with 5 μg metalloproteinase SP at 0 ◦C, 10 ◦C, 20 ◦C,
30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C for 30 min [55]. Additionally, 5 μg metalloproteinase SP was incubated
with buffer solutions of different pH (pH 3, 4, 5, 6, 7, 8, 9, 10, 11) at 37 ◦C for 30 min, and subsequently
incubated with human fibrinogen (8 mg/mL) at 37 ◦C for another 30 min. All samples were subjected
to SDS-PAGE to investigate the effect of temperature and pH on metalloproteinase SP activity.

Effects of Serine Protease and Metalloproteinase Inhibitors on Metalloproteinase SP Activity

Different inhibitors, benzamidine (5 mM), ethylenediaminetetraacetic acid (EDTA, 5 mM), butyl
boronic acid (20 mM), Trasylol (400 IU), trypsin inhibitor (20 mM), and PMSF (5 mM) were incubated
with 5 μg metalloproteinase SP at 37 ◦C for 30 min [54]. The samples were further incubated with
human fibrinogen at 37 ◦C for 30 min. All samples were analyzed by SDS-PAGE to evaluate the effect
of inhibitors on metalloproteinase SP activity.

4.5. Effects of Snake Venom Monomer on the Chemical Constituents of Acute Pulmonary Embolism Based on
UHPLC-Q/TOF-MS Non-Targeted Metabolomics

An aliquot of 150 μL of methanol/acetonitrile (3:1) solution (containing 0.4 μg/mL
l-2-chloropheylaanine and 10 μg/mL ketoprofen as the internal standard for the ESI+ and ESI−
modes respectively) was added to 50 μL plasma followed by vigorous vortex-mixing for 30 s. The
mixture was centrifuged at 13,000 r/min at 4 ◦C for 10 min to precipitate protein. The supernatant (150μL)
was divided into two portions and dried under a gentle stream of nitrogen gas at room temperature.
One of the samples was reconstituted with 75 μL of 50% aqueous acetonitrile for ultra-performance
liquid chromatography with quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS) analysis
in positive mode while the other was for negative mode. The quality control (QC) samples were
prepared to improve the data quality for metabolic profiling.

4.5.1. UHPLC/Q-TOF MS Analysis

Chromatographic evaluations were performed with an Agilent 1290 series (Agilent Corp, Santa
Clara, CA, USA) HPLC system equipped with a binary pump, degasser, an autosampler, and a
temperature-controlled column compartment. Chromatographic separations were achieved on an
UPLC BEH C18 column (1.8 μm, 2.1 mm × 100 mm, Waters, Ireland) [25]. Mobile phase A was 0.1%
formic acid aqueous solution and B was 0.1% formic acid-acetonitrile solution for the positive ion
mode. Mobile phase A was 10 mM ammonium acetate solution and B was 10 mM ammonium acetate
acetonitrile solution for the negative ion mode. This mobile phase system was run in a gradient elution
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program as follows: 90–99% A, at 0–1 min; 30–90% A, at 1–3 min; 15–30% A, at 3–8 min; 0–15% A, at
8–9 min; 0% A, at 9–10 min. The post-run time was 5 min. The oven temperature was set at 30 ◦C, the
injection volume was 10 μL and the flow rate was 0.4 mL/min.

Separated components were detected by Agilent 6545A Q/TOF mass spectrometer (Agilent Corp,
Santa Clara, CA, USA) equipped with an ESI interface. The operating parameters were as follows:
drying N2 gas flow rate, 8 L/min; temperature, 320 ◦C; nebulizer, 35 psig; capillary, 3000 V; skimmer,
65 V; OCT RFV, 750 V; fragmentor 100 V. The reference masses 254.2806 (ketoprofen) and 299.75
(L-Phenylalanine) were used for internal mass calibration during the runs in the positive and negative
ion modes. At the scan rate of 1.50 spectra/s using fixed collision energies (0.00, 10.00, 20.00, 40.00 V)
MS/MS data were acquired with isolation width MS/MS medium (~4 amu).

4.5.2. Data Processing and Identification of Differential Metabolites

LC-MS raw data files were converted to m/z Data format using DA reprocessor (Agilent Corp.,
Santa Clara, CA, USA). Peak finding, filtering, and alignment were subsequently carried out using
open-source R-Package XCMS [25]. Metabo Analyst 4.0 (https://www.metaboanalyst.ca/) was then
employed for the analysis of the data. The use of Metabo Analyst 4.0 can be broadly categorized into
three major activities: (1) missing value processing, (2) data filtering, and (3) data normalization (i.e.,
sample normalization, data transformation, and data scaling) [55].

Using Metabo Analyst 4.0 unsupervised principal component analysis (PCA), a general picture of
the relationship that exists among the data matrix was obtained. Thereafter, the supervised orthogonal
partial least-squares discrimination analysis (OPLS-DA) was carried out to examine the metabolite
differences between the treatment, blank, and model groups. The inclusion criterion of the metabolites
was that, the fold change between the groups compared should be greater than 1.2 and p-value < 0.05
(one-way ANOVA).

Metabolites that met this criterion were considered as the differential metabolites. In the
identification of the biomarkers, the following databases were used: METLIN (http://metlin.scripps.
edu/), HMDB database (http://www.hmdb.ca/), Metabo Analyst4.0 (https://www.metaboanalyst.ca/),
SMPDB (http://www.smpdb.ca/) and KEGG (http://www.genome.jp/kegg/) [55,56]

4.6. Statistical Analysis

Functional and enzymatic activities were assessed by two individual experiments in triplicate. All
data were expressed as mean ± SD. The significance of differences was analyzed by one-way ANOVA
followed by the Bonferroni correction. A value of p < 0.05 was considered statistically significant.

5. Conclusions

In this study, a novel metalloproteinase SP was isolated from Agkistrodon venom. In vivo, the
metalloproteinase SP protein showed anticoagulant, antithrombotic, and antiplatelet aggregation
activities and changed blood rheology. In vitro, metalloproteinase SP strongly inhibited platelet
aggregation and cleaved the α, β, and γ chains of fibrinogen, but its activity was obviously
affected by temperature or pH and could be reversed by EDTA. Finally, this study successfully
built a mice model with acute pulmonary embolism to explore the antithrombotic mechanism
of metalloproteinase SP. Assisted by LC-MS-Q-TOF-MS analysis, 14 representative biomarkers
were identified, involving in phenylalanine, tyrosine and tryptophan biosynthesis, phenylalanine
metabolism, catecholamine biosynthesis, and eight other metabolic pathways. All these findings
indicated that metalloproteinase SP may affect blood coagulation and thrombus formation by
decomposing fibrinogen and anti-platelet aggregation

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/17/
4088/s1.
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Abstract: Blood sampling with different anticoagulants alters matrix metalloproteinase (MMP-) 9
expression, thus influencing its concentration and diagnostic validity. Here, we aimed to evaluate the
effects of different anticoagulants on MMP-9 regulation. MMP-9 expression was assessed in response
to ethylenediaminetetraacetic acid, citrate, and high-/low-molecular-weight heparin (HMWH,
LMWH) in co-culture experiments using THP-1, Jurkat, and HT cells (representing monocytes,
T, and B cells). Triple and double cell line co-culture experiments revealed that HMWH treatment of
THP-1 and Jurkat led to a significant MMP-9 induction, whereas other anticoagulants and cell type
combinations had no effect. Supernatant of HMWH-treated Jurkat cells also induced MMP-9 in THP-1
suggesting monocytes as MMP-9 producers. HMWH-induced cytokine/chemokine secretion was
assessed in co-culture supernatant, and the influence of cytokines/chemokines on MMP-9 production
was analyzed. These experiments revealed that Jurkat-derived IL-16 and soluble intercellular
adhesion molecule (sICAM-) 1 are able to induce MMP-9 and IL-8 production by THP-1. As a
consequence, the increased MMP-9 expression found in HMWH blood samples may be influenced by
HMWH-dependent secretion of IL-16 and sICAM-1 by T cells resulting in an increased production
of MMP-9 and IL-8 by monocytes. IL-8, in turn, may support MMP-9 and its own expression in a
positive autocrine feedback loop.

Keywords: blood sampling; anticoagulants; MMP-9; high-molecular-weight heparin; IL-16; sICAM-1;
IL-8; monocytes; T cells

1. Introduction

Matrix metalloproteinases (MMPs) are a major group of endopeptidases degrading extracellular
matrix (ECM) and basement membrane components [1] involved in the regulation of cellular events
such as proliferation, differentiation, and migration [2]. In humans, 23 zinc-dependent MMPs have
been identified [3]. Emerging evidence indicate an important role of these enzymes in normal
and pathological processes including tissue remodeling, wound healing, inflammation, arthritis,
cardiovascular diseases, cancer, and neurological diseases [3–5]. Of particular importance is MMP-9,
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also known as gelatinase B or type IV collagenase, since it has recently become a subject of growing
interest in diverse human pathologies such as stroke. Stroke is regarded as the one of the leading
causes of death in the world [6] and MMP-9 levels in the blood have been suggested to represent a
suitable biomarker supporting its prognosis [7]. It was previously shown by our group and others that
the way of blood sampling may affect subsequent analytical tests and that the kind of anticoagulant
used, especially heparin, may alter the amount of MMP-9 (and other proteases or protease inhibitors)
measured [8–11]. The molecular mechanism underlying this phenomenon, however, is still not
well elucidated. Nevertheless, currently, MMP-9 assessment in blood is performed using heparin,
ethylenediaminetetraacetic acid (EDTA), citrate, or serum samples [12]. The clinical chemist who
has to evaluate a patient’s blood MMP-9 concentration usually does not know about the patient’s
medical treatment, and an impact of concurrent treatment upon measured MMP-9 levels has not been
considered in practice, so far.

High-molecular-weight heparin (HMWH) is a highly sulfated glycosaminoglycan. Due to its high
negative charge density, HMWH prevents clotting and is widely used as an anticoagulant in heparin
blood samples [13]. Low-molecular-weight heparin (LMWH), another class of anticoagulant derived
from unfractionated (i.e., high-molecular-weight) heparin, has a number of advantages over HMWH,
which has led to its increasing use for a number of thromboembolic indications [13,14]. The interaction
of HMWH, LMWH, and other commonly used anticoagulants such as EDTA [15] and citrate [16] with
human blood cells and their potential modulation of cellular processes are not well defined, neither in
general nor in respect of MMP-9 expression [17].

The aim of this study was to characterize the influence of direct and indirect effects of different
anticoagulants on the regulation of MMP-9 and to identify the molecular mechanism mediating these
effects so as to assess the impact of the respective substances on the suitability of MMP-9 as a biomarker.

2. Results

2.1. Direct Stimulation of Different Cell Types with Anticoagulants Has No Influence on MMP-9 Expression

Stimulation of individual cell line cultures (THP-1, Jurkat, HT cells) with 3.2 mg/well EDTA
(dissolved in medium), 220 μL/well citrate, or 50 international units (IU)/well HMWH revealed
that MMP-9 expression and secretion are not influenced directly by any of these anticoagulants in
monocytic cells (Figure 1a), T cells (Figure 1b), or B cells (Figure 1c) since no significant induction of
MMP-9 mRNA could be shown by qPCR. This indicates that the reported MMP-9 induction in heparin
blood sampling [8] is mediated via an indirect mechanism.

2.2. Significant Induction of MMP-9 Expression by HMWH in A Co-Culture Including THP-1, Jurkat, and
HT Cells

The analysis of MMP-9 mRNA expression in a co-culture of THP-1, Jurkat, and HT cells
demonstrated that MMP-9 expression increased significantly over time after addition of HMWH
(approximately 7-fold after 24 h; Figure 2a). Equivalent results were obtained when the amounts of
secreted MMP-9 protein were measured in the culture supernatant (approximately 3.5-fold induction
after 24 h; Figure 2b). In contrast, stimulation with other anticoagulants such as EDTA or citrate
(Figure 2a) had no MMP-9-inducing effect in this co-culture model. These results suggest that both
MMP-9 mRNA and protein expression in one of the cell types used depends on an interaction with
another cell type present in the mixture in response to HMWH, potentially by cell-to-cell contacts or
indirectly via the stimulation with a secreted mediator.
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Figure 1. No significant induction of MMP-9 expression by HMWH, EDTA, or citrate in individual cell
line cultures of THP-1, Jurkat, and HT cells. 2 × 105 THP-1 (a), Jurkat (b), or HT cells (c) per well were
starved overnight and then stimulated with 50 IU/well HMWH, 3.2 mg/well EDTA, or 220 μL/well
citrate up to 24 h. MMP-9 mRNA expression was determined using qPCR (QuantiTect Custom Assay;
housekeeping gene: GAPDH); mean ± SD, n = 3.

Figure 2. Induction of MMP-9 expression by HMWH in a THP-1, Jurkat, and HT cells containing
co-culture. 7 × 105 THP-1, Jurkat, and HT cells per well each (i.e., a total of 2.1 × 106 cells/well) were
starved overnight and then stimulated with 50 IU/well HMWH, 3.2 mg/well EDTA, or 220 μL/well
citrate up to 24 h. MMP-9 mRNA (a) and protein (b) expression were determined using qPCR
(QuantiTect Custom Assay; housekeeping gene: GAPDH) and ELISA (MMP-9 Quantikine Kit);
mean ± SD, n = 3 (measured in duplicates). Kruskal–Wallis test, * p ≤ 0.05; ** p ≤ 0.01.

2.3. Significant Induction of MMP-9 Expression by HMWH in the THP-1 and Jurkat Co-Culture

To determine whether the impact of HMWH on MMP-9 expression depends on an interplay of the
three cell types used or a cooperation of two cell lines, MMP-9 expression was further assessed
in co-culture approaches consisting of two cell types each. Thus, cell line mixtures including
HMWH-stimulated monocytes and T cells, monocytes and B cells, as well as T and B cells were
performed. In control approaches, the mixtures were alternatively treated with EDTA or citrate.
As expected, no increase in MMP-9 mRNA expression was observed in the cultures of THP-1 and
Jurkat, THP-1 and HT, as well as Jurkat and HT cells following control stimulation with EDTA or
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citrate (data not shown). Moreover, there was also no significant induction of MMP-9 levels following
HMWH stimulation in a mixture of THP-1 and HT cells or HT and Jurkat cells (Figure 3a). In contrast,
HMWH stimulation of a combination of THP-1 and Jurkat cells led to a significantly increased MMP-9
mRNA expression over time (approximately 8-fold after 24 h; Figure 3a). These results could also be
confirmed on the protein level (approximately 3-fold induction after 24 h; Figure 3b).

Figure 3. Induction of MMP-9 expression by HMWH in a THP-1 and Jurkat cells containing co-culture.
1 × 106 THP-1 and HT, HT and Jurkat, or THP-1 and Jurkat cells per well (i.e., a total of 2 × 106

cells/well) were starved overnight and then stimulated with 50 IU/well HMWH up to 24 h. MMP-9
mRNA (a) and protein (b) expression were determined using qPCR (QuantiTect Custom Assay;
housekeeping gene: GAPDH) and ELISA (MMP-9 Quantikine Kit); mean ± SD, n = 3 (measured
in duplicates). Kruskal–Wallis test, * p ≤ 0.05.

2.4. Significant Induction of MMP-9 Expression in THP-1 Cells in Response to Culture Supernatant Derived
from HMWH-Treated Jurkat Cells

In the next step, it was analyzed whether the increased MMP-9 production depends
on cell-to-cell-contacts or is rather based on an indirect effect, e.g., via soluble mediator(s).
Since monocytes/macrophages are able to produce large amounts of MMP-9 [18], we hypothesized
that in this context, the T cells are responsible for the secretion of soluble factor(s) activating the MMP-9
production in monocytes. Therefore, the MMP-9 expression in THP-1 cells following incubation with
culture supernatant derived from HMWH-stimulated Jurkat cells was analyzed. In the respective
experiments, a significant induction of MMP-9 mRNA up to 24 h could be shown (approximately 8-fold
after 24 h) whereas the supernatant of HMWH-treated HT cells had only a slight (though significant)
effect on MMP-9 (up to 3-fold; Figure 4a). Stimulation of THP-1 cells with the supernatant of EDTA- or
citrate treated Jurkat and HT cells did not increase MMP-9 mRNA expression considerably (data not
shown). THP-1 cells were also incubated with the supernatant from Jurkat cells which have been
incubated with human plasma derived from heparin-containing monovettes and MMP-9 was also
significantly increased in this experimental setting, albeit to a lesser extent and characterized by a
divergent temporal development (peaking at 4 h with approximately 5.5-fold induction; Figure 4b).
These data support the suggestion that the monocytes are the main producers of MMP-9 and that
factor(s) present in the supernatant of HMWH-stimulated T cells are able to significantly induce
MMP-9 expression in monocytes.
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Figure 4. Induction of MMP-9 expression in THP-1 cells by incubation with supernatant from HMWH-
and HMWH plasma-stimulated Jurkat cells. 2 × 106 THP-1 cells/well were starved overnight and
subsequently stimulated up to 24 h with the supernatant of Jurkat or HT cells which have been treated
for 24 h with 50 IU/well HMWH (a) or HMWH plasma (derived from a heparin monovette) (b).
MMP-9 mRNA expression was determined using qPCR (QuantiTect Custom Assay; housekeeping
gene: GAPDH); mean ± SD, n = 3 (measured in duplicates). Kruskal–Wallis test, * p ≤ 0.05.

2.5. High-Molecular-Weight Heparin Versus Low-Molecular-Weight Heparin

To further investigate the stimulatory effect of other types of heparin on MMP-9 expression,
the effect of two different types of LMWH (i.e., Clexane and Fragmin) was analyzed. As demonstrated
in Figure 5, the stimulation of THP-1 and Jurkat with LMWH had no increasing effect on MMP-9
mRNA amounts, neither using Clexane nor Fragmin, in contrast to the significant approximately
10-fold effect shown by HMWH after 24 h. These results indicate that induction of MMP-9 expression
also depends on the type of heparin used.

2.6. Identification of Soluble Mediators Secreted in Response to HMWH

The basic idea of the following experiment was to identify the (combination of) T cell-derived
mediator(s) which is able to increase MMP-9 synthesis in monocytes. Therefore, all three individual
cell lines as well as the relevant double (THP-1 and Jurkat) and triple (THP-1, Jurkat, and HT) cell line
mixtures were cultivated and stimulated with HMWH. Cell culture supernatants were then profiled
for the expression of multiple cytokines and chemokines. As shown in Table 1, HMWH-stimulated
THP-1 released 3 types of mediators, macrophage migration inhibitory factor (MIF), interleukin 1
receptor antagonist (IL-1RA), and CC-chemokine ligand 5 (CCL5). Jurkat secreted IL-13, IL-16, MIF,
sICAM-1, and Serpin E1, whereas HT cells produced IL-13, MIF, tumor necrosis factor (TNF), SICAM-1,
and Serpin E1. In the co-cultures of HMWH-stimulated THP-1 and Jurkat or THP-1, Jurkat and HT
cells, virtually all identified factors could be detected, additionally supplemented with IL-8 as a factor
specifically occurring in cell line mixtures. This suggested that IL-16—as the only T cell-specific soluble
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mediator present under all MMP-9-inducing conditions—might be involved (either individually or in
a combination with other mediators) in the induction of MMP-9 secretion from monocytes.

Figure 5. No Induction of MMP-9 expression by LMWH in a THP-1 and Jurkat cells containing
co-culture. 1 × 106 THP-1 and Jurkat cells (i.e., a total of 2 × 106 cells/well) were starved overnight.
Afterwards, the co-culture was stimulated with HMWH (as a positive control), Clexane, or Fragmin
(50 IU/well each) for 24 h. Then, MMP-9 mRNA expression was determined using qPCR (QuantiTect
Custom Assay; housekeeping gene: GAPDH); mean ± SD, n = 3 (measured in duplicates). T test,
* p ≤ 0.05.

Table 1. Cytokines/chemokines expressed by HMWH-treated THP-1, Jurkat, and HT cells as
determined by Proteome Profiler Human XL Cytokine Array. T cell-specific IL-16 and co-culture-specific
IL-8 are highlighted in bold.

Cell Line(s) Identified Cytokines/Chemokines

THP-1 IL-1RA, CCL5, MIF
Jurkat MIF, IL-13, IL-16, sICAM-1, Serpin E1

HT MIF, IL-13, sICAM-1, Serpin E1, TNF
THP-1, Jurkat, and HT IL-1RA, CCL5, MIF, IL-13, IL-16, sICAM-1, Serpin E1, IL-8

THP-1 and Jurkat IL-1RA, CCL5, MIF, IL-13, IL-16, sICAM-1, Serpin E1, IL-8

Interestingly, following stimulation with LMWH, no secreted cytokines/chemokines could be
detected in co-cultures of THP-1 and Jurkat cells (data not shown) supporting the consideration that
only HMWH (but not LMWH) is able to activate the production of MMP-9-inducing cytokine(s) from
T cells.

2.7. Regulation of MMP-9 Expression in THP-1 by Jurkat-Derived IL-16 and sICAM-1

In the next step, THP-1 cells were stimulated with IL-16 to assess its influence on MMP-9
mRNA synthesis. Unexpectedly, this approach did not result in a significant upregulation of MMP-9,
and equivalent negative results were obtained when THP-1 were stimulated with IL-13, MIF, or Serpin
E1, i.e., the other factors found in the supernatant of HMWH-treated T cells. Only in the case of
sICAM-1 a significant (but only approximately 3-fold) MMP-9 induction was observed (data not
shown). This indicates that IL-16 alone is not the driver of MMP-9 production in monocytes and
suggests that sICAM-1—potentially in combination with other secreted proteins—might contribute to
the stimulatory effect on MMP-9 expression.
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To reveal whether an interaction between two or more factors is responsible for this effect,
(T cell-specific) IL-16, sICAM-1 (due to its mild significant effect on MMP-9) and (cell mixture-specific)
IL-8 were applied in different combinations. A slight but significant effect on MMP-9 was observed
following stimulation of THP-1 cells with IL-16 and sICAM-1 or IL-16 and IL-8 with about 3– to 4-fold
induction levels after 24 h (Figure 6). Our results suggest that the T cell-derived mediators IL-16
and sICAM-1 are acting in combination with the presumably monocyte-derived chemokine IL-8 thus
mediating an induction of MMP-9. To further confirm these results, monocytes were incubated with
the triple combination of these mediators. In fact, a synergistic influence of IL-16, sICAM-1, and IL-8
was confirmed (7-fold, i.e., as strong as the positive control TNF; Figure 6).

Figure 6. Induction of MMP-9 expression by IL-16, sICAM-1, and IL-8 in THP-1 cells. 2 × 106 THP-1
cells/well were starved overnight. Afterwards, cells were stimulated with the mediators identified
via Proteome Profiler Array: IL-16 and sICAM-1, IL-16 and IL-8, or IL-16, sICAM-1, and IL-8 for 24 h
(5 ng/mL each). The dashed line indicates MMP-9 mRNA expression following TNF stimulation for
2 h as a positive control. MMP-9 mRNA expression was determined using qPCR (QuantiTect Custom
Assay; housekeeping gene: GAPDH); mean ± SD, n = 3 (measured in duplicates). T test, * p ≤ 0.05.

In contrast, the analysis of further cytokine combinations including MIF and IL-13 did not yield a
significant increase in MMP-9 mRNA (data not shown) indicating that these proteins do not play an
influential role in the regulation of MMP-9.

2.8. Regulation of IL-8 Expression in THP-1 by IL-16 and Autocrine Activation

To further assess whether the supporting chemokine IL-8 is induced by the same mediator cocktail
as MMP-9, or whether other factors are involved, monocytic cells were stimulated individually or with
combinations of IL-16, sICAM-1, and IL-8 and the resulting IL-8 mRNA expression was measured.
Initially, stimulation of THP-1 with individual factors as demonstrated for IL-16 and IL-8 itself
resulted in a significant increase in the IL-8 measurement (3- to 4-fold induction; Figure 7). Moreover,
further trials using IL-16 and sICAM-1 or IL-16, sICAM-1, and IL-8 also enhanced IL-8 expression with
about 4- to 6-fold induction levels (thus roughly reaching a dimension also observed using the positive
control TNF; Figure 7). With respect to the effect of IL-16, sICAM-1, and IL-8 on MMP-9 expression
shown above, the results presented here substantiate the assumption that the T cell-derived factors
IL-16 and sICAM-1 provoke the secretion of monocyte-derived IL-8. This combination, in turn, is able
to induce both a continuing IL-8 production by monocytes and an increased MMP-9 expression.
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Figure 7. Induction of IL-8 expression by IL-16, sICAM-1, and IL-8 in THP-1 cells. 2 × 106 THP-1
cells/well were starved overnight. Afterwards, cells were stimulated with IL-16, IL-8, IL-16 and
sICAM-1, or IL-16, sICAM-1, and IL-8 for 24 h (5 ng/mL each). The dashed line indicates IL-8 mRNA
expression following TNF stimulation for 2 h as a positive control. IL-8 mRNA expression was
determined using qPCR (housekeeping gene: GAPDH); mean ± SD, n = 3 (measured in duplicates).
T test, * p ≤ 0.05.

3. Discussion

Like other MMPs, MMP-9 is a member of the broad ECM remodeling network [19,20] and plays
a crucial role in physiological processes such as proliferation, differentiation, and wound healing,
but also in tumor progression, metastasis, and angiogenesis [2,21] due to its ability to efficiently
degrade (amongst others) gelatin, collagens (IV, V, VII, X, XIV), elastin, aggrecan, and fibronectin [22].
Its structure comprises an N-terminal pro-domain, the catalytically active metalloproteinase domain
(including three fibronectin type II repeats and a zinc binding motif), and a hemopexin domain [20].
MMP-9 is initially synthesized as a latent pro-enzyme (the zymogen) which is activated via the
so-called cysteine switch, i.e., the proteolytic cleavage of the pro-peptide [23]. To avoid deleterious
effects in normal tissue, the enzymatic activity of MMP-9 is negatively regulated by tissue inhibitor
of metalloproteinases (TIMP-) 3 and (to a lesser extent) 1, either by association with pro-MMP-9 or
the inhibition of mature MMP-9 [24]. It has been reported that MMP-9 production is induced by
TNF, interferon (IFN-) α, IL-1β, and several growth factors (e.g., epidermal growth factor (EGF),
platelet-derived growth factor (PDGF)) [21]. Its mRNA expression is positively regulated via IκB
kinase (IKK-), protein kinase C (PKC-), Ras-, or mitogen-activated protein kinases (MAPK; especially
p38-, extracellular signal-regulated kinase (ERK-), and Jun N-terminal kinase (JNK-)) dependent
signaling pathways, resulting in a nuclear factor κB (NF-κB-), specificity protein (Sp-) 1-, or activator
protein (AP-) 1-driven gene expression. The repression of MMP-9 transcription is mainly Janus
kinase (Jak)/signal transducer and activator of transcription (STAT-) dependent in response to IFN-β,
IL-4, and IL-10 [21]. Consequently, MMP-9 expression is pharmacologically controlled using agents
negatively affecting the MMP-9-regulating pathways or transcriptions factors, or both, thus especially
reducing the activity of NF-κB or AP-1. For instance, MMP-9 expression can be significantly reduced
via the suppression of NF-κB as demonstrated in breast cancer cells following the application of the
isothiocyanate Sulforaphane [25] and in monocytic THP-1 cells treated with the labdane diterpenoid
Andrographolide [26]. Consistently, MMP-9 can be induced in THP-1 cells using NF-κB-activating
agents such as the synthetic triacylated lipopeptide Pam3CSK4 [27]. In a variety of other studies, the
application of small molecule inhibitors for several kinases provoked a significant reduction of MMP-9
expression in different cell types. This has been demonstrated for inhibitors of PKC (e.g., RO318220,
Calphostin C, Safingol), p38-MAPK (SB203580), MEK (PD098059), ERK (Rosiglitazone), and other
signaling molecules (reviewed in [28]). Alternatively, signaling pathway activation can be prevented
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via neutralizing antibodies either against activating mediators (such as TNF), the respective receptors
such as EGFR, or involved signaling molecules (e.g., MEK, Ras, PKC) [28].

In addition to the approaches to address MMP-9 as a target in neoplastic, vascular, and other
diseases [5,29], it is also regarded as a promising diagnostic or prognostic factor, e.g., in inflammatory
bowel disease [30] or stroke [7], rendering MMP-9 an interesting potential biomarker [30]. In the
framework of a recently published study [8], we found a considerable relation between induction of
MMP-9 expression and different anticoagulants used. Moreover, this relation affected both MMP-9
protein baseline values and kinetics, which was clearly shown in heparin samples with or without
proteinase inhibitors. Consequently, the way of blood sampling influences the measurement of MMP-9.
This is also reflected by further studies also showing that blood sampling influences the concentration
and the diagnostic validity of MMP-9 [31] and other circulating MMPs (1, 2, 3, 7, and 8) [32]. Therefore,
we aimed to characterize the effects of common anticoagulants on MMP-9 expression and to identify the
cell types contributing to this effect to assess the impact of these anticoagulants in clinical applications
and the suitability of MMP-9 as a biomarker. Our initial analyses showed that direct stimulation of
THP-1, Jurkat, and HT cells (representing the major leukocyte cell types in the blood, i.e., monocytes,
T cells, or B cells) with the common anticoagulants EDTA, citrate, or HMWH had no effect on the
amounts of MMP-9 mRNA or protein. This indicates that its expression in blood cells is not induced
directly by anticoagulants, but rather influenced via an indirect mechanism, i.e., an interaction of two
or more cell types in the blood.

Based on this consideration, we performed an experiment with a mixture of the three cell lines
and incubated them with EDTA, citrate, or HMWH. A strong (approximately 7-fold and 3.5-fold,
respectively) and significant induction of MMP-9 mRNA and secreted protein in the mixture was
only observed in response to HMWH, whereas EDTA and citrate had no effect on MMP-9 levels.
These results are in good agreement to the literature since it has been reported that stimulation with
heparin increases MMP-9 and TIMP levels in leukocytes and platelets [10], whereas citrate and EDTA
appeared to be less effective [8]. We concluded that the MMP-9 expression in at least one of the
included cell types depends on an activating interaction with another involved cell type in response to
HMWH, either directly by cell-to-cell contacts or indirectly via the stimulation with a secreted mediator.
To address this question, MMP-9 levels were analyzed in co-culture approaches including two different
cell types each, i.e., THP-1/Jurkat, THP-1/HT, and Jurkat/HT. In contrast to all other combinations,
stimulation of THP-1 and Jurkat cells with HMWH led to a significant increase in MMP-9 mRNA
expression indicating that the interplay between monocytes and T cells is involved in the upregulation
of MMP-9 in heparinized blood samples. The results may also reflect the tendency of leukocytes to
generate the members of the MMP family not ubiquitously, but in distinct gene expression patterns [33]
which has also been predicted bioinformatically for other cell types, e.g., fibroblasts [19].

In the next step, we analyzed whether the increased MMP-9 production depends on direct or
indirect effects. With respect to the known ability of monocytes and macrophages to produce large
amounts of MMP-9, e.g., in the course of tissue invasion [18], while T cells are important producers of
cytokines [34], it was reasonable to speculate that during the interaction of monocytes and T cells, the
latter are responsible for the secretion of one or more soluble mediator(s) to which monocytes react
with increased MMP-9 production. Therefore, we measured the MMP-9 expression in THP-1 cells in
response to stimulation with culture supernatant derived from HMWH-stimulated Jurkat cells. Indeed,
a significant MMP-9 induction was observed under these conditions. In order to elucidate whether
it is further possible to increase MMP-9 production under clinical-like circumstances, THP-1 were
also incubated with the supernatant from Jurkat cells which have been activated by human plasma
derived from heparin-containing monovettes. Again, even under these conditions, the MMP-9 mRNA
amounts were enhanced in THP-1 cells stimulated with the transferred supernatant. Together, these
results support the suggestion that in response to HMWH, T cells release monocyte-activating factor(s)
while monocytes stimulated in this manner are the relevant producers of MMP-9. This assumption
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also fits to earlier reports demonstrating that monocytes are the main producers of MMP-9 among
leukocytes [33].

To identify the T cell-derived mediator(s) involved in this process, cytokines and chemokines
secreted by T cells in response to HMWH were monitored. These analyses revealed that
HMWH-challenged Jurkat cells are characterized by the production of IL-13, IL-16, MIF, sICAM-1, and
Serpin E1. Since most of these factors were also produced by THP-1 (MIF) or HT cells (IL-13, MIF,
sICAM-1, and Serpin E1) in response to HMWH, IL-16 proved to be the only T cell-specific factor in
this setting. Thus, IL-16, which is constitutively expressed but not secreted in T cells on the mRNA and
pro-protein level [35], appeared to be a promising candidate cytokine, especially in consideration of
other studies that have already shown that IL-16 is able to stimulate human monocytes, e.g., to increase
the expression of pro-inflammatory cytokines [36]. A subsequent stimulation of THP-1 cells with
IL-16, however, did not result in an enhanced MMP-9 expression, although its MMP-9 inducing
capability has been demonstrated in vascular smooth muscle cells [37]. This suggested that further
factors are required to achieve that effect. Among the mixtures of cytokines/chemokines then tested,
only the combination consisting of IL-16, sICAM-1 (which showed a slight but significant effect on
MMP-9 when individually applied), and IL-8 (which was the only mediator specifically expressed in
co-culture experiments) exhibited a monocytic MMP-9 expression equivalent to the positive control
(2 h TNF) and, more important, to that observed in the co-culture of THP-1 and Jurkat cells following
HMWH stimulation. These circumstances indicated that T cell-derived IL-16 and sICAM-1, which
had together a significant but relatively low effect on MMP-9, require the supporting presence of IL-8
to exploit their full activating potential on MMP-9. In this context, monocytes were the presumed
source of IL-8, since they are known to produce large amounts of IL-8 in response to certain stimuli
such as TNF [38]. Other factors, however, such as CCL5 or MIF appear not to be involved, presumably
due to the absence of further stimulating agents, e.g., TNF or IL-1β, which have been reported to
be necessary for their MMP-9-inducing activity [39,40]. To monitor whether IL-8 can be induced
in monocytic cells by the same cocktail as MMP-9 (or at least one mediator included), THP-1 cells
were stimulated individually or with combinations of IL-16, sICAM-1, and IL-8. Indeed, THP-1 cells
expressed significantly increased amounts of IL-8 chemokine following a stimulation with IL-16 or
IL-8 individually—thus confirming the previously reported autocrine regulation of IL-8 [41]—as
well as combinations of IL-16 and sICAM-1 or IL-16, sICAM-1, and IL-8. In the latter cases, the
IL-8 levels observed were roughly comparable to those found in the presence of the positive control
TNF. Considered together with the result that IL-16, sICAM-1, and IL-8 are potent drivers of MMP-9
expression, our data suggest a model in which the presence of HMWH may lead to the secretion of T
cell-derived IL-16 and sICAM-1 which induces monocytic IL-8 production. The combination of these
factors appears to yield both a continuing IL-8 secretion as well as an enhanced MMP-9 production
by monocytes (Figure 8). However, with respect to our experimental conditions, the participation
of other cell types and further mediators could not be excluded and has to be addressed by future
studies. It should also be mentioned that the mechanism presented here may also have an impact
on the expression of further proteases thus potentially affecting their validity as biomarkers (such as
MMP-2, -11, or -13 [42]).
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Figure 8. Proposed model of MMP-9 induction in monocytes by HMWH-treated T cells. Our data
suggest that in response to HMWH, T cells secrete the mediators IL-16 and sICAM-1, which induce
monocytic IL-8 production. Together, these factors yield a continuing IL-8 secretion as well as an
enhanced MMP-9 production by monocytes.

In some of our experiments, TNF was used as a positive control in the cytokine stimulation
experiments since it remarkably increases MMP-9 [43] and IL-8 expression [38] by monocytes. Thus,
it appears surprising that the presence of HT cells had no influence on MMP-9 levels in THP-1- and
HT-containing co-cultures although they secrete TNF in response to HMWH (Table 1). This might
be ascribed to the absence of TNF in the case of the triple cell line culture. Whether this absence
is due to an altered expression time course, ineffectively low TNF levels (i.e., under the detection
limit of the proteome profiler membrane), or a suppression of HT-derived TNF expression in this cell
mixture, remains to be established. In the pure THP-1/HT culture, in which TNF expression could be
detected, the relatively low TNF amounts produced by HMWH-challenged HT cells (as represented
by only slightly stained THF-representing dots on the detection membrane; data not shown) might be
insufficient to evoke MMP-9 expression in THP-1 cells over time.

In contrast to HMWH, we did not detect a significant cytokine/chemokine secretion or MMP-9
expression in co-cultured THP-1 and Jurkat cells in response to LMWH. Although the effects of HMWH
and LMWH on cytokine/chemokine or growth factor expression appear to differ among different
conditions and cell lines [44], thus providing (at least in part) contradictory results, it has been observed
that HMWH enhances the expression of CCL5 in endometrial carcinoma cells [44]. In heparinized
plasma samples, elevated levels of methyl-accepting chemotaxis protein (MCP), stem cell factor (SCF),
PDGFβ, vascular endothelial growth factor (VEGF), CXC chemokine ligand (CXCL) 11, and Serpin
E1 [45] or IL-6, -8, -17, granulocyte/macrophage-colony stimulating factor (GM-CSF), and macrophage
inflammatory protein (MIP-) 1 in comparison to citrate or EDTA plasma, or both, were detected [46].
In contrast, LMWH has been reported to significantly reduce the expression of pro-inflammatory
cytokines and chemokines in several cell types. For instance, LMWH application inhibited the
secretion of IL-4 and TNF by mast cells [47] and the expression of IL-6 and -8 in epithelial cells [48]
as well as IL-4, -5, -13, and TNF in T cells, effects that fit well to the anti-inflammatory features
of LMWH [49]. The remarkable difference in cytokine induction between HMWH and LMWH
described in the literature and observed in our study may be attributed to the molecular structure of
the respective heparins. Natural heparin is exclusively produced by mast cells and predominantly
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isolated on an industrial scale from porcine intestinal mucosa [50]. Both the unfractionated heparin
(i.e., HMWH) and its fractionated derivative LMWH (produced by chemical or enzymatic processing
of HMWH [50]) are glycosaminoglycans exhibiting a common molecular structure, i.e., repeating
disaccharide units consisting of variably sulfated glucosamine, glucuronic acid, or iduronic acid [51].
Due to the general structural similarity, the anticoagulant mechanism is comparable: both heparins
interact with antithrombin and suppress the activity of factor Xa and—to a lesser extent—thrombin [50].
However, in contrast to the long-chained HMWH with an average molecular weight of 16 kDa, LMWH
is characterized by considerably shorter disaccharide chains resulting in an average molecular weight
of 3.5–6 kDa [51], a reduced charge per chain, and less unspecific interactions with proteins [52].
In consequence, HMWH’s length, charge, and tendency towards unspecific interactions may play a
crucial role in the activation of T cells. For instance, an interaction with specific surface receptors is to be
assumed, since it has been shown that unfractionated heparin is able to interact with the high mobility
group box 1 protein receptor on macrophages [53] as well as G-protein-coupled receptor GPR56 on
a variety of human cell lines [54]. Moreover, in the case of EDTA and citrate, the—in comparison to
HMWH—negligible length and charge may be crucial for the absence of an MMP-9-inducing effect
of these anticoagulants under the conditions tested in our study. Taking these points into account,
one can speculate that receptor crosslinking may play a role during HMWH-induced activation of T
cells, an effect which could not be provided by LMWH, EDTA, or citrate.

Our results also possess some clinical implications. For instance, HMWH-containing monovettes
should be avoided when MMP-9 levels have to be assessed as a biomarker to circumvent its
overvaluation. More important, heparin is also administered systemically during therapeutic
approaches, e.g., for the treatment of venous thromboembolism (VTE) [13] or the prevention of
myocardial infraction during the acute phase of unstable angina [55]. Known tissue-damage-associated
adverse effects of heparin such as increased tendency towards bleeding [56] may be influenced or
intensified by its MMP-9 promoting capacity. LMWH which according to our data does not appear
to possess an influence on the expression of MMP-9 nor any cytokine/chemokine monitored may
represent a preferable “gentle” alternative to HMWH. In another study, even a reduction of MMP-9
concentration and activity has been reported in the plasma of LMWH-treated patients with abdominal
aortic aneurysm [57], an effect which might be connected to the LMWH-dependent downregulation of
IL-8 as shown in enoxaparin-treated epithelial cells [48]. Accordingly, LMWH is increasingly used as
an anticoagulant, e.g., for VTE prevention [58,59].

In summary, our study suggests that the increased MMP-9 expression previously found in HMWH
blood samples may be ascribed to an HMWH-induced secretion of IL-16 and sICAM-1 by T cells
resulting in an increased production of MMP-9 by monocytes, a process potentially supported by
IL-8 in an autocrine feedback loop (Figure 8). This implies that HMWH shall be used cautiously in
clinical applications.

4. Materials and Methods

4.1. Collection and Storage of Human Heparin Plasma

A total of three venous blood samples from healthy individuals were collected at the Department
of Clinical Chemistry at Hannover Medical School. Informed consent was obtained from all donors
before blood sampling. The experiments were carried out in accordance with the relevant guidelines
and regulations and approved by the Hannover Medical School ethics committee in accordance
with the Declaration of Helsinki (No. 388-2008, 02.12.2008). Blood sampling was performed using
commercially available heparin- (i.e., HMWH) containing monovette tubes (Sarstedt, Nümbrecht,
Germany). Blood samples were immediately centrifuged at 1900× g for 10 min and after removal of
the supernatant, plasma samples were aliquoted and stored at −80 ◦C until assay.
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4.2. Cell Lines and Cell Culture Conditions

For the analyses, THP-1 (human acute monocytic leukemia cell line; ACC-16), Jurkat (human T
cell leukemia cell line, ACC-282), and HT cells (human B cell lymphoma cell line, ACC-567) were used
(DSMZ, Braunschweig, Germany), representing monocytes, T cells, and B cells, respectively. All cell
lines were cultured in RPMI 1640 medium containing 300 mg/L L-glutamine (PAA, Linz, Austria),
supplemented with 10% fetal calf serum (FCS), 100 U/mL penicillin, and 100 mg/mL streptomycin
(Biochrom, Berlin, Germany) at 37 ◦C in a humidified atmosphere containing 5% CO2 [60].

Cell culture experiments were performed in 6-well plates (Sarstedt) with 2 mL medium/well.
For stimulation experiments, cells were incubated without antibiotics. For starvation, the FCS
concentration in the culture medium was reduced to 1% and cells were incubated overnight. Starved
cells without further treatment/stimulation served as negative controls to avoid FCS-induced
disturbances of the respective measurements.

4.3. Cell Culture Experiments

4.3.1. Individual and Co-Culture Experiments

In the initial experiments, 2 × 106 THP-1, Jurkat, or HT cells/well were starved in individual
cultures overnight. Afterwards, cells were stimulated with 3.2 mg EDTA (Sigma Aldrich, Darmstadt,
Germany), 10 μL HMWH (=50 IU; Ratiopharm, Ulm, Germany) or LMWH (Clexane; Sanofi-Aventis,
Frankfurt, Germany or Fragmin; Pfizer, Berlin, Germany), or 220 μL citrate (Sarstedt) per well and
harvested after 0, 4, 6, and 24 h for the analysis of MMP-9 mRNA expression.

In double co-culture experiments, THP-1 and Jurkat, THP-1 and HT, or Jurkat and HT cells were
cultivated together (in total 2 × 106 cells/well, i.e., 1 × 106 cells per cell line). Following starvation
overnight, cells were stimulated with the respective anticoagulants and harvested at the indicated time
points. In addition, supernatants of the respective double co-cultures were collected for the analysis of
secreted proteins.

Furthermore, in a triple co-culture experiment a mixture of the three cell lines used was seeded
with 2.1 × 106 cells/well (i.e., 0.7 × 106 cells per cell line) and starved overnight. Then, the respective
anticoagulant was added and the cells were harvested and the supernatant collected at the indicated
time points.

4.3.2. Cell Supernatant Transfer Experiments

In a further series of experiments, starved monocytic THP-1 cells were stimulated with the
supernatant of anticoagulant-treated Jurkat or HT cells and the MMP-9 expression was analysed as
indicated. Alternatively, starved THP-1 cells were incubated with supernatant from starved Jurkat
or HT cells which have been stimulated for 24 h with human plasma derived from blood samples
collected in HMWH-containing monovettes.

4.3.3. Cytokine/Chemokine Stimulation Experiments

Following a starvation phase overnight, 2 × 106 THP-1 cells/well were stimulated with 5 ng/mL
MIF, 5 ng/mL IL-13, 5 ng/mL IL-16, 5 ng/mL sICAM-1, 25 ng/mL Serpin E1, or 5 ng/mL IL-8
(Peprotech, Hamburg, Germany), either individually or in combination, for 24 h. The respective
concentrations were derived from the respective product sheet by selecting a low effective concentration
and then validated by dose response experiments. As a positive control, starved THP-1 cells were
stimulated for 2 h with 25 ng/mL human TNF (Sigma Aldrich). Following stimulation, cells were
harvested and the MMP-9 or IL-8 mRNA expression was measured.
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4.4. RNA Extraction, cDNA Synthesis, and qPCR

Cells were lysed and RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions [61]. RNA was eluted in 50 μL RNase-free water and
concentrations were determined using the NanoDrop ND-1000 photometer at 260/280 nm (Peqlab,
Erlangen, Germany). For first-strand complementary DNA (cDNA) synthesis, 1 μg total RNA per
sample were reverse transcribed using the SuperScript™ II Reverse Transcriptase kit (Invitrogen,
Carlsbad, CA, USA) and 250 ng random primers in a total volume of 100 μL as previously described [62].
Following reverse transcription, cDNA samples were immediately frozen and stored at −80 ◦C until
further use. Quantitative polymerase chain reaction (qPCR) was performed using the LightCycler 480 II
(Roche Diagnostics, Mannheim, Germany) as described in [8]. In short, MMP-9 analyses were based on
the QuantiTect® Custom Assay (Qiagen; forward primer: 5′-TCCAGTACCGAGAGAAAG-3′,
reverse primer: 5′-CAGGATGTCATAGGTCACGTAG-3′, hybridization probe:
5′-non-fluorescent quencher-GGAGTGAGTTGAACCAG-6-carboxyfluoroscein-3′). Suitability
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), actin, and β2-microglobulin
as housekeeping genes was assessed in 5 randomly selected cDNA samples. In all
cases, expression levels were roughly comparable among tested samples. GAPDH
was finally selected as housekeeping gene since it exhibited the highest expression
levels. GAPDH mRNA determination was performed using sequence-specific fluorescent
resonance energy transfer probes (forward primer: 5′-TGCTGAGTATGTCGTGGAGTC-3′,
reverse primer: 5′-GGATGCAGGGATGATGTTCT-3′; donor hybridization probe:
5′-GACAACTTTGGTATCGTGGAAGGACTCATGACCACA-fluorescein thiocyanate-3′, acceptor
hybridization probe: 5′-Cy5.5-CTGAGCGTGGCTATTCCTTCGTGACTACTG-phosphate-3′). 5 μL
cDNA were mixed with 4 pmol hybridization probes, 10 pmol forward and reverse primers, and
10 μL LightCycler 480 Probes Master (Roche). H2O was added to a final volume of 20 μL. PCR
conditions were selected as follows: initial hot start incubation (95 ◦C, 5 min), denaturation (95 ◦C,
10 s), annealing (56 ◦C, 30 s for MMP-9; 59 ◦C, 30 s for GAPDH), and extension (72 ◦C, 30 s).

IL-8 mRNA expression was determined using the SYBR Select Master Mix (Invitrogen)
and the LightCycler 480 (forward primer: 5′ -TCCTGTTTCTGCAGCTCTGG-3′, reverse primer:
5′ -GGCCACTCTCAATCACTCTC-3′). An amount of 5 μL cDNA was mixed with 10 pmol forward
and reverse primers, and 10 μL SYBR Select Master Mix. H2O was added to a final volume of 20 μL.
PCR conditions were selected as follows: enzymatic degradation of contaminating uracil-containing
DNA (50 ◦C, 2 min), initial hot start incubation (95 ◦C, 2 min), denaturation (95 ◦C, 10 s), annealing
(59 ◦C, 15 s) extension (72 ◦C, 20 s) [38].

For the calculation of cDNA concentration, plasmid standards were generated and used in serial
dilutions ranging from 1 mg/μL to 100 fg/μL as previously described [63].

4.5. Enzyme-Linked Immunosorbent Assay

Measurement of total secreted MMP-9 protein in the cell culture supernatant was performed
using the Quantikine Kit (R&D Systems, Wiesbaden, Germany). Amounts of secreted total MMP-9
protein were assessed in thawed cell culture supernatant (stored at −150 ◦C until use) according to the
manufacturer’s instructions as described before [8]. The mean intra- and inter-assay coefficients of
variation were given as 2.3% and 7.5%, respectively. The minimum detectable concentration was given
as 0.156 μg/L.

4.6. Proteome Profiler Array

To identify secreted mediators, the Proteome Profiler Human XL Cytokine Array (based on
the sandwich ELISA principle; R&D Systems) was carried out according to the manufacturer’s
instructions [64]. In short, an array membrane (consisting of capture antibodies spotted in duplicate
on nitrocellulose) was incubated with 1.5 mL diluted supernatant (derived from HMWH-stimulated
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individual cell lines or co-cultures) and a cocktail of biotin-coupled capture antibodies (15 μL) overnight
at 4 ◦C. Afterwards, the membrane was washed and incubated with 1.5 mL Streptavidin-HRP
dilution for 30 min. Subsequently, membrane-bound cytokines/chemokines were detected using
the chemiluminescent detection reagent and Amersham Hyperfilm ECL films (GE Healthcare,
Freiburg, Germany).

4.7. Statistical Analysis

Data were described as means ± standard deviation (SD). The Kruskal–Wallis test was applied to
analyze differences in mRNA or protein levels among several time points. The unpaired T test was used
to analyze differences among mRNA levels following LMWH or cytokine stimulation. Analyses were
performed using IBM SPSS Statistics, version 24 (IBM Deutschland GmbH, Ehningen, Germany).
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DSMZ Deutsche Sammlung von Mikroorganismen und Zellkulturen
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ECM Extracellular matrix
EDTA Ethylenediaminetetraacetic acid
EGF Epidermal growth factor
ELISA Enzyme-linked immunosorbent assay
ERK Extracellular signal-regulated kinase
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GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GM-CSF granulocyte/macrophage-colony stimulating factor
GPR G-protein-coupled receptor
HMGB High mobility group box
HMWH High-molecular-weight heparin
HRP Horseradish peroxidase
IFN Interferon
IKK IκB kinase
IL Interleukin
IL-1RA IL-1 receptor antagonist
IU International unit
Jak Janus kinase
JNK Jun N-terminal kinase
LMWH Low-molecular-weight heparin
MAPK Mitogen-activated protein kinasesmethyl-accepting chemotaxis protein
MCP Methyl-accepting chemotaxis protein
MIF Macrophage migration inhibitory factor
MIP Macrophage inflammatory protein
MMP Matrix metalloproteinase
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NF-κB Nuclear factor κB
PDGF Platelet-derived growth factor
PKC Protein kinase C
qPCR Quantitative polymerase chain reaction
SCF Stem cell factor
SD Standard deviation
sICAM Soluble intercellular adhesion molecule
Sp Specificity protein
STAT Signal transducer and activator of transcription
TIMP Tissue inhibitor of metalloproteinases
TNF Tumor necrosis factor
VEGF Vascular endothelial growth factor
VTE Venous thromboembolism
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Abstract: There is an unmet medical need for the development of non-addicting pain therapeutics
with enhanced efficacy and tolerability. The current study examined the effects of AQU-118, an orally
active inhibitor of metalloproteinase-2 (MMP-2) and MMP-9, in the spinal nerve ligation (SNL)
rat model of neuropathic pain. Mechanical allodynia and the levels of various biomarkers were
examined within the dorsal root ganglion (DRG) before and after oral dosing with AQU-118. The rats
that received the SNL surgery exhibited significant mechanical allodynia as compared to sham
controls. Animals received either vehicle, positive control (gabapentin), or AQU-118. After SNL
surgery, the dorsal root ganglion (DRG) of those rats dosed with vehicle had elevated messenger
RNA (mRNA) expression levels for MMP-2, IL1-β & IL-6 and elevated protein levels for caspase-3
while exhibiting decreased protein levels for myelin basic protein (MBP) & active IL-β as compared to
sham controls. Rats orally dosed with AQU-118 exhibited significantly reduced mechanical allodynia
and decreased levels of caspase-3 in the DRG as compared to vehicle controls. Results demonstrate
that oral dosing with the dual active, MMP-2/-9 inhibitor, AQU-118, attenuated mechanical allodynia
while at the same time significantly reduced the levels of caspase-3 in the DRG.

Keywords: matrix metalloproteinase; MMP-2; MMP-9; inhibitor; allodynia; caspase-3; neuropathic;
pain; dorsal root ganglion; spinal nerve ligation

1. Introduction

The population suffering from neuropathic pain is large; neuropathic pain is a significant
problem for patients and the healthcare system. This type of pain is difficult to treat effectively with
currently available pharmacological agents, in part due to the fact that the aetiologies that drive the
neuropathic pain states are varied, complex, and not well-understood. Indeed, many of the currently
approved neuropathic pain medications, and in particular anticonvulsants such as gabapentin and
pregabalin, do not have a direct effect on the pathophysiology of the disorder but rather modulate
neurotransmission [1]. Since only one in four patients with neuropathic pain experiences greater than
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a 50% reduction in pain following treatment, novel therapeutic approaches are an urgent priority [2].
One tactic for treating neuropathic pain is through the inhibition of specific protein targets involved in
the initiation or maintenance of pain sensitization within the spinal cord.

Surgically-induced rodent models of neuropathic pain cause the levels of various inflammatory
proteins such as cytokines and, in particular, certain matrix metalloproteinases (MMPs), to become
elevated within the spinal nerves [3–9]. MMPs are zinc-dependent endopeptidases belonging to a
larger family of proteases known as the metzincin superfamily. MMPs are involved in degrading the
extracellular matrix as well as processing of growth factors, cytokines, chemokines, adhesion molecules,
and a variety of other enzymes. Increased expression of MMPs or an imbalance of different MMPs
has been observed in a variety of pathological conditions, including various neurodegenerative
diseases [10,11].

It has been postulated that in injured dorsal root ganglion (DRG) primary sensory neurons,
MMP-9 can induce early neuropathic pain via interleukin-1β cleavage and microglia activation,
and MMP-2 induces delayed neuropathic pain via IL-1β cleavage and astrocyte activation [12].
MMP-9 also promotes Schwann cell-mediated myelin basic protein (MBP) degradation and
macrophage infiltration in the spinal nerve and activation of astrocytes in the spinal cord [13].
Based upon this evidence, we sought to develop an orally active MMP-2 and MMP-9 inhibitor to treat
neuropathic pain. Our first compound in this arena is AQU-118, a potent small molecule inhibitor
of both MMP-2 and MMP-9 with an in vitro IC50 of 3 nM and 9 nM, respectively [14]. AQU-118
attenuates neuropathic pain behaviors in the SNL and chronic constriction injury of the infraorbital
nerve (CCI-IoN) rodent models as well as in the naloxone precipitated morphine withdrawal rodent
model [14,15]. While these models demonstrated the analgesic efficacy of AQU-118 in neuropathic
pain, they did not address the mechanistic or biochemical correlates associated with this activity.
The present study analyzes the effects of AQU-118 on mechanical allodynia in the SNL-rat model and
then identifies underlying molecular effects of oral dosing with AQU-118 on various inflammatory
biomarkers associated with neuropathic pain.

Although many biomarkers are associated with neuropathic pain, we focused on those whose
expression and/or protein levels have been reported to change within the dorsal root ganglion (DRG)
or dorsal horn following spinal nerve injuries [12,13,16–18]. We examined transcript expression levels
of MMP-2, MMP-9, IL-1β, IL-6 and protein levels of MBP (20 kDa and 15 kDa molecular weight bands),
the pro and active forms of IL-1β, IL-6 and caspase-3 from rat DRG samples. We first determined if
any protein or mRNA expression changes were related to the spinal nerve ligation (SNL) surgery by
comparing DRG samples from rats who received the SNL with control animals that underwent a sham
surgery. Any biomarker(s) that were observed to significantly change in the DRG after SNL-surgery
were then examined further to determine if they would return to pre-SNL levels (i.e., sham) upon
oral dosing with AQU-118 and its corresponding reduction in mechanical allodynia. The ultimate
goals were to better understand the mechanism of action for the antiallodynic effects of AQU-118
and to find biomarkers that could be used in a clinical setting to help monitor the effectiveness of
AQU-118. This study presents for the first time biomarker data for an orally administered, dual active
MMP-2/MMP-9 inhibitor in the SNL rat model for neuropathic pain. These results further validate the
oral effectiveness of AQU-118 and support its continued preclinical development and future clinical
testing as a novel treatment for general neuropathic pain.

2. Results

2.1. Attenuation of von Frey Mechanical Allodynia by Oral Administration of AQU-118 in the Spinal Nerve
Ligation (SNL)-Rat Model

Due to the need for sufficient spinal tissue (i.e., DRG) to perform both the gene expression and
protein biomarker work, the SNL-rat model studies were designed to incorporate higher numbers
of rodents among certain groups than would typically be needed for measuring only mechanical
allodynia. Except for the positive control (n = 10, gabapentin, 100 mg/kg, 0.58 mmoles/kg), a larger
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number of rodents were used for the sham (n = 20), vehicle (0.5% methyl cellulose, n = 40) and drug
groups (n = 20, AQU-118, 160 mg/kg, 0.34 mmoles/kg) (Table 1). Two weeks after surgery, rats with L-5
spinal nerve ligation displayed significant mechanical allodynia as compared to pre-operative testing
(Figure 1). Oral dosing of AQU-118 beginning on day 1 caused an increase in the paw withdrawal
threshold (PWT) as compared to the vehicle control group (Figure 1). No statistically significant effect
on contralateral PWT was observed with oral dosing of AQU-118 which was comparable to both the
vehicle and positive control (gabapentin) arms (Figure 2).

Table 1. Protocol for SNL study using male Sprague-Dawley rats.

Group #Rats Route Dose 1,5 (mg/kg) Compound Dosing Days von-Frey Testing Days 5

1 20 P.O. NA 2 Sham NA 2 1,3,5
2 40 P.O. NA 3 Vehicle 3 1–5 1,3,5
3 10 P.O. 100 Gabapentin 1,3,5 4 1,3,5
4 20 P.O. 160 AQU-118 1–15 1,3,5
1 Once per day dosing via gastric gavage (P.O.), 60 min before von-Frey testing. 2 NA not applicable. 3 0.5% methyl
cellulose at a dose volume equivalent to the test compound (5 mL/kg). 4 Gabapentin was dissolved in saline and
administered 60 min prior to von-Frey testing. 5 A base-line measure was taken via von-Frey before surgery and
then two weeks after surgery (Day 0). The animals were then balanced and assigned to treatment groups based on
their post-operative PWT values. Animals with a VF score over 4.5 g were excluded from the study.

 
Figure 1. Mechanical Response Threshold: Spinal Nerve Ligation (SNL) Chung Model (Chung),
Ipsilateral (Ipsi) Paw Withdrawal. Paw withdrawal thresholds following SNL-surgery for ipsilateral
hind paws. Data are presented as mean ± SEM. * p < 0.05 vs. (SNL) Chung + Vehicle group on the
same day. Post-Surgery Baseline was performed 15 days after SNL-surgery.
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Figure 2. Mechanical Response Threshold: Spinal Nerve Ligation (SNL) Chung Model (Chung),
Contralateral (Contra) Paw Withdrawal. Contralateral paw withdrawal thresholds following surgery
and administration of AQU-118. Data are presented as mean ± SEM.

2.2. Transcript Expression Changes in the DRG 20 Days after SNL-Surgery (D5) between Vehicle and
Sham Groups

Comparisons of MMP-2, MMP-9, IL-1β and IL-6 mRNA expression levels in the left (ipsilateral)
DRG between vehicle and sham groups were measured and all were found to be significantly elevated
except for MMP-9 (Figures 3 and 4). An apparent correlation was observed between the mRNA
expression levels of MMP-2 and IL-1β (Figure 5). However, no such correlation was observed between
MMP-2 and IL-6 mRNA levels (Figure 5).

Figure 3. MMP2 (A) and MMP9 (B) mRNA expression levels in ipsilateral DRG for sham and
SNL vehicle groups. MMP-2 mRNA expression levels were found to be significantly elevated after
SNL-surgery while MMP-9 mRNA was found to be not significant. Data presented as the average
from n = 10 per group ± SEM and analyzed with a two-tailed unpaired t-test (ns, not significant;
****, p < 0.0001).
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Figure 4. IL-1β (A) and IL-6 (B) mRNA expression levels in ipsilateral DRG for sham and SNL vehicle
groups. Both IL-1β and IL-6 mRNA expression levels were found to be significantly elevated after
SNL-surgery in vehicle group compared to sham. Data presented as the average from n = 10 per group
± SEM and analyzed a with two-tailed unpaired t-test. (***, p < 0.001; ****, p < 0.0001).

Figure 5. Correlation between MMP2 and (A) IL-1β mRNA and (B) IL-6 mRNA expression levels in
left DRG of SNL & sham Vehicle groups. Pearson correlation coefficients (with 95% confidence) were
calculated for sham vehicle (r = 0.7372; two-tailed p value = 0.015) and SNL vehicle (r = 0.8135; two-tailed
p value = 0.0042) for MMP2 vs IL-1β mRNA. Similar analysis of MMP2 vs. IL-6 mRNA showed no
clear correlation with IL-6 transcript level: sham vehicle (r = 0.4912; two tailed p value = 0.1494) and
SNL vehicle (r = 0.1622; two tailed p value = 0.6543).

2.3. Protein Level Changes in the DRG 20 Days after SNL-Surgery (D5) between Vehicle and Sham Groups

IL-1β (Pro and cleaved form), MBP, IL-6 and caspase-3 protein levels were measured via western
blotting of tissue obtained from the left (ipsilateral) DRG and compared between sham and vehicle
groups. All protein targets were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
protein levels. The results show that cleaved IL-1β was found to significantly decrease in the ipsilateral
DRG of the vehicle group as compared to sham while no significant changes were observed in
contralateral DRG (Figure 6). Caspase-3 was found to significantly increase in the ipsilateral DRG
while both the higher and lower molecular weight bands of MBP were found to significantly decrease
in the vehicle group as compared to the sham (Figure 7). The pro forms of IL-1β and IL-6 were not
detected in the DRG by western blotting.
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Figure 6. Comparison of cleaved IL-1β protein level in ipsilateral and contralateral DRG for sham and
vehicle groups. Cleaved, active IL-1β protein levels in left (ipsilateral) DRG (A) significantly decreased
in the vehicle group (n = 10) compared to the sham (n = 10). (B) No difference between the sham
(n = 10) and vehicle group (n = 10) in right (contralateral) DRG. Data presented as the average ± SEM.
An unpaired t-test was performed: ns, not significant; **, p < 0.01.

Figure 7. Comparison of Caspase-3 and MBP protein levels in in the ipsilateral DRG for sham and
vehicle groups. (A) Caspase-3 protein levels (via western blot) in the left (ipsilateral) DRG significantly
increased in the vehicle group compared to the sham. (B) MBP levels (via western blot) significantly
decreased for both the upper band (20 kDa) and (C) lower band (15 kDa) in the vehicle group of the
left (ipsilateral) DRG as compared to the sham. Protein level is presented normalized to GAPDH and
relative to the sham group. Data presented as the average ± SEM. An unpaired t-test was performed:
***, p < 0.001; ****, p < 0.0001.
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2.4. Protein Level Changes in the DRG 20 Days after SNL-Surgery (D5) between AQU-118 and
Vehicle Groups

MBP (both higher and lower molecular weight bands) and caspase-3 protein levels were measured
via western blotting of tissue obtained from the left (ipsilateral) DRG of the AQU-118 group (n = 20) and
compared with the vehicle (n = 20). All protein targets were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) protein levels. In the samples from AQU-118 treated animals, caspase-3
levels were significantly decreased in the ipsilateral DRG but there were no significant changes
observed in the levels of MBP as compared to samples obtained from vehicle-treated animals (Figure 8).
The DRG samples were tested for MMP-2 mRNA expression levels and retested for caspase-3 protein
levels in the AQU-118 (n = 10) and vehicle (n = 10) groups. (Figure 9). Comparison of these samples
showed that the AQU-118 (n = 10) group exhibited a statistically significant decrease in the caspase-3
protein level as compared to the vehicle group (n = 10), while still exhibiting elevated MMP-2 mRNA
expression levels (Figure 9).

Figure 8. Comparison of caspase-3 and MBP in the ipsilateral DRG for vehicle and AQU-118 groups.
(A) Caspase-3 protein levels in the left (ipsilateral) DRG significantly decreased in the AQU-118 group
(n = 20) compared to the vehicle (n = 20). (B) There were no significant changes in MBP levels in both
the upper band (20 kDa) and (C) lower band (15 kDa) in AQU-118 group (n = 20) of the left (ipsilateral)
DRG as compared to the vehicle group (n = 20). Protein level is presented normalized to GAPDH and
relative to the vehicle group. Data presented as the average ± SEM. An unpaired t-test was performed:
ns, not significant; *, p < 0.05.
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Figure 9. Comparison of MMP2 mRNA expression levels versus caspase-3 in a subset of ipsilateral
DRG tissue for both vehicle and AQU-118 groups. Caspase 3 protein and MMP-2 mRNA expression
levels were performed in the ipsilateral DRG tissue (via western blot) for both the AQU-118 (n = 10)
and vehicle (n = 10) groups and compared to each other. The protein level is presented normalized to
GAPDH and relative to the vehicle group (no samples were excluded in analysis). Data presented as
the average ± SEM. An unpaired t-test was performed: **, p < 0.01.

3. Discussion

We have shown, for the first time, that oral dosing with AQU-118 attenuates mechanical allodynia
and reduces caspase-3 protein levels in the DRG, likely via inhibition of MMP-2/-9. These findings are
significant because this is the first analysis of the molecular and biochemical factors that mediate the
behavioral effects seen with oral dosing with AQU-118, including the significantly reduced mechanical
allodynia in both the rat SNL and CCI-IoN models of neuropathic pain as well as in the naloxone
precipitated morphine withdrawal rodent model [14,15]. In this study we specifically looked at changes
in biomarker levels after SNL surgery and then after dosing with AQU-118. We confirmed that after
SNL surgery there is an increase in mechanical allodynia (Figure 1), which corresponds to an elevation
in both the mRNA MMP-2 expression levels (Figure 3A) and caspase-3 protein levels (Figure 7A)
in the DRG as compared to the sham. Once per day (SID) oral dosing with AQU-118 produces a
statistically significant decrease in mechanical allodynia (Figure 1), which corresponds to a decrease in
the caspase-3 protein levels (Figures 8 and 9) as compared to the vehicle group.

The significant increase in MMP-2 but not MMP-9 mRNA expression levels, 25 days after SNL
surgery, is consistent with the work of Ji and coworkers. They found that MMP-9 was upregulated in
the DRG soon after SNL but declined several days later; this decline in MMP-9 was soon followed by a
sharp increase in MMP-2 that remained elevated up to 21 days after SNL-surgery [12]. Our observation
of an apparent linear correlation between the MMP-2 mRNA expression levels and that of the
expression level of IL-1 β but not IL-6 (Figure 5A,B) is also consistent with the hypothesis that
MMP-2 induces neuropathic pain symptoms through activation of IL-1 β and astrocyte activation [12].
However, one would also expect a concomitant elevation in the level of cleaved IL-1 β protein in
the DRG which we did not observe. Instead, a significant decrease in the level of cleaved IL-1 β

was observed in the ipsilateral DRG of the vehicle group as compared to the sham. (Figure 6A,B).
Also, while there was an up-regulation in mRNA IL-6 in the DRG (Figure 4B), no IL-6 protein was
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detected [19]. Repeated attempts were made to measure IL-6 using multiple kits and reagents;
while IL-6 protein was easily detected using commercially available protein standards, no IL-6
protein was measured in the DRG samples [19]. Although protein levels cannot reliably be predicted
from mRNA levels, the absence of detectable IL-6 protein in the rat DRG samples in this study was
surprising [20]. Several explanations could account for this result. The levels of IL-6 in the tested
samples may have been below the limits of detection of the assays due to low levels of translation.
Alternatively, cytokine-producing cells (i.e., glial, astrocytes & Schwann cell) are not evenly distributed
throughout the DRG, which would produce variable results in quantification or detection of proteins
depending upon the specific sampling location [21].

Another protein that decreased in the DRG after SNL surgery was MBP. This is consistent with
the work of Shubayev and coworkers who observed a decrease in both the higher and lower molecular
weight bands of MBP after L5 spinal nerve crush (SNC) [13]. They also observed that the decrease in
MBP coincided with an initial increase in both MMP-9 mRNA expression and MMP-9 activity in the
DRG [13]. However, while Shubayev and coworkers found that daily intraperitoneal (ip) injection of a
potent broad spectrum MMP inhibitor (GM6001) was able to reverse the decrease in MBP, we saw no
such reversal with oral dosing with AQU-118. Potential explanations for this disparity include the
possibility that the amount of MMP inhibitor required for reversal of MBP breakdown may be higher
than what was used in our current study, or that there is a significant time delay before a reversal in
MBP levels occur.

While we did not observe a reversal in MBP decline after oral dosing with AQU-118, we did
observe a decrease in caspase-3 protein levels in the DRG that coincided with a decrease in mechanical
allodynia. This is similar to what was observed by Shubayev and coworkers, who measured a
significant decrease in the level of caspase-3 in the DRG at the same time as a decrease in mechanical
allodynia was noted following daily injections of GM6001 [13]. Given the fact that we observe similar
decreases in both mechanical allodynia and caspase-3 protein levels, but no reversal in the levels of
MBP, it is possible that either there is a significant delay between the reduction of caspase-3/apoptosis
and remyelination, or that MBP breakdown is not directly connected to a caspase-3 dependent
apoptotic pathway.

Previous studies have observed a strong correlation between mechanical allodynia and neuronal
apoptosis [18,22–25]. For example, Sekiguki and co-workers reported that the level of mechanical
allodynia observed within various surgically induced rodent models (nerve root compression versus
spinal nerve compression) of neuropathic pain correlated with the level of DRG neuronal apoptosis [18].
It is well known that caspase-3 functions as the key executioner of apoptosis in neuronal cells [26–28].
Inhibition of caspase 3 has been found to reduce pain behaviors in rodent models of neuropathic
pain [23–25]. Additionally, hypoxia-reoxygenation, which induces apoptosis in brain endothelial cells,
also results in an increase in the expression of MMP-2, MMP-9, and caspase-3, and when these cells
are exposed to a non-selective MMP inhibitor the levels of both caspase-3 and apoptosis significantly
decrease [29]. This phenomenon has also been observed more recently in an in-vitro and in-vivo
rat model of traumatic brain injury (TBI), supporting the idea that inhibition of MMP-2 reduces
neuronal apoptosis, at least in part, through decreasing caspase-3 levels or activity [30]. These studies
reinforce our findings that inhibition of MMP -2/-9 via AQU-118 reduces caspase 3 protein levels
and nerve damage-induced mechanical allodynia. Clearly more studies are required to determine
what intermediaries are involved in AQU-118’s ability to attenuate mechanical allodynia via caspase-3.
The objective of this research is to identify biomarkers that can be used for monitoring the effects of
AQU-118 in the clinic as well as to potentially screen patients with neuropathic pain who would be
most likely to benefit from treatment with AQU-118.

189



Int. J. Mol. Sci. 2019, 20, 811

4. Materials and Methods

4.1. Testing of Orally Administered AQU-118 in the SNL-Rat Model of Neuropathic Pain

4.1.1. Animals

The use of animals was approved by the Institutional Animal Care and Use Committee (IACUC)
at PsychoGenics, Inc. (IACUC 243_0214, Pain in rats, approved 9 May 2014 and IACUC 234_0314
Surgical procedures addendum for rats, approved 24 March 2014). A total of 90 male Sprague Dawley
rats (200–225 g) were obtained from Envigo (Indianapolis, IN, USA). Upon receipt, rats were assigned
unique identification numbers and were group housed with 3 rats per cage in polycarbonate cages
with micro-isolator filter tops. All rats were examined, handled, and weighed prior to initiation of the
study to assure adequate health and suitability. During the course of the study, 12/12 light/dark cycles
were maintained. Rodent chow and water were provided ad libitum for the duration of the study.

Spinal Nerve Ligation (SNL) Chung Model [31,32]: Under general anesthesia with continuous
inhalation of isoflurane, surgery was performed with aseptic procedures in a surgery unit.
Sterile ophthalmic ointment was used to lubricate the eyes. Animals were observed continuously
for the level of anesthesia, testing for the animal’s reflex response to a tail or paw pinch and closely
monitoring the animal’s breathing. A heating pad was used to maintain body temperature at 37 ◦C
while the animals recovered from anesthesia. The skin at the area of the lower lumber and sacral
level of the rat was shaved and disinfected with betadine and alcohol. A left longitudinal incision
at the level next to the vertebral column was made, and the left paraspinal muscles were separated.
The transverse process of L6 was removed and nearby connective tissue cleaned to expose L5 and L6
spinal nerves [31,32]. After the nerves were isolated and clearly visualized, 4-0 silk threads were used
to ligate the left L5. The muscles were sutured with 4-0 silk threads and the wound closed by staples.
All rats received an analgesic (Carprofen, 5 mg/kg, subcutaneous, s.c.) immediately before and the
next day after surgery. Each rat was monitored until awake and moving freely around the recovery
chamber. Animals were then single-housed for the duration of the study.

4.1.2. Von Frey Test for Mechanical Allodynia

Withdrawal from a mechanical stimulus was measured by applying von Frey (VF) filaments
(Stoelting, Wood Dale, IL, USA) of ascending bending force to the plantar surface of the hind paws,
ipsilateral and contralateral to the surgical manipulation. Filaments ranged from 0.69 to 26 g (0.692,
1.202, 1.479, 2.041, 3.63, 6, 8, 10, 15 and 26). Each filament was applied 3 times to determine withdrawal.
A positive response was defined as withdrawal from the von Frey filament. Confirmation of the paw
withdrawal threshold (PWT) was tested by assessing the response to the filament above and below the
withdrawal response. Rats were brought to the experimental room and allowed to habituate in the
room for one hour prior to testing, and acclimated to the observation chambers for 15 minutes prior to
taking PWT measurements.

4.2. Pre-Operative Baseline Testing

Prior to surgery, all rats were tested using the VF test. Rats that had an ipsilateral PWT of less
than 12 g were excluded from the study.

4.3. Post-Operative Testing

Two weeks following surgery, baseline VF responses were taken and animals were balanced and
assigned to treatment groups based on their post-operative PWT values. Animals with a VF score
over 4.5 g were excluded from the study. The animals were divided into four groups. One group
(n = 20) which only had sham surgery was assigned as the sham group (Table 1). The next three
groups consisted of those rodents that had undergone SNL surgery and were assigned as the vehicle
group (n = 40), AQU-118 group (n = 20) and positive control (i.e., gabapentin) group (n = 10) (Table 1).
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Rats were dosed with either AQU-118 of vehicle (via oral gavage once per day for 5 days. Gabapentin
was administered (via oral gavage) only on von Frey test days (Day 1, 3, and 5). Von Frey PWT values
were measured at 60 min following compound administration (Table 1).

4.3.1. Compound Formulation/Administration

AQU-118 (160 mg/kg, 0.34 mmoles/kg, once per day dosing, SID) was dissolved in 0.5%
methylcellulose (400 centipoise, cps) to give a fine suspension and administered orally (P.O.). for
5 days, 60 min prior to VF testing, at a dose volume of 5 mL/kg. AQU-118 was prepared fresh
daily. The vehicle (0.5% methylcellulose,400 cps) was administered at a dose volume equivalent to
the test compound (5 mL/kg). Gabapentin (100 mg/kg, 0.58 mmoles/kg, SID; Toronto Research
Chemicals, North York, ON, Canada) was dissolved in saline and administered P.O. on Days 1, 3, and 5
of the treatment periods, 60 min prior to VF testing, at a dose volume of 1 mL/kg. Gabapentin was
prepared daily.

4.3.2. Tissue Collection & Preparation

After VF test on Day 5, rats were anesthetized by CO2. An incision was made in the right atrium
and an automated pump was used to perfuse the animal with ice cold PBS. The spinal cord (L4–L6) and
DRGs (L4, L5, and L6) from both sides (into separate left and right tubes) were collected, flash frozen,
and stored in a −80 ◦C freezer until analysis. Frozen DRG tissue samples were homogenized in RIPA
buffer (75 μL per sample) using a handheld pestle homogenizer, 30 s on ice. Samples were cleared
by centrifugation at 14,000 rpm for 15 min at 4 ◦C. Supernatants were collected and protein amount
was determined using Bio-Rad DC protein kit (Biorad Laboratories, Hercules, CA, USA). For DRG
samples that were analyzed by both qPCR and Western, frozen DRG samples were crushed in mini
liquid nitrogen cooled mortar. Ten percent of the tissue powder was used in RNA/transcript analysis.
The remaining tissue was lysed in RIPA buffer and processed as indicated above.

4.4. RNA and cDNA Preparation for qPCR

Sample preparation was performed via a modification of a published literature procedure [33].
DRG tissue samples were homogenized 2 × 1 min at 25 Hz in 750 μL of QIAzol Lysis Reagent with
Tissue Lyser (Qiagen, Valencia, CA, USA) and 5 mm stainless steel beads (Qiagen). Disrupted samples
were incubated at room temperate for 5 min. For RNA extraction, manufacturer protocol for RNeasy
96 Universal Tissue Kit (Qiagen) for RNA isolation was followed. Briefly, 150 μL of Chloroform
was added and samples were shaken vigorously for 15 s followed by 3 min incubation at room
temperature. The aqueous phase was separated from the organic phase by centrifugation at 6000× g
at 4 ◦C for 15 min. The aqueous phase was then transferred to a new 96-well block and total RNA
was precipitated with equal volume of 70% ethanol and then transferred to a RNeasy 96-well plate
followed by centrifugation at 6000× g at room temperate for 4 min. Total RNA bound to column
membranes was treated with RNase-Free DNase set (Qiagen) for 30 min, followed by 3 washing steps
with RW1 and RPE buffers (provided with RNeasy 96 Universal Tissue Kit). RNA was eluted with
20 μL RNase-Free water.

RNA was quantified using Nanodrop 8000. Total RNA (0.5 μg of RNA) was reverse transcribed
into cDNA with 3.2 μg random hexamers (Roche Applied Science, Indianapolis, IN, USA), 1 mM each
dNTP (Roche Applied Science), 20U Protector RNase Inhibitor (Roche Applied Science), 1xTranscriptor
Reverse Transcription reaction buffer and 10U Transcriptor Reverse Transcriptase (Roche Applied
Science) in 20 μL total volume. The reactions were allowed to proceed at room temperature for
10 min, 55 ◦C for 30 min and were then inactivated at 85 ◦C for 5 min in a GeneAmp PCR Systems
9700 thermal cycler (Applied Biosystems, Foster City, CA, USA). cDNA samples were diluted 10-fold
with RNase-Free water for qPCR analysis.
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4.5. qPCR Analysis

All qPCR reagents and TaqMan Expression Assays were purchased from ThermoFisher Scientific
(Waltham, MA, USA). Briefly, 5 μL of diluted cDNA was amplified with qPCR primer and probe
sets in 1x TaqMan Fast Advanced Master Mix in 20 μL final reaction volume. Reactions were run on
Applied Biosystems 7900HT Fast Block System with the following parameters: 95 ◦C for 20 s; 40 cycles
of (95 ◦C/3 s; 60 ◦C/30 s). Each cDNA sample was run in triplicate. The Ct value for serially diluted
pooled (SNL) cDNA was plotted against the log value of dilution factor and the slope of the linear
regression was determined. Only assays with r2 values greater than 0.95 were used in this study.
PCR efficiency was calculated as follows:

PCR Efficiency = 10 − 1/slope

The relative mRNA expression for each target was calculated following the method of Pfaffl [34]:

ΔCtsample for Target = Ct Target control − Ct Target sample

ΔCtsample for GAPDH = Ct GAPDHcontrol − Ct GAPDH sample

Normalizing Target to GAPDH for each sample =
PCR Efficiency Target (ΔCtsample for Target)/PCR Efficiency GAPDH (ΔCtsample for GAPDH)

Normalized target expression was expressed relative to the average of the sham group.

4.6. Western Blotting

The procedure was performed following a published literature procedure [35]. IL-1β antibodies
were purchased from three different vendors and validated using known standards of which only
the antibody purchased from EMD Millipore passed and was used in the study. IL-6 antibodies were
purchased from three different vendors of which two passed and were used in the study (R & D
Systems and ThemoFisher) [19]. Caspase-3 antibody was purchased from Santa Cruz Biotechnology
and MBP was purchased from Santa Cruz Biotechnology, both of which were validated and were used
in the study. GAPDH was purchased from Cell Signalling Technology. Protein samples were denatured
in Laemmli buffer/2-mercaptoethanol for 5 min at 95 ◦C. Denatured protein samples were separated
by SDS-PAGE. After electrophoresis, proteins were transferred from gel to LFP-PVDF membranes by
electroblotting. Non-specific binding of antibodies was blocked with 5% w/v dried milk in 1× TBST
for one hour. After a brief rinse in TBST, the blots were probed with primary antibody (each diluted
at 1:1000 in 1% w/v milk with 1× TBST) at 4 ◦C overnight. Protein-PVDF blots were washed once
for 15 min followed by 3 more 5-min washes with TBST. Protein-PVDF blots were then incubated
with the appropriate secondary antibody (diluted in 1:1000 prepared with 1% milk in TBST) for 1 h at
room temperature. Protein-PVDF blots were washed once for 15 minutes followed by one more wash
for 5 min. Antibody binding was detected using the ECL Plus Western Chemifluorescence Detection
Kit (ThermoFisher Scientific). The detection solution was made fresh according to manufacturer’s
directions and dispensed onto membranes. After 5 min incubation, the protein-PDVF membranes were
scanned using Typhoon 9410 scanner (GE Healthcare Bioscience, Pittsburgh, PA, USA) using 457 nm
blue laser for excitation and 520 nm emission filter at 400 V. The scanned images from the Typhoon
were analyzed with ImageQuant TL software version 7.0 (GE Healthcare Bioscience, Piscataway, NJ,
USA). Band intensities were determined using the Rolling Ball method. Each protein target was first
normalized to the in-lane housekeeping protein GAPDH (from the same gel). The normalized protein
target for each sample was presented as a ratio relative to the sham vehicle group.
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4.7. Statistical Analyses

Data at all time points post-surgery were analyzed by two-way repeated measures analysis of
variance (RM ANOVA) with time as the within-subjects factor and treatment as the between-subjects
factor. This was followed by Fisher PLSD post-hoc comparisons where appropriate (Appendix A).
Pre-surgery baseline paw withdrawal data were analyzed by one-way ANOVA. An effect was
considered significant if p < 0.05. Data are presented as the mean ± standard error of the mean
(SEM) {* p < 0.05, ** p < 0.01, *** p < 0.0001}.

5. Conclusions

The results of this study demonstrate for the first time that attenuation of mechanical allodynia
via the oral dosing of the dual active MMP-2/MMP-9 inhibitor, AQU-118, in the SNL rat model of
neuropathic pain is likely due to the regulation of apoptotic pathways, and specifically through
reduction of caspase-3. We have confirmed previous reports that 25 days after SNL surgery,
mRNA levels of MMP-2 but not of MMP-9 are elevated in the DRG. We have also been able to
confirm previous reports that MBP declines and caspase-3 protein levels increase 25 days after SNL
surgery. This study observed a linear relationship between levels of mRNA MMP-2 and that of IL-1β
but not of IL-6. While increases in MBP or that of IL-1 β were not observed after daily oral dosing with
AQU-118, their participation in attenuating mechanical allodynia cannot be ruled out at this point.
While identifying a protein (caspase-3) that changes at the site of nerve damage that coincides with
a reduction of mechanical allodynia is a good first step in helping elucidate a mechanism of action
for AQU-118, more research will need to be performed to determine if this observation is applicable
to non-rodent animal models of neuropathic pain. Additionally, while our initial focus has been on
AQU-118’s effect on attenuating neuropathic pain, it would be of interest to see if other neurological
disorders that implicate a caspase-3 mediated apoptotic pathway would benefit from the intervention
of an orally active MMP-2/-9 inhibitor.
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Appendix A

 

Figure A1. Statistical analysis of post-operative von-Frey (VF) baseline paw withdrawal threshold
(PWT) of the ipsilateral hind paws. All Chung surgical groups showed a significant decrease in the
PWT compared to the sham surgical group. No significant difference in post-operative baseline PWT
was detected between the individual Chung surgical groups.
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Figure A2. Fisher’s protected least significant difference (PLSD) test of post-operative VF baseline PWT
of the ipsilateral hind paws.

Figure A3. Ipsilateral Two-Way RM ANOVA statistical analysis for behavioral portion (presented in
Figure 1).

Figure A4. Contralateral Two-Way RM ANOVA statistical analysis for behavioral portion (presented
in Figure 2).
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Abstract: Inflammatory processes in the skin augment collagen degradation due to the up-regulation
of matrix metalloproteinases (MMPs). The aim of the present project was to study the specific
impact of MMP-3 on collagen loss in skin and its interplay with the collagenase MMP-13 under
inflammatory conditions mimicked by the addition of the pro-inflammatory cytokine tumor necrosis
factor-α (TNF-α). Skin explants from MMP-3 knock-out (KO) mice or from transgenic (TG) mice
overexpressing MMP-3 in the skin and their respective wild-type counterparts (WT and WTT)
were incubated ex vivo for eight days. The rate of collagen degradation, measured by released
hydroxyproline, was reduced (p < 0.001) in KO skin explants compared to WT control skin but did
not differ (p = 0.47) between TG and WTT skin. Treatment with the MMP inhibitor GM6001 reduced
hydroxyproline media levels from WT, WTT and TG but not from KO skin explants. TNF-α increased
collagen degradation in the WT group (p = 0.0001) only. More of the active form of MMP-13 was
observed in the three MMP-3 expressing groups (co-incubation with receptor-associated protein
stabilized MMP-13 subforms and enhanced detection in the media). In summary, the innate level
of MMP-3 seems responsible for the accelerated loss of cutaneous collagen under inflammatory
conditions, possibly via MMP-13 in mice.

Keywords: extracellular matrix; inflammation; cytokines; proteinases; interstitial collagens

1. Introduction

More than half a century ago, Gross and Lapière discovered collagenase-1, the first matrix
metalloproteinase (MMP) [1]. Since then, research on MMP has yielded vast information on these
zinc-dependent endopeptidases [2,3]. Expanding knowledge on MMP function and its impact on
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physiological and pathological processes has increased the interest in MMP substrates and has fueled
further research [4]. Stromelysin-1 (MMP-3) belongs to the MMP family and is induced during
development [5], wound repair [6], inflammation [7,8] and cancer [9]. Apart from cleaving extracellular
matrix proteins, e.g., E-cadherin, laminins and type IV collagen, MMP-3 activates cytokines, growth
factors [3,4] and other MMP members, e.g., the collagenases MMP-1, MMP-8 and MMP-13 and
gelatinase B (MMP-9) [3]. In contrast to the collagenases MMP-1, MMP-8 and MMP-13, which
are the main effectors of type I collagen degradation during wound repair, MMP-3 is incapable of
cleaving native type I collagen. MMP-3 has been implicated in many inflammatory diseases, e.g.,
ultraviolet-B irradiation and photoaging [10], arthritis [11], after lung injury [8], vascular disease [12]
and intestinal inflammation [13]. MMP-3-deficient mice show diminished inflammatory responses
to various stimuli [14,15] and reduced cutaneous wound contraction [16]. Pro-inflammatory tumor
necrosis factor-α (TNF-α) is an important mediator of inflammatory processes. TNF-α induces a variety
of MMPs, e.g., MMP-1, MMP-3, MMP-8, MMP-9 and MMP-13 [4]. Apart from TNF-α converting
enzyme (TACE) [17], MMP-3 was shown to activate TNF-α [18,19], yielding a 17 kDa peptide [20].
Activated TNF-α induces the downstream expression and secretion of MMP-3 [21,22]. In our previous
study, human skin explant cultures challenged with TNF-α reacted with a concomitant and increased
MMP-1, MMP-3 and collagen degradation. In this human model, we hypothesized that the increased
collagen degradation was due to the activation of the collagenase MMP-1 by MMP-3 [23].

The primary aim of this project is to study the lack of MMP-3 and the effect of excessive MMP-3 on
collagen degradation in skin. For this purpose, we incubate skin explants from MMP-3 knock-out [24]
and MMP-3 transgenic mice [25]. Under the applied culture conditions, collagen catabolism dominates
and the synthesis of new interstitial collagens is minimal [23]. MMP-1 is not expressed in mice but
MMP-13 is thought to be the main collagenase and functional homologue of human MMP-1 [26].
Therefore, we study the interplay between MMP-3 and MMP-13. To enhance the extracellular detection
of MMP-13, its endocytosis is blocked by adding the receptor-associated protein (RAP). Finally, the
responsiveness of MMP-3-deficient or MMP-3-overexpressing murine skin to an inflammatory stimulus
provided by TNF-α is studied. The broad-spectrum MMP inhibitor GM6001 is included in some
experiments to elucidate the origin of collagen-degrading enzymes.

2. Results

2.1. MMP-3 Expression in the Skin of the Four Murine Genotypes

First, we quantified the MMP-3 mRNA (Figure 1A) and protein (Figure 1B) in the native skin of
the four groups of mice. MMP-3 mRNA and protein were undetectable in the skin of MMP-3-deficient
mice (KO). MMP-3 mRNA (p = 0.016) and protein levels were higher in the skin of transgenic (TG)
animals compared with their wild-type (WTT) controls. WT and WTT contained similar MMP-3
mRNA and protein (approximately 0.2–0.3 ng) levels.
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Figure 1. MMP-3 expression in native mouse skin. (A) MMP-3 mRNA levels determined by qPCR
analysis. Boxes represent the 25th–75th percentile, whiskers the 5th–95th percentile and the horizontal
lines within the boxes indicate the median values. (B) Representative western blot of six independent
experiments of MMP-3 protein expression. Loading was normalized to the total protein (30 μg/lane) of
the tissue extracts. GAPDH indicates the loading/transfer of proteins to the PVDF membrane. The
arrow indicates the latent MMP-3 at 56 kDa. The position of the 50 kDa molecular weight marker is
indicated to the right. KO (BL10), n = 5; WT (BL10), n = 5; WTT (FVB), n = 3; TG (FVB), n = 4.

2.2. Collagen Degradation in Incubated Skin Explants of the Four Murine Genotypes

We measured hydroxyproline in the media as an indicator of cleaved collagen molecules in the
skin. MMP-3-deficient (KO) skin explants (BL10 genetic background) released a total amount of 90 μg
hydroxyproline into the media over the eight-day incubation period, WT (BL10) skin 188 μg, WTT
(FVB) skin 304 μg and MMP-3-overexpressing TG (FVB) skin 285 μg hydroxyproline (Table 1). Notably,
the accumulated hydroxyproline release was higher in FVB WTT (304 μg) versus BL10 WT (188 μg)
mice. Regression analysis was carried out to assess the rate of collagen degradation over the eight-day
culture period and showed significant differences in the total hydroxyproline released between KO
and WT (p < 0.001) skin (Table 1 and Figure 2A) but not between WTT and TG (p = 0.47) skin (Table 1
and Figure 2B).

Table 1. Hydroxyproline (μg) in conditioned media over eight days of culture (mean ± SEM).

Day KO (n = 10) WT (n = 10) WTT (n = 9) TG (n = 10)

0 0 0 0 0
2 3.9 ± 0.2 4.3 ± 0.5 6.8 ± 1.7 5.0 ± 1.0
4 29.9 ± 3.5 49.3 ± 4.7 94.3 ± 12.0 74.4 ± 10.5
6 32.4 ± 3.9 74.9 ± 8.4 79.0 ± 5.7 92.4 ± 11.2
8 24.1 ± 3.6 59.0 ± 5.5 124.4 ± 16.7 113.2 ± 11.8

Accumulated 90.3 187.5 304.5 285.0

Regression analysis
Slope 3.16 9.49 16.9 17.1

p <0.001 0.47
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Figure 2. The effect of the MMP-3 genotype (control), TNF-α treatment and GM6001 treatment on
collagen degradation in skin measured by the release of hydroxyproline-containing peptides into
media from KO and WT (A), and WTT and TG (B) skin explants incubated over eight days. The timely
progression of hydroxyproline release was assessed by regression analysis of the slopes. Mean ± SEM
(bars). * p < 0.05, ** p < 0.01, *** p < 0.001. The number of animals (n) used for theses analyses is given in
Table 2. TNF-α (10 ng/mL). GM6001, broad-spectrum MMP inhibitor (10 μM). KO, MMP-3 knock-out;
WT, wild-type control to KO; WTT, wild-type to transgenic mice (TG); TG, MMP-3 overexpression in
skin. Light green bars, day 2; blue bars, day 4; yellow bars, day 6; dark green bars, day 8.

Functional MMP-3 activity was demonstrated by casein zymography in a conditioned medium
from skin explants of WT mice but not from skin explants of KO mice (Figure 3A). Tissue extracts
of incubated skin explants produced the two characteristic and specific 3

4 and 1
4 type I collagen

fragments by the action of tissue collagenases. TIMP-1 blocked this endogenous collagenolytic activity.
Furthermore, incubation with the organomercurial APMA partly compensated for the lack of MMP-3
(Figure 3B). Consequently, we next wanted to identify the collagenase(s) responsible for the observed
collagenolytic activity.

Figure 3. MMP-3 (A) and collagenase (B) activities. (A) Casein zymography of conditioned media
collected after eight days of incubation of KO and WT skin explants. Addition of the selective MMP-3
inhibitor UK370106 (1 μM) during incubation of the casein containing SDS-PAGE gels abolished the
lysis bands at the arrowheads observed in the control WT media. Open arrowhead, latent MMP-3;
solid arrowhead, active MMP-3. (B) Type I collagenolytic activity of tissue extracts of skin explants
incubated for eight days. Collagenase activity of the extracts was determined in the absence (buffer) or
in the presence of rhTIMP-1 (200 nM) or APMA (1 mM). KO, MMP-3 knock-out; WT, wild-type control
to KO.

2.3. MMP-13 in MMP-3-Deficient and MMP-3-Overexpressing Conditions

Only true tissue collagenases are capable of cleaving native type I collagen. In rodents, these
are MMP-1a [27], MMP-8 and MMP-13 [26]. MMP-3 indirectly contributes to collagenolysis via the
activation of collagenases [28]. Here, neither MMP-1a nor MMP-8 was detected by western blot
analysis. The main collagenase responsible for tissue homeostasis in rodents is also claimed to be

200



Int. J. Mol. Sci. 2019, 20, 5234

MMP-13 [26]. Therefore, we focused on MMP-13 by determining the mRNA and protein levels in
native and incubated skin.

In native skin, MMP-13 mRNA levels were similar in the KO, WT and WTT groups, while MMP-13
transcripts were undetectable in TG skin (Figure 4A). After eight days of incubation, MMP-13 mRNA
levels differed among the groups with more (p = 0.03) MMP-13 mRNA present in KO skin compared
with WTT skin (Figure 4B).

The MMP-13 protein in conditioned media was analyzed by western blot analysis (Figure 4C).
After four days of culture, bands corresponding to latent (57 kDa) and active (48 kDa) MMP-13
were fainter in KO compared with WT. The catalytic domain of MMP-13, represented by the band at
approximately 29 kDa, was prominent in WT but not in KO. Overall, the expression of MMP-13 was
higher in WT compared to KO. In WTT, only faint bands of latent MMP-13 and of the catalytic domain
fragment at 29 kDa were found. In contrast, TG-conditioned media presented prominent bands at
the positions of latent and active MMP-13. Because MMP-13 detection can be jeopardized by rapid
intracellular uptake via the LRP-1 receptor [29,30], the LRP-1 receptor antagonist RAP was used to
inhibit MMP-13 endocytosis [31]. The presence of RAP during incubation yielded similar MMP-13
bands but fewer intermediate MMP-13 forms and more of the active MMP-13 compared to the controls
(no RAP). After six and eight days of culture, no or minimal amounts of MMP-13 were detected in
conditioned media.

Figure 4. MMP-13 mRNA (A,B) and protein expression (C) in MMP-3 deficiency and overexpression.
(A,B) MMP-13 mRNA expression in (A) native skin and (B) in incubated skin after eight days of culture.
Boxes represent the 25th–75th percentile, whiskers the 5th–95th percentile and the horizontal lines
within the boxes indicate the median values. (C) MMP-13 protein in conditioned media after four days
of the incubation of skin explants analyzed by western blot. Molecular weights in kDa are indicated
to the left. The black arrow to the right indicates the position of latent MMP-13 (57 kDa), the white
arrow indicates the active MMP-13 (48 kDa) and the grey arrow to the right indicates the fragment
containing the catalytic domain (29 kDa). The band below the 29 kDa band represents the C-terminal
domain of MMP-13 [30]. The displayed western blot is representative of four animals in each group.
The loading of samples was calculated relative to a pool of day four-conditioned media from all control
samples (50 μL of each sample were mixed). The reference pool was run together with the samples
on 10% SDS-PAGE gels that were stained with Coomassie blue. The density of the common band at
approximately 70 kDa was used for normalization (Supplementary Figure S1). KO, MMP-3 knock-out;
WT, wild-type control to KO; WTT, wild-type to transgenic mice (TG); TG, MMP-3 overexpression in
the skin. +RAP, addition of receptor-associated protein (RAP).

201



Int. J. Mol. Sci. 2019, 20, 5234

2.4. Effect of Pro-Inflammatory TNF-α on MMP-3 Tissue Levels, MMP-13 Secretion and Collagen Degradation

We next sought to investigate MMP-3 expression under an inflammatory stimulus provided by
TNF-α. Expectedly, TNF-α addition increased the presence of latent and active MMP-3 in WT skin but
not in KO skin (Figure 5).

Figure 5. Effect of TNF-α on MMP-3 tissue levels in KO and WT skin after eight days of incubation in
the absence or presence of TNF-α (+TNF) analyzed by western blot. Loading was normalized to the
total protein (10 μg/lane) of the tissue extracts. Molecular weights in kDa are indicated to the right.
Positions of protein markers in kDa are to the right. KO (n = 4), MMP-3 knock-out skin; WT (n = 4),
wild-type control to KO skin.

Moreover, TNF-α increased the secretion and activation of latent MMP-13 in the conditioned
media of WT and KO after four days of culture with more fragments and less latent MMP-13 in WT
and more latent MMP-13 in KO (Figure 6A). In contrast to the effect of TNF-α on skin from these
animals with BL10 background, only mild effects were observed in the mice with FVB background
(WTT and TG). TNF-α treatment increased the fragmentation of MMP-13 from incubated WTT skin
explants and active MMP-13 at 48 kDa from incubated TG skin explants (Figure 6B).

Figure 6. Effect of TNF-α on MMP-13 levels in conditioned media of KO and WT (A), and WTT and
TG (B) skin explants incubated without or with 10 ng/mL TNF-α (+TNF) for four days and analyzed
by western blot. The black arrow indicates the position of latent MMP-13 (57 kDa), the white arrow
indicates the active MMP-13 (48 kDa) and the grey arrow the fragment containing the catalytic domain
(29 kDa). Loading of samples was calculated relative to a pool of day four-conditioned media from all
(n = 17) control samples (50 μl of each sample were mixed). The reference pool was run together with
the samples on 10% SDS-PAGE gels that were stained with Coomassie blue. The density of the common
band at approximately 70 kDa was used for normalization (Supplementary Figure S1). The positions of
protein markers in kDa are indicated to the left. KO (n = 5), MMP-3 knock-out; WT (n = 5), wild-type
control to KO; WTT (n = 3), wild-type to transgenic (TG); TG (n = 4), MMP-3 overexpression in skin.
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The incubation of WT skin explants with TNF-α was translated into increased (p = 0.0001) collagen
degradation compared with the control-treated WT skin explants over the eight-day experimental
period (Figure 2A). In contrast, the TNF-α addition to KO skin explants did not increase (p = 0.06)
collagen degradation further compared with the control. No significant differences in collagen
degradation were found between TNF-α-treated WTT and TG skin explants (Figure 2B).

2.5. Effect of Pro-Inflammatory TNF-α on MMP-2 Secretion in MMP-3-Deficient and -Overexpressing
Conditions

Apart from MMP-3 [32], MMP-2 plays an auxiliary role in activating latent MMP-13 with
the conversion of the intermediate form into the fully activated form of MMP-13 [33]. In the day
eight-conditioned media, no significant differences were found among the four groups with or without
TNF-α addition, although the FVB (WTT and TG) mice tended to secrete less MMP-2 compared with
the BL10 (KO and WT) mice.

3. Discussion

Pro-inflammatory MMP-3 and TNF-α are associated with many diseases that are characterized by
massive tissue destruction and collagen degradation. Previously, we showed that TNF-α promoted
collagenolysis in human skin via the activation of MMP-1, possibly mediated by MMP-3 [23].
Furthermore, earlier studies indicated that MMP-3 increases collagenase activity in cultured murine
bone and cartilage [34,35]. To investigate if MMP-3 per se has a role in collagen catabolism, we
incubated skin from MMP-3-deficient (KO) and MMP-3-overexpressing mice (TG) and their respective
wild-type counterparts (WT and WTT). We found massively reduced collagen degradation and
fragmentation in MMP-3-deficient skin, which could possibly be ascribed to the reduced activation of
the collagenase MMP-13.

The observed effect on collagen degradation could entirely be ascribed to the action of MMP-3
because addition of the non-selective MMP inhibitor GM6001 to the WT skin cultures did not decrease
collagen loss more than that of the KO group. It should be emphasized that our sample size was small
and therefore the risk of making a type II error is apparent.

We isolated proteinases from the incubated murine KO skin that produced the two 1
4 and 3

4
fragments of native type I collagen triple helix. The extracted proteinases could be activated by
APMA and completely blocked by TIMP-1. This implied that one or more collagenases degraded the
interstitial collagens of the skin and that the lack of collagenase activation appeared to be an underlying
mechanism for reduced collagenolysis in MMP-3 deficiency. Corroborating these data are the findings
by van Meurs et al. [35], who observed the specific single cleavage site in type II collagen in cultured
cartilage from wild-type mice but not from MMP-3-deficient mice.

MMP-13 is thought to be the most powerful collagenase under normal and pathologic
conditions [36]. The two other rodent collagenases, MMP-1a and MMP-8, were not expressed
in significant amounts in our skin explant model. Consequently, we focused on the presence and
activation state of MMP-13. We could show that MMP-3-deficient skin expressed similar amounts of
MMP-13 mRNA compared to controls. The detection of the secreted MMP-13 protein is difficult due to
its high affinity binding to LRP [29,30]. Hence, we added the LRP-1 receptor agonist RAP [31] to block
MMP-13 endocytosis. Despite this manipulation, similar amounts of MMP-13 were present in the
conditioned media of KO and WT samples treated with RAP. Nevertheless, differences in the MMP-13
levels were unlikely the cause for differential collagenolysis seen in MMP-3-deficient conditions. On
the other hand, activated MMP-13 molecular species were reduced in KO skin in comparison with
the wild-type counterpart. Apart from MMP-3, trypsin, plasmin, cathepsin B, MMP-2, MMP-14 and
possibly MMP-8 can activate latent MMP-13 [32,33]. Here, MMP-2 was most likely not involved.
Despite of multiple possibilities for MMP-13 activation, MMP-3 seemed to be the main activator of
MMP-13 in our ex vivo skin model and the absence of the activation function of MMP-3 was not
compensated for by other proteinases.
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Besides being capable of activating proMMP-13, MMP-3 can activate growth factors and cytokines,
notably proIL-1β. IL-1β in turn influences MMP-3 and MMP-13 expression and secretion [37,38].

Having established that collagen loss is severely reduced under MMP-3-deficient conditions and
that the activation, rather than the concentration, of MMP-13 decreases collagen in skin, we next
investigated the effect of pro-inflammatory TNF-α on MMP-13 expression and collagen loss. TNF-α is
known to induce the expression of MMP-3 [23,39], MMP-9 [18,40] and MMP-13 [41]. TNF-α induced
MMP-3 in WT but not in KO skin explants. Moreover, TNF-α augmented the activation of MMP-13
in the WT skin explants, presumably via MMP-3 induction. The increased MMP-13 activation by
TNF-α would explain the increased collagen degradation and fragmentation in WT skin explants not
found in the KO group. One can speculate about the impact of immune cells under in vivo conditions.
Lauridsen et al. [42] reported higher levels of MMP-3 when pericytes were activated with TNF-α and
co-cultured with neutrophils. Our results may well explain the pronounced collagen degradation and
tissue destruction found in highly inflammatory and chronic progressing diseases.

The dependence of collagen degradation on the genetic background of the mice (BL10 versus FVB)
was intriguing. Collagenolysis was not increased in the skin of the FVB mice overexpressing MMP-3.
If we assume that the MMP-13 activity is the rate-limiting factor for collagenolysis in our model, then
the content of MMP-13 is critical. MMP-13 levels were seemingly higher in MMP-3-overexpressed
skin. This may indicate that the activity of MMP-3 was not increased in the MMP-3 transgenic group.
Many proteinases activate proMMP-3 [28], for example, mast cell-derived proteinases [43].

Wild-type skin from BL10 mice responded with a massive increase of collagen degradation, MMP
secretion and activation when TNF-α was added to cultures, whereas FVB murine skin did not respond
to the TNF-α challenge. A similar finding was reported by Martin et al. [44] using a breast cancer
model in C57Bl/6 and FVB/N mice. MMP-mediated effects on tumor angiogenesis were only found
in C57BL/6 mice, with no effect in the FVB/N strain. Therefore, the choice of experimental animals
with the appropriate genetic background is pivotal with respect to the interpretation of results and
translation to the human situation.

4. Materials and Methods

4.1. Animals

MMP-3-deficient mice and the corresponding wild-type mice were donated by Dr. Gary Rosenberg,
University of New Mexico, Health Science Center, Albuquerque, NM, USA [24]. The animals were
crossed back to a homogeneous background of BL10 (C57BL10.RIIIH2r-Mmp3tm1Mol/Ztm) mice for
10 generations. Skin from four-month-old or six-month-old homozygous BL10 MMP-3 knock-out (KO)
and BL10 wild-type (WT) mice was used in this study.

Mice overexpressing MMP-3 under the keratin-5 promoter were first described by Dr. Lisa
McCawley [25]. This overexpression is confined mainly to the keratinocytes of the skin. The sperm of
MMP-3-overexpressing mice was used to inseminate mice of the FVB genotype. The offspring were
mated to mice with a homozygous background. Backcrossing was performed for 10 generations. Skin
from three-month-old FVB MMP-3-overexpressing, transgenic (TG) and FVB wild-type (WTT) mice
were used.

The animals were kept in Makrolon® Type 2L cages at 21 ◦C, with a relative humidity of 55%
± 5% and a light cycle of 10 h/14 h. Sterilized commercial softwood granulate bedding was used
(Lignocel, Altromin, Lage, Germany). Autoclaved commercial pellets (Altromin 1314, Altromin, Lage,
Germany) and autoclaved water were provided ad libitum. The microbiological status was examined as
recommended by FELASA (Federation of European Laboratory Animal Science Associations) and the
absence of listed microorganisms was confirmed [45]. We did not test for the presence of Rodentibacter
sp., Helicobacter spp., Staphylococcus aureus or Klebsiella oxytoca.

The experiments were approved by the local Institutional Animal Care and Research Advisory
Committee (522-27-11/02-00/118, 10 September 2013).
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4.2. Experimental Model and Treatment Groups

After decapitation, the dorsal skin from the male mice of all genotypes was shaved, disinfected
and excised under sterile conditions. The skin samples (approximately 5 cm × 5 cm) were prepared
within 36 h after harvesting. The skin explants were excised with a sterile 8 mm or a sterile 4 mm
trephine and incubated submerged in a serum-free culture medium in 24-well culture plates (Nunc,
Roskilde, Denmark) at 37 ◦C in a humidified atmosphere of 5% CO2/air in a keratinocyte growth
medium (KGM)-2 containing 6 mmol/L glucose, 50 ng/mL amphotericin-B, 100 μg/mL penicillin,
100 U/mL streptomycin and supplemented with 1.4 mM CaCl2 [23].

For each animal genotype, i.e., KO, WT, WTT or TG (Table 2), 8 mm skin explants were incubated
in 1.0 mL medium in the absence (control) or presence of rmTNF-α (Sigma-Aldrich, St. Louis, MO, USA)
or the broad-spectrum hydroxamate MMP inhibitor GM6001 (Merck-Millipore, Molsheim, France).

Table 2. Experimental groups.

Group Control TNF-α 1 GM6001 2

KO n = 10 n = 10 n = 5
WT n = 10 n = 10 n = 5

WTT n = 9 n = 9 n = 4
TG n = 10 n = 10 n = 5

1 10 ng/mL. 2 10 μM.

Because MMP-13 is rapidly endocytosed intracellularly, extracellular detection of MMP-13 can
be difficult. The internalization of MMP-13 is mediated by LRP-1 [29,30]. RAP is a ligand-binding
antagonist for LRP-1 and inhibits proteinase endocytosis [31]. Hence, we used RAP in a second series
of experiments to facilitate extracellular MMP-13 detection by blocking rapid internalization. Skin
explants (4 mm) were incubated in 0.25 mL medium in the absence (control) or presence of the indicated
treatments in Table 3.

Table 3. Experimental setting for the RAP (receptor-associated protein) experiment.

Group
Control TNF-α 1 GM6001 2

0 +RAP 3 0 +RAP 3 0 +RAP 3

KO n = 4 n = 4 n = 4 n = 4 n = 4 n = 4
WT n = 4 n = 4 n = 4 n = 4 n = 4 n = 4

WTT n = 4 n = 4 n = 4 n = 4 n = 4 n = 4
TG n = 4 n = 4 n = 4 n = 4 n = 4 n = 4

1 10 ng/mL. 2 10 μM. 3 250 nM.

Conditioned media were harvested and replaced by a fresh medium every second day. After
eight days of incubation, the experiments were terminated, media were harvested, and skin explants
were kept at −80 ◦C until analysis for MMP-3 and MMP-13 mRNA, and MMP-3 protein. Conditioned
media were stored at −20 ◦C until analysis for hydroxyproline and MMP-13 protein.

4.3. Analyses

4.3.1. Hydroxyproline Assay

Hydroxyproline levels in the conditioned media from days two, four, six and eight were measured
colorimetrically [23].

4.3.2. MMP-3 and MMP-13 mRNA Determined by qPCR

RNA was isolated from skin explants (approximately 30 mg) using TRIzol reagent (Thermo Fisher
Scientific, Schwerte, Germany). Total RNA (approximately 100 ng) were reverse-transcribed into cDNA
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and subsequently analyzed for 40 cycles in qPCR. The qPCR was conducted on a 7500 Fast Real Time
PCR system (Thermo Fisher Scientific, Schwerte, Germany) with TaqMan probes for murine MMP-3
(Mm00440295_m1) and murine MMP-13 (Mm00439491_m1). Murine β-actin (Mm02619580_g1) and
murine peptidylprolyl isomerase A (Mm02342430_g1) were used as housekeeping genes. Each reaction
was run in triplicate and the relative quantity of MMP-3 or MMP-13 was determined using the ΔΔCT
method [46].

4.3.3. Casein and Gelatin Zymography

Casein zymography (β-casein, Sigma-Aldrich, St. Louis, MO, USA) was performed as described
elsewhere [23]. Mark12™ unstained protein standard (LC5677, Thermo Fisher Scientific, Schwerte,
Germany) was run in a parallel lane. After electrophoresis, the gels were incubated in 50 mM Tris-HCl
(pH 7.5) containing 10 mM CaCl2, 1 μM ZnCl2 and 0.1% Triton X-100 with or without the selective
MMP-3 inhibitor UK370106 (R&D Systems, Minneapolis, MN, USA) for 72 h at 37 ◦C.

Gelatin zymography was used to analyze the MMP-2 content in 4× concentrated (Amicon
Ultra-0.5 filter, Merck-Millipore, Darmstadt, Germany) conditioned media [23]. rmMMP-2 (924-MP,
R&D Systems, Minneapolis, MN, USA) was run at 2 ng in parallel to estimate the MMP-2 content of
the samples by the image analysis of digitized gels [47].

4.3.4. Collagenase Activity

Tissue extracts of skin explants that had been incubated for eight days were prepared together
with 1 mM Pefabloc SC (Roche Diagnostics GmbH, Mannheim, Germany) and concentrated 4x by
Amicon Ultra-0.5 [23]. The collagenolytic activity was determined by incubating the extracts with
native (trypsin-resistant) type I collagen from bovine skin for 240 h at 22 ◦C, as described elsewhere [23].
rhTIMP-1 (R&D Systems, Minneapolis, MN, USA) was added to one set of reaction vials to a final
concentration of 200 nM and APMA (Sigma-Aldrich, St. Louis, MO, USA) to another set of reaction
vials to a final concentration of 1 mM. TIMP-1 or APMA were present during the entire 240 h
incubation period.

4.3.5. Western Blot Analyses

Native and incubated skin explants were homogenized (Ultra-Turrax® T25 Basic, IKA Werke
GmbH, Staufen, Germany) in RIPA (radioimmunoprecipitation assay) buffer or modified RIPA buffer
at pH 7.4 (5 μL/mg tissue) containing 0.1 M Tris-HCl, 0.15 M NaCl, 1% Triton X-100, 0.1% SDS (sodium
dodecyl sulfate) [48] and EDTA (ethylendiamintetraacetate)-free proteinase inhibitor cocktail and
1 μM pepstatin A. Homogenates were then centrifuged at 12,000× g for 10 min, and the supernatants
were stored at −20 ◦C until analysis. Protein concentration was determined using the Pierce BCA
(bicinchoninic acid) Protein Assay kit (Thermo Fisher Scientific, Schwerte, Germany).

Tissue extracts, conditioned media, molecular weight markers (RPN800E, Sigma-Aldrich,
St. Louis, MO, USA) and rmMMP-3 (RPA101Mu01, Cloud-Clone Corporation, Katy, TX, USA)
were electrophoresed on 10% SDS-PAGE gel under reducing conditions and electrotransferred for
seven min using iBlot apparatus (Invitrogen, Carlsbad, CA, USA) onto a polyvinylidene fluoride
(PVDF) membrane (Immobilon®, Merck-Millipore, Darmstadt, Germany). Membranes were blocked
in 5% fat-free milk (Bio-Rad Laboratories, Hercules, CA, USA) for 1 h at room temperature and
incubated with primary antibodies for 18 h at 4 ◦C (rabbit polyclonal anti-mouse MMP-1a antibody
(1:200 dilution; 250750, Abbiotec, San Diego, CA, USA), anti-mouse MMP-3 peptide antibody [49,50],
rabbit polyclonal anti-MMP-8 (1:1000 dilution; ABT38, Merck-Millipore, Darmstadt, Germany), rabbit
polyclonal anti-MMP-13 antibody (1:250 dilution; ab39012, Abcam, Cambridge, UK), mouse monoclonal
anti-β-actin antibody (1:40,000 dilution; A5441, Sigma-Aldrich, St. Louis, MO, USA), rabbit polyclonal
anti-β-actin antibody (1:1000 dilution; #4967, Cell Signaling Technology, Leiden, The Netherlands) or
rabbit monoclonal anti-GAPDH antibody (1:1000 dilution; #2118, Cell Signaling Technology, Leiden,
The Netherlands)). Then, membranes were incubated for 1 h at room temperature with IgG-horseradish
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peroxidase secondary antibodies (Jackson ImmunoResearch, Ely, UK), and a specifically bound antibody
was detected using an immunodetection kit (Amersham ECL Prime Western Blotting Detection Reagent,
GE Healthcare Life Sciences, Amersham, UK), and then exposed to X-ray film (Amersham Hyperfilm
ECL, GE Healthcare Life Sciences, Amersham, UK).

For the analysis of MMP-13 in conditioned media by western blot, the loading of samples was
normalized from Coomassie blue-stained 10% SDS-PAGE gels because the BCA assay was not sensitive
enough for these samples. On each gel, the samples were run with a reference sample composed of
conditioned media from all control-treated samples (50 μL of each sample were mixed) in each specific
experiment. The density of a common band at approximately 70 kDa was determined by ImageJ™ and
used for the normalization of protein loading (Supplementary Figure S1).

4.4. Statistics

The Shapiro–Wilk test was used to assess for normality. A Student’s t-test was used for the
statistical analysis of results with normal distribution, and otherwise the Wilcoxon Rank Sum test and
the Mann–Whitney U test using GraphPad Prism 8.0.2 software (GraphPad Software Inc., San Diego,
CA, USA) were applied. For the comparison of hydroxyproline release over time, the slopes for two
independent samples were compared after regression analysis. The Bonferroni correction was used in
the cases of multiple comparisons. p < 0.05 was considered significant.

5. Conclusions

Collagen degradation in murine skin is MMP-3 and MMP-13 dependent, with MMP-3 being
a potent activator of MMP-13. The pro-inflammatory cytokine TNF-α enhanced collagenolysis
via the up-regulation of MMP-3 and increased the activation of MMP-13. Co-targeting MMP-3 in
inflammatory diseases seems an appropriate measure to enhance the anti-inflammatory impact of
clinically used drugs.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/20/
5234/s1.
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Abstract: It has recently been recognized that inflammatory cytokines, such as tumor necrosis
factor-α (TNF-α), upregulate the secretion of matrix metalloproteinase-9 (MMP-9) from cancer cells
and thereby promote peritoneal dissemination. In this study, we found that TNF-α also stimulated
peritoneal mesothelial cells to secrete MMP-9 as assessed by zymography. MMP-9 gene expression
in mesothelial cells induced by TNF-α was confirmed by quantitative RT-PCR analysis. We then
utilized the reconstituted artificial mesothelium, which was composed of a monolayer of mesothelial
cells cultured on a Matrigel layer in a Boyden chamber system, to examine the effects of TNF-α on
carcinoma cell invasion. The transmigration of MKN1 human gastric carcinoma cells through the
reconstituted mesothelium was promoted by TNF-α in a dose-dependent manner. The increased
MKN1 cell migration was partially inhibited by the anti-α3 integrin antibody, indicating that the
invasion process involves an integrin-dependent mechanism. Finally, we observed that the invasion
of MMP-9-knockdown MKN1 cells into Matrigel membranes was potentiated by the exogenous
addition of purified proMMP-9. These results suggest that TNF-α-induced MMP-9 secretion from
mesothelial cells plays an important role in the metastatic dissemination of gastric cancer.

Keywords: TNF-α; matrix metalloproteinase; peritoneal mesothelial cell; gastric cancer;
metastatic dissemination

1. Introduction

Metastatic peritoneal dissemination causes a poor prognosis for patients with advanced gastric
cancer. Cancer metastasis depends on multiple interactions between cancer cells and various factors
derived from the host microenvironment, including cytokines, motility factors, cell adhesion molecules,
and matrix-degrading enzymes. On the other hand, many recent studies have suggested the relevance
of inflammation to cancer progression. In particular, tumor necrosis factor-α (TNF-α) and other
inflammatory cytokines have been shown to participate in the initiation and progression of cancer [1–5].
TNF-α is a multifunctional cytokine that modulates various aspects of cancer cell phenotypes, such as
cell proliferation, migration, invasion, and metastatic potential, in addition to causing the death of
cancer cells. TNF-α, either alone or in combination with transforming growth factor-β, has also been
shown to induce so-called epithelial-mesenchymal transition (EMT), which includes changes in both
morphological and invasive phenotypes [6,7]. It has been well established that TNF-α induces the
production of matrix metalloproteinases (MMPs) by carcinoma cells originating from various tissues,
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and these MMPs facilitate cancer cell invasion and metastasis [8–13]. A recent clinical study of patients
with gastric cancer indicated that TNF-α expression was significantly different between patients with
and those without peritoneal metastasis and was one of the risk factors for peritoneal metastasis of
gastric cancer [14].

We have studied the interaction of gastric carcinoma cells with the extracellular matrix (ECM)
deposited by peritoneal mesothelial cells and found that MKN1 human gastric carcinoma cells secreted
MMP-9 accompanied by enhanced invasion through Matrigel-reconstituted basement membranes
when these cells adhered to ECM containing laminin-332, a major component of submesothelial
basement membranes [15]. Moreover, the phenotype of MKN1 cells was found to be more invasive
in the presence of TNF-α derived from tumor-associated macrophage-like cells in association with
enhanced MMP-9 secretion [16]. In the present study, we co-cultured MKN1 cells with mesothelial
cells isolated from murine peritoneum and examined the effects of treatment with TNF-α on MMP-9
production by these cells. The TNF-α treatment of these cells resulted in the induction of MMP-9
secretion not only from MKN1 carcinoma cells but also from mesothelial cells. This result prompted us
to characterize the enhanced MMP-9 production by mesothelial cells upon TNF-α treatment. We also
present evidence showing that MMP-9 secreted from mesothelial cells plays a significant role in the
invasion of gastric carcinoma cells. For this purpose, we used a reconstituted mesothelium consisting
of peritoneal mesothelial cells and Matrigel basement membranes in a Boyden chamber system.

2. Results

2.1. Mesothelial Cells Secreted MMP-9 in Response to Stimulation with TNF-α

We first examined the effects of TNF-α on MMP-9 secretion in the co-cultures of MKN1 and
peritoneal mesothelial cells. Zymographic analysis of the conditioned medium of the co-culture of
these cells revealed that MMP-9 secretions from both MKN1 and murine peritoneal mesothelial cells
were markedly increased in the presence of TNF-α (10 ng/mL) (Figure 1). Since murine MMP-9 has
a slightly higher molecular mass (105 kDa for proMMP-9) than its human counterpart (92 kDa) due
to the presence of an extra amino acid sequence in murine MMP-9 [17], the two molecules can be
distinguished from each other by zymography. By contrast, the MMP-2 level was not significantly
changed in the conditioned medium after TNF-α treatment. The upregulation of MMP-9 secretion
from both types of cells by TNF-α treatment (10 ng/mL) was confirmed when TNF-α was added to
the separate cultures of MKN1 and mesothelial cells (Figure 2A). We observed low-level secretion of
MMP-2 from both cell types in the absence of TNF-α, and the secretion was not substantially influenced
by TNF-α treatment in either case. We then examined the dose-response of the potentiation of MMP-9
secretion by TNF-α. In the zymographic analysis, we detected MMP-9 activity in the conditioned
medium of mesothelial cell culture in the presence of TNF-α (1 ng/mL) for 24 or 48 h, and the MMP-9
secretion was dose-dependently increased (up to 100 ng/mL) (Figure 2B). In the kinetic analysis, we
detected MMP-9 activity after the culture with TNF-α for 12 h, and MMP-9 secretion was increased at
24 and 48 h (Figure 2C). These results clearly indicated that TNF-α treatment induced MMP-9 secretion
from mesothelial cells, in addition to enhancing MMP-9 secretion from MKN1 gastric carcinoma cells.

We next conducted RT-qPCR to measure mRNA levels for MMP-9 in mesothelial cells after TNF-α
treatment. The results shown in Figure 3A indicated that the mRNA level in mesothelial cells was
elevated at 6 h after the stimulation by TNF-α (10 ng/mL) and reached the maximum level at 12 h,
where it remained until 24 h after the stimulation. The increase in MMP-9 mRNA expression was
found to be dose-dependent within the range of 1–100 ng/mL of TNF-α (Figure 3B), which was in
good agreement with the results of the zymographic analysis (Figure 2B). However, the mRNA for
MMP-2 exhibited no significant change after TNF-α treatment.
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Figure 1. Zymographic analysis of MMPs in the conditioned medium of the co-culture of MKN1 and
mesothelial cells after TNF-α treatment. A suspension of MKN1 cells (5 × 104 cells/0.2 mL) in ASF104
medium was added to a monolayer of murine peritoneal mesothelial cells in a 96-well culture plate
and the cells were cultured with/without TNF-α (10 ng/mL) for 48 h. The culture supernatant was
analyzed by gelatin zymography.

Figure 2. Effects of TNF-α on the secretion of MMP-9 from peritoneal mesothelial cells as assessed by
zymography. (A) Monolayers of peritoneal mesothelial cells and MKN1 cells were separately cultured
in ASF104 serum-free medium with/without TNF-α (10 ng/mL) for 48 h. (B) Mesothelial cells were
cultured with TNF-α (0, 1, 10 or 100 ng/mL) for 24 or 48 h. (C) Mesothelial cells were cultured with
TNF-α (10 or 100 ng/mL) for 6, 12, 24 or 48 h.
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Figure 3. RT-qPCR analysis of mRNA for MMP-2 and MMP-9 in mesothelial cells after treatment
with TNF-α. (A) Mesothelial cells were cultured in ASF104 serum-free medium containing TNF-α
(10 ng/mL) at 37 ◦C for 0, 6, 12 or 24 h. Total RNA was then isolated, and RT-qPCR for the genes for
MMP-2 (open bar) and MMP-9 (closed bar) was carried out as described in Section 4. (B) Mesothelial
cells were cultured in ASF104 medium containing TNF-α (0, 1, 10 or 100 ng/mL) for 6 h. The gene
expressions of MMP-2 (open bar) and MMP-9 (closed bar) were analyzed by the relative standard curve
method using Gapdh as an internal control. Experiments were performed in triplicate, and the data
are presented as the mean ± SEM. Statistical data analysis was conducted using the Student’s t-test.
*** p < 0.005 vs. control.

2.2. TNF-α Potentiates MKN1 Cell Invasion through the Reconstituted Mesothelium

Because the above experiments indicated that mesothelial cells secreted MMP-9 in response
to TNF-α treatment, we designed an artificial, reconstituted mesothelium where a monolayer of
mesothelial cells was cultured on a Matrigel layer in a Boyden chamber system (Figure 4A) and
examined the effects of TNF-α on carcinoma cell invasion. Mesothelial cells isolated from the
murine peritoneum grew as a monolayer with polygonal morphology after 4–5 days (Figure 4B).
The transmigration of MKN1 cells through the reconstituted mesothelium was promoted by TNF-α in
a dose-dependent manner (Figure 4C).

We previously found that the interaction between α3β1 integrin on cancer cells and laminin in
the mesothelium played an important role in the cancer cell adhesion and invasion [15,18]. Next, we
examined the effects of the anti-α3 integrin antibody on the transmigration of MKN1 cells through
the reconstituted mesothelium. The cell invasion potentiated by TNF-α was significantly inhibited by
the anti-α3 integrin antibody (Figure 5A), suggesting the importance of an α3β1 integrin-dependent
process in the invasion. The adhesion of MKN1 cells to a monolayer of mesothelial cells was also
increased after the TNF-α treatment of mesothelial cells and was partially inhibited by the anti-α3
integrin antibody (Figure 5B). Mochizuki et al. [19] reported that the treatment of mesothelial cells with
TNF-α induced their morphological change followed by an increase in the areas of intercellular gaps.
This process may cause exposure of the submesothelial extracellular matrix (ECM) in the intercellular
gaps. Because laminin-332, a counter-ligand for α3β1 integrin, is a major component of submesothelial
ECM, TNF-α treatment might facilitate the adhesion of MKN1 cells to the mesothelium via α3β1
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integrin/laminin-332 interaction. In RT-qPCR analysis, we observed a slight increase in expression of
the γ2 subunit of laminin-332 after TNF-α treatment of mesothelial cells (Figure S1), and this might
also have caused the increased adhesion of MKN1 cells.

Figure 4. Cell invasion assay using a reconstituted artificial mesothelium in a Boyden chamber
(Transwell) system. (A) The inner chamber with a membrane (8.0 μm pore) was composed of a
monolayer of peritoneal mesothelial cells on a Matrigel layer and was utilized to examine the migration
of MKN1 cells. The outer chamber was filled with ASF104 medium supplemented with HT1080
serum-free conditioned medium as a chemoattractant. (B) Microscopic observation of a monolayer
of mesothelial cells (scale bar = 20 μm). (C) After mesothelial cells were treated with TNF-α (1, 10 or
100 ng/mL) and washed with ASF104 medium, MKN1 cells (1 × 105 cells/0.2 mL) were placed in the
inner chamber and incubated at 37 ◦C for 16 h. The cells migrating into the outer chamber through
the membrane were counted under a microscope after staining with Diff-Quik. Experiments were
performed in triplicate, and the data are presented as the mean ± SEM. Statistical data analysis was
conducted using the Student’s t-test. *** p < 0.005 vs. the control.

2.3. The Exogenous Addition of MMP-9 Promotes MKN1 Cell Invasion

Because our experiments demonstrated that TNF-α potentiated MMP-9 secretion from both
mesothelial cells and cancer cells, we next addressed the effect of the exogenous addition of MMP-9
on the invasive behavior of cancer cells. When MMP-9 purified from human THP-1 leukemic cells
(Figure S2) was added to the culture of MKN1 cells, their invasion into Matrigel basement membranes
was increased by approximately 29% (Figure 6A). To exclude the contribution of secretion of MMP-9
and MMP-2 from cancer cells, we established MMP-knockdown cells by the RNA interference
procedure (Figure S3). The silencing of MMP-9 expression in MKN1 cells resulted in marked
impairment of the invasion (~90% inhibition), whereas MMP-2 silencing exhibited only a moderate
effect (~30% inhibition) (Figure 6A,B). The addition of MMP-9 to the culture potentiated the invasion
of MMP-9-knockdown cells in a dose-dependent manner (Figure 6B). These results suggest that the
invasion of cancer cells is influenced by MMP-9 secreted from TNF-α-stimulated mesothelial cells.
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Figure 5. Invasion and adhesion of MKN1 cells and effects of the anti-α3 integrin antibody.
A monolayer of mesothelial cells was stimulated with TNF-α (10 ng/mL) for 6 h. (A) MKN1
cells (1 × 105 cells/0.2 mL) in ASF104 serum-free medium were added to the inner chamber of the
reconstituted mesothelium and incubated at 37 ◦C for 16 h. The cells that had migrated into the outer
chamber through the membrane were counted under a microscope. (B) Fluorescently labeled MKN1
cells were added to the monolayer of mesothelial cells in a 96-well culture plate, and incubated at
37 ◦C for 40 min. After non-adherent cells were removed by washing, adherent cells were lysed with
1% Nonidet P-40 and measured with a fluorescence spectrophotometer (Ex = 490 nm, Em = 520 nm).
For the inhibition experiments, MKN1 cells were treated with the anti-α3 integrin antibody (SM-T1,
10 μg/mL) at 0 ◦C for 30 min. Experiments were performed in triplicate, and the data are presented
as the mean ± SEM. Statistical data analysis was conducted using the Student’s t-test. ** p < 0.01,
*** p < 0.005.
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Figure 6. Potentiation of the invasion of MMP-9-knockdown MKN1 cells by exogenous MMP-9.
MMP-2- or MMP-9-knockdown MKN1 cells were prepared by RNA interference as described in the
Materials and Methods section. (A) The MMP-9-knockdown MKN1 cells (right) and parent cells (left)
were assayed for in vitro invasion using Matrigel basement membranes in the presence or absence of
MMP-9 purified from THP-1 cells. After culturing for 16 h, the cells that had migrated into the lower
chamber were microscopically observed (40×). (B) MMP-2- or MMP-9-knockdown MKN1 cells were
subjected to an invasion assay, and the migrated cells were counted under a microscope (Left). The
invasion assay was performed in the presence of purified MMP-9 (2.5–10 μg/mL) (right). Experiments
were performed in triplicate, and the data are presented as the mean ± SEM. Statistical data analysis
was conducted using the Student’s t-test. *** p < 0.005.

3. Discussion

It has recently been recognized that inflammatory cytokines such as TNF-α play crucial roles in
metastatic dissemination. For example, TNF-α treatment of human gastric cancer cells was shown
to increase MMP-9 mRNA and protein expression levels [20]. In the present study, we demonstrated
that peritoneal mesothelial cells also secreted MMP-9 in response to TNF-α (Figures 1 and 2) and
that the enhanced secretion of MMP-9 was associated with upregulation of MMP-9 transcription
(Figure 3). In addition, we suggested the importance of the MMP-9 secreted by host mesothelial cells
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in gastric carcinoma invasion by utilizing a reconstituted mesothelium consisting of a monolayer
of peritoneal mesothelial cells layered on a Matrigel basement membrane (Figure 4). The increase
in cell invasion was shown to partly involve an integrin-dependent process (Figure 5). In addition
to matrix-degrading enzymes secreted by the cancer cells themselves, MMP-9 derived from the
host microenvironments, including peritoneal mesothelial cells, appeared to contribute to the cancer
cell invasion into submesothelial matrices (Figure 6). Although mesothelial cells were thought to
play a structural role in maintaining the smooth surface of the peritoneum and possess rather static
properties, recent studies have shown that mesothelial cells produce various growth factors (e.g.,
vascular endothelial growth factor, basic fibroblast growth factor, epidermal growth factor, hepatocyte
growth factor, and transforming growth factor-β) and ECM components (e.g., cytokeratin, vimentin
and type I and III collagen) [21]. Therefore, peritoneal mesothelial cells are considered to be potentially
active cells that dynamically respond to environmental changes. Chen and co-workers reported that
TNF-α induced MMP-9 synthesis in human pleural mesothelial cells associated with Mycobacterium
tuberculosis infection and that this process might be implicated in the pathogenesis of tuberculous
pleuritis [22]. TNF-α is a strong activator for NF-κB, and MMP-9 expression is known to be upregulated
via activation of NF-κB signaling in various types of cells [23,24]. The signaling pathway involved in
the enhanced MMP-9 expression in mesothelial cells should be clarified in future studies.

The origin of TNF-α involved in the stimulation of mesothelial cells is unclear at present.
Considering that micrometastasis in the early stage of peritoneal dissemination takes place mainly in
the omentum, where many small lymphoid tissues called milky spots are present [25,26], macrophages
and lymphoid cells accumulated in milky spots are likely to secrete TNF-α. Another candidate
would be the macrophages infiltrating into tumors, which are collectively called tumor-associated
macrophages (TAMs) and are known to produce various cytokines depending on the stage and types
of tumors [16,27,28].

A recent clinical study on patients with gastric cancer indicated a positive correlation between
TNF-α expression and peritoneal metastasis [14]. The results showed that the TNF-α expressions
were significantly different between the metastatic group and non-metastatic group, and the logistic
regression analysis indicated that TNF-α expression was a risk factor for peritoneal metastasis of
gastric cancer. TNF-α has been shown to deteriorate malignant phenotypes of cancer cells, including
cell proliferation, migration, epithelial-mesenchymal transition, and productivity of cytokines and
growth factors. In addition to these effects on cancer cells, it seems important that the phenotypic
changes of mesothelial cells induced by TNF-α, especially the enhancement of MMP-9 secretion,
may cause peritoneal metastasis, and thus a poor prognosis for patients with gastric cancer. The
relationship between the level of MMP-9 in the gastric carcinoma environment and the malignant
invasive phenotypes of gastric carcinoma, including lymph node metastasis, has been extensively
studied, and the data suggest that MMP-9 plays important roles in the progression of gastric
cancer [29–31]. Therefore, it would be feasible that MMP-9 and its endogenous inhibitors (tissue
inhibitors of metalloproteinases, TIMPs) are preventive and therapeutic targets for cancer metastasis.

We have previously studied the interaction of gastric carcinoma cells with the mesothelium and
found that the integrin-dependent adhesion of carcinoma cells to the submesothelial matrix promotes
MMP-9 secretion from cancer cells [15]. TNF-α treatment of mesothelial cells has been shown to
induce morphological changes characterized by cell rounding and disruption of the cell–cell contacts,
leading to the expansion of intercellular gaps [19]. It is likely that the adhesion of cancer cells to the
exposed submesothelial matrix is stabilized, which might promote further upregulation of MMP-9
secretion and successive invasion of cancer cells. In conclusion, the present study strongly suggests
that TNF-α-induced MMP-9 secretions from mesothelial cells play an important role in the metastatic
dissemination of gastric cancer.
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4. Materials and Methods

4.1. Reagents

RPMI1640 medium, trypsin, Triton X-100, Brij 35, TriReagent and hexadimethrine bromide were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Nonidet P-40 was from Nacalai Tesque (Kyoto,
Japan). Bovine serum albumin (BSA), gelatin, dimethyl sulfoxide (DMSO), phorbol 12-myristate
13-acetate (PMA) and polyethylene glycol (PEG) 6000 were purchased from Wako Pure Chemical
Industries (Osaka, Japan). Polyethylenimine “Max” was purchased from Polysciences Inc. (Warrington,
PA, USA). Fetal calf serum (FCS) was obtained from Biosera (Boussens, France). ASF104 serum-free
medium was supplied by Ajinomoto (Tokyo, Japan). Matrigel was purchased from BD Biosciences
(San Diego, CA, USA). The PrimeScript RT Reagent Kit and KAPA SYBR FAST qPCR Kit Master Mix
(2×) ABI Prism were obtained from Takara Bio Inc. (Shiga, Japan) and KAPA Biosystems (Boston,
MA, USA), respectively. ViraPower Lentiviral Packaging Mix and puromycin dihydrochloride were
supplied by Life Technologies (Carlsbad, CA, USA). Oligonucleotides were supplied by FASMAC
(Kanagawa, Japan). Recombinant murine TNF-α was a product of Peprotech (Rocky Hill, NJ, USA).
A fluorescent dye, 3′-O-acetyl-2′, 7′-bis(carboxyethyl)-4 or 5-carboxyfluorescein, diacetoxymethyl ester
(BCECF-AM), was obtained from Dojindo Laboratories (Kumamoto, Japan). Gelatin Sepharose 4B was
a product of GE Healthcare (Piscataway, NJ, USA).

4.2. Cells

The MKN1 human gastric carcinoma, HT1080 human fibrosarcoma, and THP-1 human acute
monocytic leukemia cell lines were supplied by the RIKEN Cell Bank (Tsukuba, Japan) and cultured
in RPMI 1640 medium supplemented with 10% FCS at 37 ◦C under 5% CO2. Mesothelial cells
were isolated under sterile conditions essentially as described by Nakashio et al. [32]. Briefly, the
parietal peritoneum and diaphragm excised from ddY mice were washed with phosphate-buffered
saline (PBS) and incubated with 0.25% trypsin in PBS at 37 ◦C for 30 min with gentle mixing every
5 min. After an equal volume of RPMI 1640/10% FCS was added to the cell suspension, the mixture
was centrifuged at 2000 rpm for 10 min. The pelleted cells were suspended and incubated with
ammonium-chloride-potassium (ACK) lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA,
pH 7.4) to remove red blood cells at room temperature for 1 min. After 10 volumes of RPMI 1640
medium/10% FCS was added, the mesothelial cells were recovered by centrifugation at 2000 rpm for
10 min. The pelleted cells were resuspended in RPMI 1640 medium/10% FCS and passed through
nylon mesh (40 μm), and an aliquot (2 × 105 cells/0.1 mL) was placed in a 96-well culture plate that
had been coated with 10% Matrigel at 4 ◦C for 16 h. The cells were cultured at 37 ◦C for 4–5 days
until the growth of a monolayer of polygonal mesothelial cells. This procedure was conducted in
accordance with the Guide for the Care and Use of Laboratory Animals of Hoshi University School
of Pharmacy and Pharmaceutical Sciences (accredited by the Ministry of Education, Culture, Sports,
Science and Technology, Japan).

4.3. Gelatin Zymography

MMP activity was assayed by gelatin zymography essentially as described previously [33].
Briefly, MKN1 and/or mesothelial cells were treated with TNF-α (0, 1, 10, 100 ng/mL) in ASF104
serum-free medium for 0–48 h, and the culture supernatants were mixed with sample buffer for
SDS-polyacrylamide gel electrophoresis (Laemmli’s buffer without reducing agent). Specimens were
electrophoresed on a polyacrylamide gel (7.5%) containing 0.15% gelatin. The gel was washed
three times with 1% Triton X-100 for 20 min each, and three times with water for 20 min each.
Then gelatinolytic activity was detected by incubating the gel for 16 h at 37 ◦C in 50 mM Tris-HCl,
150 mM NaCl, 5 mM CaCl2, and 1 μM ZnCl2 followed by staining with Coomassie brilliant blue (CBB)
R-250 (Merck, Darmstadt, Germany).
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4.4. Quantitative RT-PCR (RT-qPCR)

Total RNA was isolated from mesothelial cells using TriReagent, and cDNA was synthesized
with a PrimeScript RT reagent kit using the total RNA as a template according to the manufacturer’s
protocols. The qPCR reactions were conducted with an Applied Biosystems StepOne system (Life
Technologies) using a KAPA SYBR FAST qPCR Kit Master Mix (2×) ABI Prism under the following
conditions: Denaturation at 95 ◦C for 20 s followed by 40 cycles of 95 ◦C for 5 s, 55 ◦C for 30 s and 72 ◦C
for 30 s. Melting curve analysis and agarose gel electrophoresis of the PCR products were performed to
verify the specific amplification. All samples were analyzed in triplicate and quantified by the relative
standard curve method using the Gapdh housekeeping gene as an internal control. The sequences
of the primers used were as follows: Mmp2, 5′-ATC GCT CAG ATC CGT GGT G-3′ (forward) and
5′-GGA GCT CAG GCC AGA ATG T-3′ (reverse); Mmp9, 5′-ATG TAC CCG CTG TAT AGC TAC C-3′

(forward) and 5′-ATA GTG GGA CAC ATA GTG GGA G-3′ (reverse); Gapdh, 5′-TGA AGC AGG CAT
CTG AGG G-3′ (forward) and 5′-CGA AGG TGG AAG AGT GGG AG-3′ (reverse).

4.5. Cell Invasion Assay Using Reconstituted Mesothelium

Reconstituted artificial mesothelium consisting of a monolayer of mesothelial cells on a Matrigel
layer in a Boyden chamber (Transwell) system was utilized for cell invasion assay. Murine mesothelial
cells were isolated as described above and cultured in a 10% Matrigel-coated inner chamber with a
polyethylene terephthalate (PET) membrane (pore size, 8 μm; Falcon 353097; BD Biosciences) combined
with an outer chamber (Falcon 353504) for 4–5 days until the cells grew as a confluent monolayer.
An MKN1 gastric carcinoma cell suspension (1 × 105 cells/0.2 mL) was placed in the inner (upper)
chamber, and the outer (lower) chamber was filled with ASF104 serum-free medium supplemented
with HT1080 serum-free conditioned medium. The addition of HT1080 conditioned medium (20%)
increased the chemotactic activity, although the conditioned medium contained a moderate level of
MMP-9 secreted by HT1080 cells. After the chambers were incubated at 37 ◦C for 16 h, the cells that had
migrated into the lower chamber through the membrane were stained with Diff-Quik (International
Reagents, Kobe, Japan) and counted under a microscope.

4.6. Cell Adhesion Assay

MKN1 cells were labeled with the fluorescent dye BCECF-AM (3 μM) at 37 ◦C for 40 min [18].
The labeled cells (1 × 105 cells/0.1 mL in 1% BSA containing RPMI 1640 medium) were added to
the monolayer of mesothelial cells in a 96-well culture plate as described above. After the plate was
incubated at 37 ◦C for 40 min, non-adherent cells were removed by gentle washing three times with
PBS. Adherent cells were lysed with 0.1 mL of 1% Nonidet P-40, and the lysates were diluted with 9
volumes of PBS. The fluorescence intensities were measured with a fluorescence spectrophotometer
(Ex = 490 nm, Em = 520 nm). The percent adhesion was calculated as follows: (The fluorescence
intensity of adherent cells/fluorescence intensity of total cells) × 100.

4.7. Flow Cytometry

The expression of α3 integrin in MKN1 cells was measured by a flow cytometer (BD FACSVerse;
BD Biosciences, San Diego, CA, USA), using monoclonal antibodies against human integrin α3 subunit
(SM-T1) [34] and FITC-labeled anti-mouse IgG (Kirkegaard & Perry Laboratories, Gaithersburg,
MD, USA).

4.8. MMP-Knockdown MKN1 Cells

Knockdown of MMP-2 and MMP-9 was conducted by using lentivirus-mediated RNA interference.
The short hairpin RNAs (shRNAs) of target sequences against MMP-2 (185–203: AGG AGA GCT GCA
TCC TGT T) [35] and MMP-9 (343–361: AAG TGG TAC CAC CAT AAC A) [36] were cloned into the
pSIH-H1 vector (System Biosciences, Palo Alto, CA, USA) according to the manufacturer’s protocol.
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Lentiviral particles were produced in HEK293FT cells after the co-transfection of pSIH-H1 vector and
ViraPower (three packaging plasmids) using polyethylenimine “MAX” [37] for 48 h and concentrated
by the PEG precipitation method. Briefly, the culture medium containing viral particles was mixed
with a one-third volume of 4 × PEG solution (32% PEG, 400 mM NaCl, 40 mM HEPES-NaOH, pH 7.4)
and incubated at 4 ◦C overnight. After centrifugation (3000× g, 30 min), the obtained precipitate
was dissolved in serum-free RPMI 1640 medium. The virus solution was mixed with hexadimethrine
bromide (8 μg/mL at final concentration), and the mixture was added to pre-cultured MKN1 cells
(1 × 105 cells/2 mL in a 6-well plate). The plate was then centrifuged (1800× g, 90 min) at 32 ◦C
and incubated at 37 ◦C for 48 h. The cells were successively cultured for 24 h after the medium was
replaced with RPMI 1640 medium/10% FCS, followed by selection with puromycin (2.5 μg/mL).

4.9. Purification of MMP-9

MMP-9 was purified from the conditioned medium of human monocytic leukemia THP-1 cells
based on the method of Morodomi et al. [38]. THP-1 cells were cultured in ASF104 medium containing
PMA (5 nM) at 37 ◦C for 3–4 days. The conditioned medium was mixed with gelatin Sepharose 4B
which had been equilibrated with TNC buffer (50 mM Tris-HCl, 0.15 M NaCl, 10 mM CaCl2, 0.05%
Brij 35, pH 7.5) and incubated at 4 ◦C for 16 h with gentle agitation. After gelatin Sepharose 4B was
washed three times with TNC buffer, MMP-9 was eluted with DMSO (5%)-containing TNC buffer. The
eluate was then applied to a PD-10 desalting column (GE Healthcare, Piscataway, NJ, USA) to replace
the buffer with ASF104 medium. The purity of MMP-9 was estimated to be >95%, as analyzed by
SDS-polyacrylamide gel electrophoresis followed by CBB and silver staining. The amino acid sequence
of the purified protein was analyzed by peptide mass fingerprinting. The tryptic fragments obtained
from the specimen were applied to MALDI/TOFMS (AXIMA-QIT; Shimadzu/Kratos, Kyoto, Japan) as
described previously [39]. Major mass peaks detected by the MS analysis and the corresponding amino
acid sequences to human MMP-9 were as follows: m/z 1345.74 for 25QSTLVLFPGDLR36, m/z 1184.62
for 43QLAEEYLYR51, m/z 1701.90 for 77QLSLPETGELDSATLK92, m/z 1084.55 for 107FQTFEGDLK115,
m/z 1680.91 for 144AFALWSAVTPLTFTR158, m/z 2350.10 for 163DADIVIQFGVAEHGDGYPFDGK184,
m/z 3175.37 for 185DGLLAHAFPPGPGIQGDAHFDDDELWSLGK214, m/z 2012.89 for
222FGNADGAACHFPFIFEGR239, m/z 2073.87 for 250SDGLPWCSTTANYDTDDR267, m/z 999.47 for
268FGFCPSER275, m/z 997.50 for 325 LFGFCPTR332, m/z 1385.79 for 547GSRPQGPFLIADK559, m/z
739.30 for 560WPALPR565, m/z 873.45 for 579LFFFSGR585, m/z 1532.83 for 586QVWVYTGASVLGPR599,
m/z 1440.80 for 604LGLGADVAQVTGALR618, m/z 823.45 for 624MLLFSGR630 and m/z 1921.91 for
653MFPGVPLDTHDVFQYR668 (UniProt P14780). Based on these results, the purified protein was
confirmed to be MMP-9.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/12/
3961/s1. Figure S1: RT-qPCR analysis of mRNA for the γ2 subunit of laminin-332 in mesothelial cells; Figure S2:
Purification of MMP-9 from THP-1 cells; Figure S3: Zymographic analysis of MMPs in the conditioned medium of
MMP-2- or MMP-9-knockdown MKN1 cells.
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Abbreviations

BCECF-AM 3′-O-acetyl-2′,7′-bis(carboxyethyl)-4 or 5-carboxyfluorescein, diacetoxymethyl ester
CBB Coomassie brilliant blue
ECM extracellular matrix
FCS fetal calf serum
MALDI/TOFMS matrix-assisted laser desorption ionization/time-of-flight mass spectrometer
MMP matrix metalloproteinase
PBS phosphate-buffered saline
PMA phorbol 12-myristate 13-acetate
RT-PCR reverse transcription-polymerase chain reaction
TNF-α tumor necrosis factor-α

References

1. Waters, J.P.; Pober, J.S.; Bradley, J.R. Tumour necrosis factor and cancer. J. Pathol. 2013, 230, 241–248.
[CrossRef] [PubMed]

2. Landskron, G.; De la Fuente, M.; Thuwajit, P.; Thuwajit, C.; Hermoso, M.A. Chronic inflammation and
cytokines in the tumor microenvironment. J. Immunol. Res. 2014, 2014, 149185. [CrossRef] [PubMed]

3. Balkwill, F. Tumour necrosis factor and cancer. Nat. Rev. Cancer 2009, 9, 361–371. [CrossRef] [PubMed]
4. Li, Q.; Withoff, S.; Verma, I.M. Inflammation-associated cancer: NF-κB is the lynchpin. Trends Immunol. 2005,

26, 318–325. [CrossRef] [PubMed]
5. Wolczyk, D.; Zaremba-Czogalla, M.; Hryniewicz-Jankowska, A.; Tabola, R.; Grabowski, K.; Sikorski, A.F.;

Augoff, K. TNF-α promotes breast cancer cell migration and enhances the concentration of
membrane-associated proteases in lipid rafts. Cell. Oncol. 2016, 39, 353–363. [CrossRef] [PubMed]

6. Yamauchi, Y.; Kohyama, T.; Takizawa, H.; Kamitani, S.; Desaki, M.; Takami, K.; Kawasaki, S.; Kato, J.;
Nagase, T. Tumor necrosis factor-α enhances both epithelial-mesenchymal transition and cell contraction
induced in A549 human alveolar epithelial cells by transforming growth factor-β1. Exp. Lung Res. 2010, 36,
12–24. [CrossRef] [PubMed]

7. Tsubota, Y.; Ogawa, T.; Oyanagi, J.; Nagashima, Y.; Miyazaki, K. Expression of laminin γ2 chain monomer
enhances invasive growth of human carcinoma cells in vivo. Int. J. Cancer 2010, 127, 2031–2041. [CrossRef]
[PubMed]

8. Chuang, M.J.; Sun, K.H.; Tang, S.J.; Deng, M.W.; Wu, Y.H.; Sung, J.S.; Cha, T.L.; Sun, G.H. Tumor-derived
tumor necrosis factor-α promotes progression and epithelial-mesenchymal transition in renal cell carcinoma
cells. Cancer Sci. 2008, 99, 905–913. [CrossRef]

9. Ho, M.Y.; Tang, S.; Chuang, M.J.; Cha, T.L.; Li, J.Y.; Sun, G.H.; Sun, K.H. TNF-α induces
epithelial-mesenchymal transition of renal cell carcinoma cells via a GSK3β-dependent mechanism.
Mol. Cancer Res. 2012, 10, 1109–1119. [CrossRef]

10. Lee, S.J.; Park, S.S.; Cho, Y.H.; Park, K.; Kim, E.J.; Jung, K.H.; Kim, S.K.; Kim, W.J.; Moon, S.K. Activation
of matrix metalloproteinase-9 by TNF-α in human urinary bladder cancer HT1376 cells: The role of MAP
kinase signaling pathways. Oncol. Rep. 2008, 19, 1007–1013. [CrossRef]

11. Itatsu, K.; Sasaki, M.; Yamaguchi, J.; Ohira, S.; Ishikawa, A.; Ikeda, H.; Sato, Y.; Harada, K.; Zen, Y.;
Sato, H.; et al. Cyclooxygenase-2 is involved in the up-regulation of matrix metalloproteinase-9 in
cholangiocarcinoma induced by tumor necrosis factor-α. Am. J. Pathol. 2009, 174, 829–841. [CrossRef]
[PubMed]

12. Jayasooriya, R.G.; Lee, Y.G.; Kang, C.H.; Lee, K.T.; Choi, Y.H.; Park, S.Y.; Hwang, J.K.; Kim, G.Y. Piceatannol
inhibits MMP-9-dependent invasion of tumor necrosis factor-α-stimulated DU145 cells by suppressing the
Akt-mediated nuclear factor-κB pathway. Oncol. Lett. 2013, 5, 341–347. [CrossRef] [PubMed]

13. Roomi, M.W.; Kalinovsky, T.; Niedzwiecki, A.; Rath, M. Modulation of MMP-2 and -9 secretion by cytokines,
inducers and inhibitors in human melanoma A-2058 cells. Oncol. Rep. 2017, 37, 3681–3687. [CrossRef]
[PubMed]

14. Guo, L.; Ou, J.L.; Zhang, T.; Ma, L.; Qu, L.F. Effect of expressions of tumor necrosis factor α and interleukin
1B on peritoneal metastasis of gastric cancer. Tumour Biol. 2015, 36, 8853–8860. [CrossRef] [PubMed]

222



Int. J. Mol. Sci. 2018, 19, 3961

15. Saito, Y.; Sekine, W.; Sano, R.; Komatsu, S.; Mizuno, H.; Katabami, K.; Shimada, K.; Oku, T.; Tsuji, T.
Potentiation of cell invasion and matrix metalloproteinase production by α3β1 integrin-mediated adhesion
of gastric carcinoma cells to laminin-5. Clin. Exp. Metastasis 2010, 27, 197–205. [CrossRef] [PubMed]

16. Kamoshida, G.; Matsuda, A.; Miura, R.; Takashima, Y.; Katsura, A.; Tsuji, T. Potentiation of tumor cell
invasion by co-culture with monocytes accompanying enhanced production of matrix metalloproteinase
and fibronectin. Clin. Exp. Metastasis 2013, 30, 289–297. [CrossRef] [PubMed]

17. Yabluchanskiy, A.; Ma, Y.; Iyer, R.P.; Hall, M.E.; Lindsey, M.L. Matrix metalloproteinase-9: Many shades of
function in cardiovascular disease. Physiology 2013, 28, 391–403. [CrossRef]

18. Takatsuki, H.; Komatsu, S.; Sano, R.; Takada, Y.; Tsuji, T. Adhesion of gastric carcinoma cells to peritoneum
mediated by α3β1 integrin (VLA-3). Cancer Res. 2004, 64, 6065–6070. [CrossRef]

19. Mochizuki, Y.; Nakanishi, H.; Kodera, Y.; Ito, S.; Yamamura, Y.; Kato, T.; Hibi, K.; Akiyama, S.; Nakao, A.;
Tatematsu, M. TNF-α promotes progression of peritoneal metastasis as demonstrated using a green
fluorescence protein (GFP)-tagged human gastric cancer cell line. Clin. Exp. Metastasis 2004, 21, 39–47.
[CrossRef]

20. Kim, S.; Choi, M.G.; Lee, H.S.; Lee, S.K.; Kim, S.H.; Kim, W.W.; Hur, S.M.; Kim, J.H.; Choe, J.H.; Nam, S.J.;
et al. Silibinin suppresses TNF-alpha-induced MMP-9 expression in gastric cancer cells through inhibition of
the MAPK pathway. Molecules 2009, 14, 4300–4311. [CrossRef]

21. Kawanishi, K.; Nitta, K.; Yamato, M.; Okano, T. Therapeutic applications of mesothelial cell sheets.
Ther. Apher. Dial. 2015, 19, 1–7. [CrossRef]

22. Chen, W.L.; Sheu, J.R.; Chen, R.J.; Hsiao, S.H.; Hsiao, C.J.; Chou, Y.C.; Chung, C.L.; Hsiao, G. Mycobacterium
tuberculosis upregulates TNF-α expression via TLR2/ERK signaling and induces MMP-1 and MMP-9
production in human pleural mesothelial cells. PLoS ONE 2015, 10, e0137979. [CrossRef] [PubMed]

23. Hozumi, A.; Nishimura, Y.; Nishiuma, T.; Kotani, Y.; Yokoyama, M. Induction of MMP-9 in normal human
bronchial epithelial cells by TNF-α via NF-κB-mediated pathway. Am. J. Physiol. Lung Cell. Mol. Physiol.
2001, 281, L1444–L1452. [CrossRef] [PubMed]

24. Chen, Y.J.; Chang, L.S. NFκB- and AP-1-mediated DNA looping regulates matrix metalloproteinase-9
transcription in TNF-α-treated human leukemia U937 cells. Biochim. Biophys. Acta 2015, 1849, 1248–1259.
[CrossRef] [PubMed]

25. Liu, J.; Geng, X.; Li, Y. Milky spots: Omental functional units and hotbeds for peritoneal cancer metastasis.
Tumour Biol. 2016, 37, 5715–5726. [CrossRef] [PubMed]

26. Kanda, M.; Kodera, Y. Molecular mechanisms of peritoneal dissemination in gastric cancer. World J. Gastroenterol.
2016, 22, 6829–6840. [CrossRef] [PubMed]

27. Torisu, H.; Ono, M.; Kiryu, H.; Furue, M.; Ohmoto, Y.; Nakayama, J.; Nishioka, Y.; Sone, S.; Kuwano, M.
Macrophage infiltration correlates with tumor stage and angiogenesis in human malignant melanoma:
Possible involvement of TNFα and IL-1α. Int. J. Cancer 2000, 85, 182–188. [CrossRef]

28. Hagemann, T.; Robinson, S.C.; Schulz, M.; Trümper, L.; Balkwill, F.R.; Binder, C. Enhanced invasiveness of
breast cancer cell lines upon co-cultivation with macrophages is due to TNF-α dependent up-regulation of
matrix metalloproteases. Carcinogenesis 2004, 25, 1543–1549. [CrossRef]

29. Yao, Z.; Yuan, T.; Wang, H.; Yao, S.; Zhao, Y.; Liu, Y.; Jin, S.; Chu, J.; Xu, Y.; Zhou, W.; et al. MMP-2 together
with MMP-9 overexpression correlated with lymph node metastasis and poor prognosis in early gastric
carcinoma. Tumour Biol. 2017, 39, 1010428317700411. [CrossRef] [PubMed]

30. Wroblewski, L.E.; Pritchard, D.M.; Carter, S.; Varro, A. Gastrin-stimulated gastric epithelial cell invasion: The
role and mechanism of increased matrix metalloproteinase 9 expression. Biochem. J. 2002, 365 Pt 3, 873–879.
[CrossRef]

31. Shan, Y.Q.; Ying, R.C.; Zhou, C.H.; Zhu, A.K.; Ye, J.; Zhu, W.; Ju, T.F.; Jin, H.C. MMP-9 is increased in the
pathogenesis of gastric cancer by the mediation of HER2. Cancer Gene Ther. 2015, 22, 101–107. [CrossRef]
[PubMed]

32. Nakashio, T.; Narita, T.; Akiyama, S.; Kasai, Y.; Kondo, K.; Ito, K.; Takagi, H.; Kannagi, R. Adhesion molecules
and TGF-β1 are involved in the peritoneal dissemination of NUGC-4 human gastric cancer cells. Int. J. Cancer
1997, 70, 612–618. [CrossRef]

33. Tsuji, T.; Kawada, Y.; Kai-Murozono, M.; Komatsu, S.; Han, S.A.; Takeuchi, K.; Mizushima, H.; Miyazaki, K.;
Irimura, T. Regulation of melanoma cell migration and invasion by laminin-5 and α3β1 integrin (VLA-3).
Clin. Exp. Metastasis 2002, 19, 127–134. [CrossRef]

223



Int. J. Mol. Sci. 2018, 19, 3961

34. Takeuchi, K.; Tsuji, T.; Hakomori, S.; Irimura, T. Intercellular adhesion induced by anti-α3 integrin (VLA-3)
antibodies. Exp. Cell Res. 1994, 211, 133–141. [CrossRef] [PubMed]

35. Ries, C.; Egea, V.; Karow, M.; Kolb, H.; Jochum, M.; Neth, P. MMP-2, MT1-MMP, and TIMP-2 are essential for
the invasive capacity of human mesenchymal stem cells: Differential regulation by inflammatory cytokines.
Blood 2007, 109, 4055–4063. [CrossRef] [PubMed]

36. Gondi, C.S.; Dinh, D.H.; Gujrati, M.; Rao, J.S. Simultaneous downregulation of uPAR and MMP-9 induces
overexpression of the FADD-associated protein RIP and activates caspase 9-mediated apoptosis in gliomas.
Int. J. Oncol. 2008, 33, 783–790. [PubMed]

37. Oku, T.; Ando, Y.; Ogura, M.; Tsuji, T. Development of splice variant-specific monoclonal antibodies against
human α3 Integrin. Monoclon. Antib. Immunodiagn. Immunother. 2016, 35, 12–17. [CrossRef]

38. Morodomi, T.; Ogata, Y.; Sasaguri, Y.; Morimatsu, M.; Nagase, H. Purification and characterization of matrix
metalloproteinase 9 from U937 monocytic leukaemia and HT1080 fibrosarcoma cells. Biochem. J. 1992, 285
(Pt 2), 603–611. [CrossRef]

39. Itoh, S.; Hamada, E.; Kamoshida, G.; Takeshita, K.; Oku, T.; Tsuji, T. Staphylococcal superantigen-like protein
5 (SSL5) inhibits matrix metalloproteinase-9 from human neutrophils. Infect. Immun. 2010, 78, 3298–3305.
[CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

224



 International Journal of 

Molecular Sciences

Article

ADAMTS-9 in Mouse Cartilage Has Aggrecanase
Activity That Is Distinct from ADAMTS-4
and ADAMTS-5

Fraser M. Rogerson 1,2,3, Karena Last 1,2, Suzanne B. Golub 1,2, Stephanie J. Gauci 2,

Heather Stanton 1,2, Katrina M. Bell 2 and Amanda J. Fosang 1,2,*

1 University of Melbourne Department of Paediatrics, Royal Children’s Hospital,
Parkville, Victoria 3052, Australia; fraser.rogerson@rmit.edu.au (F.M.R.); karena.last@mcri.edu.au (K.L.);
sue.golub@mcri.edu.au (S.B.G.); heather.stanton@mcri.edu.au (H.S.)

2 Murdoch Children’s Research Institute, Royal Children’s Hospital, Parkville, Victoria 3052, Australia;
steph_pascoe@hotmail.com (S.J.G.); katrina.bell@mcri.edu.au (K.M.B.)

3 Royal Melbourne Institute of Technology, 124 La Trobe Street, Melbourne, Victoria 3000, Australia
* Correspondence: amanda.fosang@mcri.edu.au

Received: 19 December 2018; Accepted: 24 January 2019; Published: 29 January 2019

Abstract: A disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-4 and
ADAMTS-5 are the principal aggrecanases in mice and humans; however, mice lacking the catalytic
domain of both enzymes (TS-4/5Δcat) have no skeletal phenotype, suggesting there is an alternative
aggrecanase for modulating normal growth and development in these mice. We previously identified
aggrecanase activity that (a) cleaved at E↓G rather than E↓A bonds in the aggrecan core protein, and
(b) was upregulated by retinoic acid but not IL-1α. The present study aimed to identify the alternative
aggrecanase. Femoral head cartilage explants from TS-4/5Δcat mice were stimulated with IL-1α
or retinoic acid and total RNA was analysed by microarray. In addition to ADAMTS-5 and matrix
metalloproteinase (MMP)-13, which are not candidates for the novel aggrecanase, the microarray
analyses identified MMP-11, calpain-5 and ADAMTS-9 as candidate aggrecanases upregulated by
retinoic acid. When calpain-5 and MMP-11 failed to meet subsequent criteria, ADAMTS-9 emerged
as the most likely candidate for the novel aggrecanase. Immunohistochemistry revealed ADAMTS-9
expression throughout the mouse growth plate and strong expression, particularly in the proliferative
zone of the TS-4/5-Δcat mice. In conclusion, ADAMTS-9 has a novel specificity for aggrecan, cleaving
primarily at E↓G rather than E↓A bonds in mouse cartilage. ADAMTS-9 might have more important
roles in normal skeletal development compared with ADAMTS-4 and ADAMTS-5, which have key
roles in joint pathology.

Keywords: aggrecan; aggrecanase; ADAMTS; cartilage; arthritis

1. Introduction

The weight-bearing properties of articular cartilage are conferred by the large and highly charged
glycosaminoglycan side chains that are present on the proteoglycan aggrecan. In arthritic disease, the
resilience of cartilage is compromised when large aggrecan aggregates are degraded by aggrecanases
that are members of the ADAMTS (a disintegrin and metalloproteinase with thrombospondin
motifs) family of zinc-dependent enzymes within the metzincin family of metalloproteinases. The
principal aggrecanases thought to be responsible for aggrecan degradation are ADAMTS-4 [1] and
ADAMTS-5 [2].

These enzymes were originally identified by their ability to cleave the aggrecan core protein at
the TEGE 373↓374 ALGS bond in the aggrecan interglobular domain (IGD) [3–5] and at four additional
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sites within the chondroitin sulphate (CS)-rich region [6,7] (Figure 1) in response to stimulation
with pro-catabolic agents, such as interleukin-1-alpha (IL-1α), IL-1β and retinoic acid. In contrast,
ADAMTS-1 [8], -8 [9], -9 [10,11], -16 [11] and -18 [11] were thought to have only weak activity against
aggrecan, in vitro and in vivo.

Figure 1. Aggrecanase cleavage sites and neoepitopes in the mouse aggrecan core protein. The domain
structure of the mouse aggrecan core protein, with globular G1, G2 and G3 domains and intervening
interglobular and chondroitin sulphate-rich regions are shown. The amino acid sequences flanking the
conserved cleavage sites are shown in boxes with amino acid numbers at the P1 position. Modified
from [12].

In the course of our studies, we identified a new aggrecanase activity that was present in cartilage
explants from mice deficient in both ADAMTS-4 and ADAMTS-5 catalytic activity (TS-4/5Δcat
mice) [13]. We found that retinoic acid treatment of TS-4/5Δcat cartilage explants did not stimulate
aggrecanase activity at the classical TEGE 373↓374 ALGS or TAQE 1572↓1573 AGEG sites, but instead at the
FREEE 1467↓1468 GLGS and SSELE 1279↓1280 GRGTI sites located in the chondroitin sulphate-rich region
of the core protein (Figure 1). Thus, retinoic acid stimulates the expression of a novel aggrecanase
activity in TS-4/5Δcat cartilage. This unexpected finding reveals that the substrate specificity of this
unknown enzyme is distinct from ADAMTS-4 and -5. In addition, and in contrast to ADAMTS-4
and ADAMTS-5, the activity of the novel aggrecanase is stimulated by retinoic acid, but not by
interleukin-1α (IL-1α) treatment [13].

In order to identify this novel aggrecanase, we cultured mouse femoral head cartilage explants
from wildtype and TS-4/5Δcat mice. We used discrimination between the known effects of IL-1α
and retinoic acid on the up-regulation of aggrecanase activity to screen for candidate extracellular
proteinases whose mRNA expression levels were specifically increased by retinoic acid, but not by
IL-1α treatment. Our results reveal that ADAMTS-9 is a major aggrecanase in TS-4/5Δcat mice, raising
the possibility that ADAMTS-9 might be active in cartilage, in vivo, in the presence of inhibitors
designed to block ADAMTS-4 and ADAMTS-5 activity.

2. Results

2.1. Retinoic Acid Regulates the Expression of a Novel Aggrecanase Activity via a Transcriptional Mechanism

We previously identified a novel aggrecanase activity that cleaves aggrecan in the CS-rich region
in cartilage explants from mice deficient in both ADAMTS-4 and ADAMTS-5 [13]. Since this novel
activity is stimulated by treatment with retinoic acid, but not IL-1α, we reasoned that the differential
in susceptibility to retinoic acid and IL-1α could be used to identify aggrecanase candidates by
microarray. We first confirmed that retinoic acid stimulates aggrecanolysis in TS-4/5Δcat cartilage via a
transcriptional mechanism by culturing TS-4/5Δcat cartilage explants in the presence or absence of the
transcriptional inhibitor, actinomycin D. Western blot analysis of the conditioned media showed that
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retinoic acid treatment stimulated the release of the aggrecan FREEE 1467 neoepitope from TS-4/5Δcat
cartilage into conditioned medium (Figure 2a, lane 3), compared with the untreated control (Figure 2a,
lane 1). However, the retinoic acid-induced increase in FREEE 1467 neoepitope was blocked in the
presence of actinomycin D (Figure 2a, lane 4), confirming that the effects of retinoic acid in this system
were indeed transcription-dependent. The chondrocytes remained viable in culture for a further 6
days in the presence or absence of retinoic acid, confirming that inhibition of aggrecan cleavage was
not due to actinomycin-induced cell death.

Figure 2. Identifying candidate aggrecanases in TS4/5Δcat mice. (a) Aggrecanase cleavage in
TS-4/5Δcat femoral head cartilage explants, cultured untreated (lane 1) or in the presence of
actinomycin D (lane 2), retinoic acid (lane 3) or both actinomycin D and retinoic acid together (lane 4)
was analysed by FREEE 1467 neo-epitope Western blotting. (b) The results of the microarray studies,
represented as a volcano plot, identify candidate proteinases for the novel aggrecanase.

2.2. Microarray and qPCR Studies Reveal ADAMTS-9 as a Strong Candidate for the Novel Aggrecanase

Based on our conclusion that retinoic acid exerts transcriptional control over aggrecanolysis in
TS-4/5Δcat chondrocytes, we next used microarrays to shortlist genes encoding aggrecan-degrading
proteinases, based on their up-regulation in response to retinoic acid but not IL-1α treatment.
We focused on enzyme families known to cleave aggrecan, including the a disintegrin and
metalloproteinase (ADAM), ADAMTS, matrix metalloproteinase (MMP), cathepsin and calpain
families. The results presented as a volcano plot in Figure 2b show that only three genes matched
these criteria: Adamts-9, Mmp-11 and Calpain-5 (Figure 2b). There was no increase greater than
1.5-fold in the expression of any ADAM or cathepsin gene in IL-1α-treated compared with retinoic
acid-treated cultures.

To validate the microarray expression data, we used qPCR to measure the expression of key
genes in cultured chondrocytes from TS-4/5Δcat mice. The results shown in Figure 3 confirm
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the up-regulation of mRNA expression for Adamts-5 (Figure 3a), Mmp-13 (Figure 3b) and Mmp-11
(Figure 3d) by both IL-1α and retinoic acid, as reported previously, thus excluding these enzymes as
the novel aggrecanase. The expression of Calpain-5 was only weakly increased by IL-1α and retinoic
acid (Figure 3c) and was therefore also considered not to be an aggrecanase. Overall, the mRNA data
suggested that ADAMTS-9 was the strongest and most likely candidate for the novel aggrecanase.
Figure 3e shows that while Adamts-9 mRNA expression is increased by treatment with retinoic acid,
there is no increase in Adamts-9 gene expression induced by IL-1α. Similarly, retinoic acid, but not
IL-1α, increased the expression of ADAMTS-9 protein detected as a band of approximately 200 kDa by
Western blot (Figure 3f).

 

Figure 3. q-PCR and Western blot analyses of candidate aggrecanases. Candidate aggrecanases
expressed in cultured cartilage explants were analysed by qPCR for genes including Adamts-5 (a),
Mmp-13 (b), Calpain (c), Mmp-11 (d), and Adamts-9 (e). Protein extracts from Wildtype and TS4/TS5Δcat
cartilage extracts were also analysed for ADAMTS-9 expression by Western blotting (f).

2.3. The Novel Aggrecanase is Inhibited by TIMP-3

Tissue inhibitor of metalloproteinase (TIMP)-3 is a potent endogenous inhibitor of ADAMTS and
MMP family members [14]. We therefore used sensitivity to inhibition with TIMP-3 to further confirm
the identity of the novel aggrecanase and found that when femoral head explants from TS-4/5Δcat

228



Int. J. Mol. Sci. 2019, 20, 573

mice were incubated with retinoic acid in the presence or absence of 500 nM TIMP-3, aggrecan cleavage
at the FREEE 1467↓1468 GLGSV site was inhibited (Figure 4a, lane 5). An additional FREEE 1467 band
migrating at approximately 50 kD and most likely the SSELE 1279_1467 FREEE fragment previously
identified in human cartilage [15] was also generated in the presence of retinoic acid (Figure 4a, lanes 2
and 3) but blocked by high concentrations of TIMP-3 (Figure 4a, lane 5). As a control for the potency
of TIMP-3 inhibition, cleavage at the MMP-sensitive DIPEN 342↓343 FFGVG site was also examined.
TIMP-3 blocked cleavage at DIPEN 342↓343 FFGVG at the same high concentration (Figure 4b, lanes 4
and 5).

  

Figure 4. The novel aggrecanase is inhibited by tissue inhibitor of metalloproteinase (TIMP)-3. Western
blot analyses show that TIMP-3 inhibits retinoic acid-induced aggrecanolysis at FREEE 1467↓1468 GLGSV
(a) and DIPEN 341↓342 FFGVG (b) in TS-4/5Δcat cartilage explants.

2.4. ADAMTS9 Expression and Aggrecanase Activity in the Growth Plate

Finally, we used immunohistochemistry to compare sites of ADAMTS-9 expression and
aggrecanase activity in sections of the 3-week mouse growth plate. For both genotypes, FREEE
1467 neoepitope was present in selected regions of the growth plate including the proliferative
zone (Figure 5a,b,e,f; P) and a thin layer of cells surrounding the secondary centre of ossification
(Figure 5a,b,e,f; right-pointing arrow). The staining surrounding the secondary centre was more
punctate in sections from TS-4/5Δcat mice (Figure 5e,f) than from wildtype mice (Figure 5a,b). FREEE
1467 neoepitope was also present at the metaphyseal border in wildtype mice (Figure 5a,b; left-pointing
arrow) but was absent at this site in TS-4/5Δcat mice (Figure 5e,f). The different patterns of FREEE
1467 immunostaining at the metaphyseal border in wildtype mice, compared with TS4/5Δcat mice,
suggest that FREEE 1467 immunoreactivity in the growth plate is a product of ADAMTS-4 and/or
ADAMTS-5 activity. We therefore conclude that ADAMTS-9 is not essential for aggrecanase activity at
the metaphyseal border.
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Figure 5. ADAMTS-9 protein and FREEE 1467 neoepitope are present in the 3-week-old mouse joint.
M, metaphysis; P, proliferative zone of the growth plate; left-pointing arrow, metaphyseal border;
right-pointing arrow, boundary of the secondary centre of ossification; diagonal dotted arrows, columns
of calcified cartilage; H, hypertrophic zone of the growth plate. Panels (a,b,e,f) show staining for the
FREEE 1467 neoepitope. Panels (c,d,g,h) show staining for ADAMTS-9 protein. Panels (a–d) show
cartilage from wildtype mice. Panels (e–h) show cartilage from TS-4/5Δcat mice.

Unlike the limited staining for the aggrecan FREEE 1467 neoepitope seen in wildtype growth plates
(Figure 5 a,b,e,f), ADAMTS-9 immunostaining was strong throughout all zones of the wildtype growth
plate, including the metaphysis (M), proliferative zone (P), hypertrophic zones (H) and in bony spicules
(diagonal dotted arrows) protruding into the calcified region of the hypertrophic zone (Figure 5c,d). In
contrast, there was no immunostaining for ADAMTS-9 in the hypertrophic/pre-hypertrophic zones
(H) of the growth plate in TS4/5Δcat mice (Figure 5g,h). One interpretation of this unintuitive staining
pattern is that ADAMTS-9 is not expressed in the hypertrophic zone (Figure 5g,h). However, a more
likely interpretation is that the physical entrapment of residual, undegraded and highly charged
aggrecan in the hypertrophic zone blocks diffusion of immunoreagents into this region of the sections,
producing a false negative result.

3. Discussion

ADAMTS-9 is a multi-domain proteinase with key roles in the remodelling of extracellular
matrices during growth and development [16–21]. Versican is a major substrate for ADAMTS-9, and in
this study we show that the related proteoglycan, aggrecan, which is highly expressed in joint cartilage,
is also a substrate for ADAMTS-9. Our results suggest that unlike ADAMTS-4 and ADAMTS-5, which
are widely recognised as destructive aggrecanases in joint disease [22,23], the aggrecanolytic activity
of ADAMTS-9 might be more important for normal joint development [18] than for pathology.

Previous studies in wildtype mice have reported the mRNA expression of ADAMTS-9 in
chondrocytes and cartilage explants [20,21]; however, in the presence of ADAMTS-4 and ADAMTS-5
expression, it has not been possible to show direct evidence of ADAMTS-9 activity. Here, we have used
TS-4/5Δcat mice to show that ADAMTS-9 is a bona fide aggrecanase with activity, not at the classical
TEGE 373↓374 ALGS site in the IGD and TAQE 1572↓1573 AGEG site in the C-terminal domains, but
instead ADAMTS-9 cleaves at FREEE 1467↓1468 GLGSV and SELE 1279↓1280 GRGT sites located centrally
within the aggrecan core protein. These results extend previous studies, suggesting that ADAMTS-9
might also cleave at TAQE 1771↓1772 AGEG near the C-terminal G3 domain [10].
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Our results are consistent with previous studies showing Adamts-9 mRNA expression in neonatal
growth plates [21] and in the proliferative and hypertrophic zones of the 7-week-old mouse growth
plate [21]. In addition, we have used immunoreactivity against the FREEE 1467 neoepitope to show
that TS-4/5Δcat mice express aggrecanase activity, and we propose that this activity is likely to be the
product of ADAMTS-9 (Figure 5).

The distribution of FREEE 1467 neoepitope in the TS-4/5Δcat epiphysis suggests that ADAMTS-9
has a role in the remodelling of the secondary centre of ossification and the proliferative zone of
the growth plate. However, whereas the absence of FREEE 1467 neoepitope at the metaphyseal
border in TS4/5-Δcat mice suggests that ADAMTS-9 might not degrade aggrecan at this site, a
more likely interpretation (and complication) of this staining pattern is that an accumulation of
undegraded aggrecan in calcified regions of the hypertrophic zone impedes antibody penetration and
compromises immunoreactivity.

Beyond the G2 domain, the aggrecan core protein is heavily decorated with glycosaminoglycan
side chains. When ADAMTS-9 cleaves at FREEE 1467↓1468 GLGSV, the C-terminal third of aggrecan
is lost from the cartilage, while the remaining N-terminal two thirds, immobilised in the cartilage by
G1-domain binding to hyaluronan, provide the weight-bearing properties. Accordingly, cleavage at
FREEE 1467↓1468 GLGSV is less deleterious for weight-bearing than cleavage in the IGD, which releases
the entire CS-containing portion of aggrecan.

There are very few studies on the roles of regional aggrecanolysis. In vitro testing of cartilage
explants showed that aggrecan loss mediated by IGD cleavage correlates with a loss of mechanical
properties, whereas aggrecan loss due to cleavage at sites in the CS-2 domain does not appear
to affect biomechanics [24]. In vivo studies to specifically explore the role of C-terminal domain
cleavage have not been done, but it is widely held that C-terminal processing of aggrecan is part of
normal homeostasis [25,26]. Furthermore, the proportion of C-terminally shortened aggrecan increases
with age [27,28], suggesting that loss of the C-terminus is part of normal tissue maturation. Thus,
ADAMTS-9 might have a role in maturation and normal cartilage homeostasis.

Alternatively, CS-2 domain cleavage might indeed have a role in cartilage pathology. In vitro
evidence suggests that there is a hierarchy for aggrecanase cleavage and that cleavage in the IGD occurs
after cleavage in the CS-2 domain [29–31]. If CS-2 domain cleavage is a prerequisite for IGD cleavage,
then a CS-2 aggrecanase such as ADAMTS-9 might initiate an aggrecan-degrading cascade. Aggrecan
fragments resulting from CS-2 domain cleavage are elevated in human synovial fluids following knee
joint injury [32], raising the possibility that ADAMTS-9 contributes to the production of G3-containing
fragments from injured cartilage. Furthermore, the G3 domain binds complement factors C1q and C3,
thus activating the classical and alternative complement pathways [33], suggesting a possible role for
ADAMTS-9 in complement regulation in inflamed joints.

4. Materials and Methods

4.1. Mice

The TS-4/5Δcat mice deficient in both ADAMTS-4 and ADAMTS-5 activity have been described
previously [13]. The Δ-cat mice were bred from the TS-4 Δ-cat and TS-5 Δ-cat strains [13,22], which
have in-frame deletions of exon 4 of the Adamts-4 gene (TS-4 Δ-cat) and exon 3 of the Adamts-5 gene
(TS-5 Δcat), encoding the respective catalytic domains [22]. Mutant ADAMTS-5 mRNA lacking exon 3
is translated and includes exons encoding the ADAMTS-5 C-terminal domain [34]. The TS-4/5Δcat
mice are healthy with no abnormalities in skeletal growth or development. The Murdoch Children’s
Research Institute Animal Ethics Committee approved all animal procedures under projects A605,
A710, A795 and A868. Each experiment was done at least twice with a minimum of two biological
replicates, except for the microarray which was done once with three mice per treatment.
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4.2. Preparation of Primary Chondrocytes

Chondrocytes were isolated from the distal femoral and proximal tibial epiphyses of 6-day-old
mice. The dissected epiphyses were digested for 1 h with 0.25% trypsin/EDTA to remove loose fibrous
tissue, washed with PBS, then incubated overnight at 37 ◦C/5%CO2 with 300 U/mL collagenase II
(Worthington Biochemical Corp, Lakewood, NJ, USA) in DMEM and 5% fetal bovine serum (FBS).
The isolated cells were washed extensively with medium and seeded at 5 × 105 cells/well in 24-well
plates in DMEM, 10% FBS, 100 U/mL penicillin, 100 U/mL streptomycin, 2 mM L-glutamine and
20 mM HEPES. After 3 days in culture, the cells were washed, placed in serum-free DMEM and
stimulated with either 10 ng/mL IL-1α (Peprotech, Rocky Hill, NJ, USA) or 10 μM retinoic acid
(Sigma-Aldrich, St Louis, MO, USA) for a further 3 days. These concentrations of IL-1α and retinoic
acid were previously confirmed by dose response to elicit maximal gene expression.

4.3. Culture of Femoral Head Cartilage Explants

Mouse femoral head cartilage explants were cultured as described previously [12,13]. Explants
were incubated with 10 μM retinoic acid ± 10μg/mL actinomycin D (Life Technologies, Carlsbad, CA,
USA) for 24 h. Conditioned medium was harvested, and the explants were washed and incubated
with fresh retinoic acid for a further 6 days to confirm that actinomycin D had no adverse effect on
chondrocyte activity or viability. To examine the inhibition of aggrecanase activity by tissue inhibitor
of metalloproteinase-3 (TIMP-3), femoral head explants were co-cultured with 10 μM retinoic acid and
10–500 nM recombinant human TIMP-3 (a gift from Professor Hideaki Nagase, UK) and then analysed
for aggrecanase products by Western blotting.

4.4. Western Blotting

To detect aggrecan neoepitopes, conditioned media from mouse femoral head cultures were
dialysed against proteinase inhibitors and deglycosylated as described previously [34]. Deglycosylated
samples were resolved by reducing SDS-PAGE on 4–20% gradient 7TGX gels (Bio-Rad, Hercules,
CA, USA) and then transferred to polyvinylidene difluoride membranes. Aggrecan degradation was
analysed using polyclonal antibodies [35] that recognise the FREEE 1467 neoepitope [36], created by
aggrecanase cleavage in the CS-rich region, and the DIPEN 341 neoepitope [37], created by MMP
cleavage in the IGD. To detect ADAMTS-9 protein, conditioned medium from primary chondrocyte
cell cultures was blotted and detected with anti-ADAMTS-9 antibody from Abcam (Cambridge,
UK), used at 1 μg/mL and detected with anti-rabbit-HRP (1:2000) from Dako (Jena, Germany). The
volume of medium loaded was determined empirically for each neoepitope examined and results
were normalised to the values for total aggrecan as described previously [12,13]. The anti-DIPEN and
anti-FREEE antibodies were used at a concentration of 5 μg/mL.

4.5. Microarray Analysis

Femoral head cartilage explants harvested from 3-week-old TS-4/5Δcat mice were cultured
for 3 days in serum-free DMEM containing 100 U/mL penicillin, 100 U/mL streptomycin, 2 mM
L-glutamine and 20 mM HEPES. The explants were either (i) unstimulated, (ii) stimulated with
10 ng/mL recombinant human IL-1 or (iii) stimulated with 10 μM retinoic acid. These concentrations
of IL-1α and retinoic acid stimulated maximal aggrecan loss from cartilage explants as described
previously [13]. After treatment, the explants were snap frozen and stored at −80 ◦C. Three separate
mice (unpooled) were included for each treatment. Total RNA from frozen, crushed cartilage samples
was isolated using the RNeasy kit (Qiagen, Hilden, Germany) and the RNA quality was assessed by
BioAnalyser. The microarray analyses were done under contract at the Australian Genome Research
Facility using the Illumina Sentrix Mouse 1.1 chip. The data were analysed using the R limma
package from Bioconductor, utilising the neqc function (quantile normalisation) with non-detected
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probes removed and a factor included for batch and biological replicates in the linear mode [38]. The
microarray data is available at Gene Expression Omnibus (GSE110754).

4.6. Quantitative Real-Time Polymerase Chain Reaction (qPCR) Analysis of mRNA Expression

To validate the microarray data identifying the putative aggrecanases, mRNA expression of the
candidates was analysed by real-time quantitative PCR (qPCR) with probes and primers from the
Universal Probes Library (UPL) (Roche, Basel, Switzerland). The ΔΔCp values derived from the Cp
values determined by the Roche Light Cycler 480 were calculated for each gene and normalised against
the geometric mean of the genes Rpl10 and Rpl26 [39], two reference genes specific for chondrocytes.
The primer sequences used for mouse Mmp13, Mmp11, Adamts5, Adamts9 and calpain 5 genes are
shown in Table 1.

Table 1. Primer sequences for qPCR analyses.

Gene Sequence

Mmp-13 F TCAAGGCTATGCACACTGGT
Mmp-13 R CACTATGGTCTTTTCAATGCCTAA
Mmp-11 F CAGGCCAAAAGGTACACAGC
Mmp-11 R CCTTTGAGGTTCCGTGTCTC
Adamts-5 F ATGCAGCCATCCTGTTCAC
Adamts-5 R CATTCCCAGGGTGTCACAT
Adamts-9 F ACAGCCATCAGAGAGTGCAA
Adamts-9 R TCCTACACAGTACTTCCCACCAT
Calpain 5 F CTAGCCTCCGCTCCAGTG
Calpain 5 R AAGAAGGGGAGGCACCTG

4.7. Immunohistochemistry

Knee joints from 3-week-old mice were fixed in 4% (w/v) paraformaldehyde for 24 h and then
decalcified in 7% EDTA/PBS, pH 7.4, for 3 weeks. Five-micron sections of paraffin-embedded
epiphyses were treated with 3% (v/v) H2O2 to block endogenous peroxidase activity. Antigen retrieval
included treatment with 10 mM citrate, pH 6.0, with 0.05% (v/v) Tween 20 for 30 min at 60 ◦C and
then cooling to room temperature prior to incubation with 0.2% (w/v) hyaluronidase (Sigma) for
1 h at 37 ◦C. Non-specific antibody binding was reduced by treatment with 1.5% (v/v) normal goat
serum. Sections were incubated with either rabbit anti-FREEE 1467 primary antibody (0.5 μg/mL),
rabbit anti-ADAMTS-9 antibody (Abcam, Cambridge, UK; cat No 28279, 1:2000 dilution) or no primary
antibody overnight at 4 ◦C. The following day, sections were incubated with HRP-labelled anti-rabbit
IgG (Dako, Jena, Germany), visualised with diaminobenzidine and counterstained with haematoxylin.

4.8. Declarations Ethics Approval

The animal procedures used in this study were approved by the Murdoch Children’s Research
Institute Animal Ethics Committee under ethics project numbers A605 (20 May 2008), A710 (18 April
2012) A795 (16 April 2015), A868 (17 May 2018).

4.9. Availability of Data and Materials

The data sets generated and analysed during this study are available in the GEO repository at
accession number GSE110754.

5. Conclusions

The results of this study are significant in the context of continuing efforts to identify the
physiological aggrecanases and to develop aggrecanase inhibitors for the clinical management of
degenerative joint diseases. Overall, we show that in the absence of ADAMTS-4 and -5 activity,
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ADAMTS-9 is expressed and might therefore have a role in normal aggrecan remodelling during
skeletal growth and development. While our findings suggest that ADAMTS-9 has important roles in
skeletal growth, it is not clear what role(s), if any, ADAMTS-9 might have in pathological aggrecanolysis.
In future work, it will be important to determine whether aggrecanase inhibitors targeting ADAMTS-4
and/or ADAMTS-5 might also affect ADAMTS-9 activity in adult tissues or influence endochondral
ossification in developing and juvenile skeletal tissues.
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Abstract: Interleukin-11 (IL-11) has been associated with inflammatory conditions, bone homeostasis,
hematopoiesis, and fertility. So far, these functions have been linked to classical IL-11 signaling via the
membrane bound receptor (IL-11R). However, a signaling cascade via the soluble IL-11R (sIL-11R),
generated by proteolytic cleavage, can also be induced. This process is called IL-11 trans-signaling.
A disintegrin and metalloprotease 10 (ADAM10) and neutrophil elastase were described as ectodomain
sheddases of the IL-11R, thereby inducing trans-signaling. Furthermore, previous studies employing
approaches for the stimulation and inhibition of endogenous ADAM-proteases indicated that
ADAM10, but not ADAM17, can cleave the IL-11R. Herein, we show that several metalloproteases,
namely ADAM9, ADAM10, ADAM17, meprinβ, and membrane-type 1 matrix metalloprotease/matrix
metalloprotease-14 (MT1-MMP/MMP-14) when overexpressed are able to shed the IL-11R. All sIL-11R
ectodomains were biologically active and capable of inducing signal transducer and activator of
transcription 3 (STAT3) phosphorylation in target cells. The difference observed for ADAM10/17
specificity compared to previous studies can be explained by the different approaches used, such as
stimulation of protease activity or making use of cells with genetically deleted enzymes.

Keywords: interleukin; IL-6; IL-11; trans-signaling; metalloproteases; ADAM; MMP; meprin

1. Introduction

IL-11 is a crucial factor in several physiological and pathophysiological signaling pathways [1].
It plays an important role in inflammation, osteogenesis, hematopoiesis, and fertility [1–3]. So far,
those functions have only been linked to interleukin-11 (IL-11) signaling via the membrane bound
IL-11 receptor (IL-11R). In this so-called classic signaling pathway, IL-11 binds to its membrane bound
α-receptor, inducing the dimerization of the ubiquitously expressed β-receptor glycoprotein-130
(gp130) on the same cell. This complex then activates intracellular JAK/STAT, MAPK, PI3K signaling
pathways [4–6]. The IL-11R can be released from the cell surface [7] by proteolytic ectodomain-shedding,
which is analogous to IL-6R solubilization [8]. Soluble receptors such as sIL-6R and sIL-11R can then
bind their ligands, IL-6 or IL-11, respectively, before inducing dimerization of gp130 on distinct cells.
This pathway is called trans-signaling. sIL-11R can be found in serum of healthy individuals [7],
strongly suggesting a physiological function for IL-11 trans-signaling, as known for sIL-6R [9].

Similar to the IL-6R [10,11], the IL-11R consists of three extracellular domains, an immunoglobulin
(Ig)-like domain (D1), two fibronectin type III domains (D2 and D3), a stalk region, which is a 54 amino
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acid long stretch connecting the extracellular part to the transmembrane region (TM), followed by an
intracellular domain (ICD) [11,12]. The extracellular domains D2 and D3 form the cytokine binding
module, which is essential for signaling [9].

Ectodomain-shedding of the IL-11R and IL-6R requires proteolytic cleavage of the receptors
within their stalk regions. IL-6 trans-signaling can be proteolytically induced by a disintegrin and
metalloprotease 10 (ADAM10) and ADAM17, as well as by meprin α and meprin β [13]. IL-11R
shedding has been attributed to ADAM10 and the neutrophil-derived serine protease neutrophil
elastase (NE), thereby inducing trans-signaling [7].

Cleavage of the IL-6R by its major sheddase ADAM17 takes place between P355 and V356 [14,15].
For meprin β-mediated cleavage of the IL-6R, the cleavage site at P355/V356 is in too close proximity to
the cell surface and thus sterically not accessible [13]. Additionally, the meprin β-generated sIL-6R
fragment has a molecular weight of about 50 kDa, which is different from the 70 kDa fragment
produced by ADAM17. This indicates that the meprin β cleavage site in the IL-6R stalk region is
further N-terminal, as compared to the one used by ADAM17 [13]. So far, no precise cleavage site for
the IL-11R has been identified. However, experiments with deletion variants of the IL-11R indicated
that R355 in the IL-11R stalk region is important for ADAM10-mediated shedding [7].

ADAM10 and ADAM17 are ubiquitously expressed membrane bound metalloproteases promoting
important biological functions. ADAM10 is an essential factor in Notch signaling and ADAM10
knock-out mice resemble the phenotype of Notch deficient animals [16]. ADAM17 plays an essential
role in inflammation and cell proliferation by releasing TNFα and ligands of the EGFR [17]. Structurally,
ADAM10 and ADAM17 are closely related and exhibit a characteristic domain composition comprising
a N-terminal signal peptide followed by a prodomain, a metalloprotease domain, a disintegrin domain,
a cysteine-rich domain, a single transmembrane helix, and a cytoplasmic region [18]. ADAM9 is
another member of the ADAM family of proteases. It has the same domain topology, except for an
EGF-like domain between the cysteine-rich domain and the transmembrane helix [17].

The metalloproteases meprin α and meprin β are multidomain oligomeric metalloproteases
playing critical roles in inflammation and maturation of fibrillar collagen [19–21]. Meprin α is cleaved
by furin on the secretory pathway and is thus released as a soluble protease, whereas pro-meprin β is
expressed as a membrane bound protein and can be activated by matriptase-2 or the bacterial protease
RgpB at the cell surface [22–24]. In its inactive proform, meprin β can also be shed from the cell
surface by ADAM10 and ADAM17 and subsequently becomes activated by tryptic proteases [24–27].
Prominent substrates of meprins are CD99 [28,29], procollagen [20], mucine 2 [30], as well as IL-6 [31],
and the IL-6R [13], highlighting their role in inflammation and extracellular matrix homeostasis and
indicate a partially shared substrate pool with ADAM proteases.

Membrane-type 1 matrix metalloprotease (MT1-MMP) as a member of the MMP-family seems to
act as a counterpart to meprins by degrading fibrillary collagens I, II, III. It also cleaves ADAM9 [32].

Meprins, as astacin-proteases, together with ADAMs and MMPs, belong to the metzincin
superfamily. As described above, these proteases have a partially overlapping substrate pool [19,33–35].
The IL-6R and IL-11R are cleaved within their respective stalk regions [7,13]. The length and amino
acid composition of these regions indicate broad susceptibility for proteolysis of both receptors. Hence,
we hypothesized that IL-6R and IL-11R are susceptible for shedding by a larger group of proteases.

In this study we employed genetically-modified HEK293T cells deficient for ADAM10 and
ADAM17 to avoid basal shedding of the IL-11R by these well-described sheddases. In this
proof-of-concept study we were able to specifically address the capability of certain metalloproteases
to cleave the IL-11R and the IL-6R. This would not have been possible in the HEK293T wild-type
cell-line, which was often used to study ADAM10/17 activity after stimulation with ionomycin
or phorbol myristate acetate (PMA), respectively. These compounds however are not solely
influencing ADAM10/17 and we therefore compared in a proof-of-concept approach stimulation
of endogenous ADAM proteases in HEK293T wild-type cells with retransfection of ADAM10/17 and
other metalloproteases on an ADAM10/17-free background.
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2. Results

2.1. The IL-11R Is Cleaved by Different Metalloproteases

The IL-11R can, at least in vitro, signal through its membrane bound as well as its soluble form.
ADAM10 and neutrophil elastase have been described as sheddases of the IL-11R [7]. We hypothesized
that, due to the length of the stalk region and its amino acid composition, the IL-11R should potentially
be prone to proteolysis by additional proteases. To further investigate the production of sIL-11R by
proteolysis, we transiently transfected human embryonic kidney 293T cells deficient for ADAM10 and
ADAM17 (HEK293T ADAM 10/17−/−) with cDNAs coding for IL-11R and different metalloproteases.
Indeed, upon cotransfection with ADAM9, meprin β, MT1-MMP, ADAM17, and ADAM10, we could
detect sIL-11R in the cell culture supernatant, demonstrating that all these proteases are putative
sheddases of the IL-11R (Figure 1A). Of note, among the tested proteases only cotransfected meprin α

showed no activity towards the IL-11R.

 
Figure 1. The membrane bound interleukin-11 receptor (IL-11R) is shed by different metalloproteases
and induces interleukin-11 (IL-11) trans-signaling. (A) Shedding of the IL-11R in HEK293T ADAM
10/17−/− cells. Cells were transfected with a N-terminally myc-tagged variant of the IL-11R alone or
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with ADAM9, meprin α, meprin β, membrane-type 1 matrix metalloprotease (MT1-MMP), ADAM17,
or ADAM10. Supernatants were ultracentrifuged, trichloroacetic acid (TCA)-precipitated, and analyzed
by immunoblotting with an antibody raised against the myc-tag. ADAM9, meprinα, and meprinβwere
detected with specific antibodies in lysate controls. MT1-MMP was flag-tagged, IL-11R was myc-tagged,
and ADAM17 flag-/myc-tagged. pcDNA3.1 served as mock and actin as loading control. Cotransfection
of IL-11R and ADAM10 was performed in an independent experiment. (B) Phosphorylation of
STAT3 in Ba/F3-gp130 cells stably transfected with gp130. Cells were treated with supernatants
from the experiments in (A) and with recombinant IL-11. Phosphorylation of STAT3 was analyzed
for cotransfection experiments of IL-11R with ADAM9, meprin α, and meprin β. A fusion protein
consisting of soluble IL-6R and IL-6 (Hyper IL-6) served as positive control for pSTAT3. Mock control
from (A) served as negative control. Phosphorylation was detected with an antibody raised against
phosphorylated STAT3. Total STAT3 protein served as loading control. (C) Same experimental setting
as in (B) but for MT1-MMP, ADAM17, and ADAM10 as IL-11R sheddases. (D) Schematic overview of
IL-11R shedding by ADAM9, ADAM10, ADAM17, MT1-MMP, and meprin β.

2.2. sIL-11R Shed by Different Metalloproteases Is Able to Induce Phosphorylation of STAT3

It has recently been shown that a complex of IL-11 and sIL-11R is able to induce the
JAK/STAT-pathway via phosphorylation of STAT3 [7]. We tested sIL-11R generated by different
proteases for biological activity on Ba/F3-gp130 cells. Therefore, we treated these cells with the
conditioned media resulting from the cotransfection experiments and with recombinant IL-11. In a
second step, the cell lysates were stained for phosphorylated STAT3 to validate biological activity of
the IL-11R ectodomains.

Indeed, sIL-11R resulting from cotransfection experiments with the proteases ADAM9, meprin β,
MT1-MMP, ADAM17, or ADAM10 (Figure 1A) induced phosphorylation of STAT3, thus proving the
ability to induce IL-11 trans-signaling (Figure 1B–D).

2.3. ADAM 10 and ADAM 17 Are Both Able to Shed the IL-11R

To examine cleavage of the IL-11R by ADAM proteases, we either stimulated endogenous ADAM
proteases in HEK293T wild-type cells transiently transfected with the IL-11R, or we retransfected
HEK293T ADAM 10/17−/− cells with ADAM10 or ADAM17 together with IL-11R. Upon stimulation
with the phorbolester PMA, a strong inducer of ADAM17 activity via activation of Protein Kinase
C, shedding of the IL-11R was slightly increased (Figure 2) [36]. Stimulation with ionomycin, which
activates ADAM10 via cellular influx of calcium, also induced shedding, albeit to a much higher
extent. This implies that ADAM10 is the major sheddase of the IL-11R in HEK293T wild-type cells,
as described previously [7]. ADAM17 on the other hand sheds the IL-11R only to a much lower extent.
However, upon retransfection of HEK293T ADAM 10/17−/− cells with cDNAs coding for the proteases
ADAM10 and ADAM17, shedding of the IL-11R was observed (Figure 2). Interestingly, ionomycin also
induced IL-11R shedding in the HEK293T ADAM 10/17−/− cells without retransfection of proteases,
indicating that not only ADAM10/17, but also other sheddases of the IL-11R exist, at least in the cell
line used herein.
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Figure 2. ADAM10 retransfected in HEK293T ADAM 10/17−/− cells is capable of shedding the IL-11R.
HEK293T wild-type cells (lanes 1–3) and HEK293T ADAM10/17−/− cells (lanes 4–6) were transfected with
a N-terminally myc-tagged variant of the IL-11R and stimulated with phorbol myristate acetate (PMA) or
ionomycin. Dimethyl sulfoxide (DMSO) served as control. HEK293T ADAM10/17−/− were transfected
with an N-terminally myc-tagged variant of the IL-11R and ADAM10 or ADAM17 (lanes 7–9). For both
setups the supernatant was ultracentrifuged, TCA-precipitated, and analyzed by immunoblotting with
different antibodies. ADAM10 flag-tagged, IL-11R myc-tagged, and ADAM17 flag-/myc-tagged were
detected in lysate controls. pcDNA3.1 served as mock and actin as loading control.

2.4. Arginine 355 Is not Obligatory for Ectodomain Shedding of the IL-11R

The cotransfection experiments described above were repeated with an IL-11R variant lacking
amino acids H353-S362 (IL-11RΔ353). The amino acid Arg355 is located within the stalk region, which
was previously described to be critical for ADAM10-mediated shedding of the IL-11R, as a mutation of
arginine to glutamic acid at this position resulted in significantly reduced proteolysis [7]. However,
cotransfection of HEK293T ADAM 10/17−/− cells with ADAM9, meprin β, MT1-MMP, ADAM17,
or ADAM10 with IL-11RΔ353 resulted in shedding of this IL-11R variant (Figure 3A). Moreover,
sIL-11RΔ353 was able to induce trans-signaling, as measured by pSTAT3 in stimulated Ba/F3-gp130
cells (Figure 3B,C).
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Figure 3. Shedding of the IL-11RΔ353 in HEK293T ADAM10/17−/− cells. (A) HEK293T ADAM10/17−/−
cells were transfected with a N-terminally myc-tagged variant of the IL-11RΔ353 and ADAM9, meprinα,
meprin β, MT1-MMP, ADAM17, or ADAM10. Supernatants were ultracentrifuged, TCA-precipitated,
and analyzed by immunoblotting with different antibodies. pcDNA3.1 served as mock and actin
as loading control. Cotransfection of IL-11RΔ353 and ADAM10 was performed in an independent
experiment. (B) Phosphorylation of STAT3 in Ba/F3-gp130 cells stably transfected with gp130. Cells were
treated with supernatants from the experiments in (A) and with recombinant IL-11. Phosphorylation of
STAT3 was analyzed for cotransfection of IL-11RΔ353 with ADAM9, meprin α, and meprin β. A fusion
protein consisting of soluble IL-6R and IL-6 (Hyper IL-6) served as positive control. Mock control
from (A) served as negative control. Phosphorylation was detected with an antibody raised against
phosphorylated STAT3. Total STAT3 protein served as loading control. (C) Same experimental setting
as in (B) but for MT1-MMP, ADAM17, and ADAM10 as IL-11RΔ353 sheddases.

2.5. The IL-6R Is Cleaved by Several Metalloproteases

It has been shown that, similarly to the IL-11R, the IL-6R can signal through its membrane bound
as well as its soluble form. The sIL-6R can be, comparable to sIL-11R, the result of a proteolytic cleavage
event induced by ADAMs or meprins [7,13]. To analyze the production of sIL-6R by proteolysis,
we applied the same experimental setting as for the cotransfection with the IL-11R. Upon cotransfection
with ADAM9, meprin α, meprin β, MT1-MMP, ADAM17, or ADAM10, we could detect sIL-6R in
the cell culture supernatants, thus demonstrating that the IL-6R can be shed by all these proteases
(Figure 4A).
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Figure 4. The IL-6R is shed by different metalloproteases and induces IL-6 trans-signaling. (A) HEK293T
ADAM10/17−/− cells were transfected with IL-6R and/or ADAM9, meprin α, meprin β, MT1-MMP,
ADAM17, or ADAM10. Supernatants were ultracentrifuged, TCA-precipitated, and analyzed by
immunoblotting with an antibody raised against the D1-domain of the IL-6R. ADAM9, meprin α,
and meprin β were detected with specific antibodies in lysate controls. MT1-MMP and ADAM10 are
flag-tagged and ADAM17 flag-/myc-tagged and detected respectively in lysate controls. pcDNA3.1
served as mock and actin as loading control. (B) Phosphorylation of STAT3 in Ba/F3-gp130 cells
stably transfected with gp130. Cells were treated with supernatants from the experiments in (A) and
with recombinant IL-6. Phosphorylation of STAT3 was analyzed for cotransfection with ADAM9,
meprin α, and meprin β. A fusion protein consisting of soluble IL-6R and IL-6 (Hyper IL-6) served
as positive control. Mock control from (A) served as negative control. Phosphorylation was detected
with an antibody raised against phosphorylated STAT3. Total STAT3 protein served as loading control.
(C) Same experimental setting as in (B) but for MT1-MMP, ADAM17, and ADAM10 as IL-6R sheddases.
(D) Schematic overview of IL-6R shedding by ADAM9, ADAM10, ADAM17, MT1-MMP, meprin α,
and meprin β.
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Similar to the above described IL-11R shedding and trans-signaling experiments (Figure 1A–D,
Figure 3A–C), the proteases ADAM9, meprin α, meprin β, MT1-MMP, ADAM17, and ADAM10
induced phosphorylation of STAT3 by shedding of the IL-6R, thus proving the ability to also induce
IL-6 trans-signaling (Figure 4A–D).

2.6. N-Terminal Cleavage of the IL-6R and the IL-11R Apart from the Stalk Regions

The results from the cotransfection experiments showed that at least two different shedding sites
within the stalk region of the IL-6R can be assessed, which are in accordance with previous studies [13].
Conclusively, this resulted in a 70 kDa fragment produced by ADAM10 and ADAM17 and a 50 kDa
fragment produced by ADAM9, meprin α, meprin β, MT1-MMP, and ADAM17 (Figure 4A). Of note,
cotransfection with ADAM9, meprin β, MT1-MMP, ADAM10, or ADAM17 led to additional fragments
of about 30 kDa and/or 40 kDa. Immunodetection of the cell culture supernatants was performed
with an antibody raised against the D1-domain of the IL-6R. Therefore, these two fragments could be
the product of cleavage events within the linker regions between domains D3 and D2, as well as D2
and D1.

Comparable to IL-6R-, also IL-11R cleavage results in multiple fragments. Upon stimulation of
HEK293T wild-type cells, as well as cotransfection of HEK293T ADAM 10/17−/− cells with different
proteases, a characteristic pattern of at least four different receptor bands appeared (Figures 1A, 2 and
3A). This implied that there could be more than one cleavage site within the IL-11R. The two bands
between 35 and 55 kDa likely represent shedding within the stalk region resulting in the full-length
soluble receptor. The bands at 30 and 35 kDa could be due to cleavage in the linker region between
extracellular domains D1 to D3. Analogous to the IL-6R, this band pattern underlines cleavage
specificities for the different proteases.

3. Discussion

The pro-inflammatory cytokines IL-6 and IL-11 fulfill several important functions. IL-6 is an
important mediator in the innate and acquired immune system, involved in differentiation of T-cells,
release of c-reactive protein [9], and acts as acute phase trigger [6]. IL-6 trans-signaling is driven by
ectodomain shedding of the IL-6R and has been shown to be a critical event in inflammatory diseases
such as rheumatoid arthritis and inflammatory bowel disease [9]. IL-11 is involved in hematopoiesis,
especially production of thrombocytes, which led to its approval as the drug ‘Oprelvekin’ for the
treatment of chemotherapy-induced thrombocytopenia [7]. Additionally, IL-11 can activate the hepatic
acute phase response [37]. IL-11R knock-out mice underlined an important role in fertility [2] and
bone homeostasis [3], as IL-11R knock-out mice show elevated bone density. Mutations within the
ectodomain of the IL-11R are associated with craniosynostosis [2,3] and gastric tumorigenesis [38,39].
Moreover, IL-11 is produced by osteoblasts, which further implies a possible role of IL-11 signaling
in osteoporosis [40]. For IL-11 trans-signaling, no definite physiological or pathophysiological event
has been defined so far, although, sIL-11R can be detected in the plasma of healthy individuals [7].
We could detect both IL-11R shedding and IL-11 trans-signaling in vitro, which strongly suggests an
in vivo function for sIL-11R, as demonstrated for sIL-6R.

In this study, we demonstrated that ectodomain-shedding and subsequent induction of
trans-signaling of the IL-6R and the IL-11R can be mediated by different metalloproteases.
We hypothesize that the length and amino acid composition of both receptors are the reason
for their broad susceptibility for proteolysis, which in turn underlines the importance of this
trans-signaling event.

So far, possible sheddases of the IL-11R have been identified on the basis of stimulation experiments
to induce proteolytic activity of endogenous ADAM10 and ADAM17 in HEK293T wild-type cells [7].
However, stimulation with PMA or ionomycin may additionally induce other proteases besides
ADAM10/17 potentially cleaving the IL-11R and IL-6R. To address this issue in a genetically modified
system, we employed HEK293T cells deficient for ADAM10 and ADAM17 and retransfected these cells
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with the proteases and the IL-11R, which allowed us to associate the shedding events precisely with
the transfected proteases. Of note, retransfection of the genetically-modified HEK293T cells resulted in
some experiments in slightly higher expression levels of ADAM10/17 compared to HEK293T wild-type
cells. However, we used this system in a proof-of-concept approach to demonstrate the biochemical
capability of certain proteases to cleave the IL-11R and IL-6R. Indeed, we observed shedding of the
IL-6R and the IL-11R by several metalloproteases, which resulted in receptor fragments of different
sizes, indicating cleavage events in different regions within the receptors. For the IL-6R, two different
shedding sites within the stalk region have already been discussed [13]. However, two additional
fragments appeared upon cotransfection of the IL-6R with ADAM9, meprin β, MT1-MMP, or ADAM17.
We hypothesize that those fragments represent cleavage in the linker regions in between the ectodomains
D3 and D2, as well as D2 and D1. Meprin α seemed to solely target the stalk region of the IL-6R,
resulting in a fragment of about 50 kDa, whereas ADAM10 seemed to cleave within the stalk region as
well as within the linker region between domains D2 and D1.

A comparable band pattern occurred in the cotransfection with the IL-11R. The bands at 30
and 35 kDa could represent cleavage events in the linker region between extracellular domains D1
to D3. Analogous to the IL-6R, this band pattern underlines different cleavage specificities for the
tested proteases.

Overall, we observed clear differences between the pharmacological and genetically-modified
approaches, which has to be considered, particularly with regard to therapeutic manipulation of
IL-6/11 signaling.

In sum, the physiological and pathophysiological functions of IL-6 trans-signaling have been
studied to a great extent in health and disease [1,9]. In this proof-of-concept study we showed that the
IL-11 trans-signaling can be induced by ADAM9, meprin β, MT1-MMP, ADAM10, or ADAM17 in vitro.
Future experiments will show if this concept also holds true in vivo. A possibility to address potential
pathological impact of some of the proteases analyzed in this study would be the generation of knock-in
mouse models to induce protease-specific expression in certain tissues under diseased conditions.

4. Material and Methods

4.1. Chemicals

All chemicals were of analytical grade and obtained from Carl Roth GmbH & Co. KG (Karlsruhe,
Germany), Merck KGaA (Darmstadt, Germany), Sigma Aldrich Inc. (Darmstadt, Germany) and
Thermo Fisher Scientific Inc. (Waltham, Massachusetts, USA), if not stated otherwise.

4.2. Cells

HEK293T wild-type (DSMZ GmbH, Braunschweig, Germany) and HEK293T ADAM 10/17−/−
cells (kindly provided by Dr. Björn Rabe [41] ) were maintained in Dulbecco’s modified eagle medium
(DMEM; GibcoTM, Waltham, Massachusetts, USA) with GlutaMAXTM supplemented with 10% (v/v)
FCS, 100 units/L penicillin, 100 μg/mL streptomycin, and 50 μg/mL Gentamycin.

Ba/F3-gp130 cells [42], which have been stably transfected with gp130 cDNA and therefore
respond to the IL-6/sIL-6R or IL-11/sIL-11R complexes [43], were maintained in Dulbecco’s modified
eagle medium (DMEM; GibcoTM) with GlutaMAXTM supplemented with 10% (v/v) FCS, 100 units/L
penicillin, 100 μg/mL streptomycin, 50 μg/mL Gentamycin, and 10 ng/mL Hyper-IL-6. All cells were
kept under humidified conditions (5% CO2) at 37 ◦C.

4.3. Plasmids

• pcDNA 3.1
• murine ADAM9 in pcDNA 3.1
• human ADAM10 flag-tagged in pcDNA4/TO
• human ADAM17 DDK in pCMV6: purchased on Origene
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• human meprin α in pSG5
• human meprin β in pSG5
• human IL-11R N:myc, C:HA in pcDNA3.1
• human IL-11R in pcDNA 3.1 lacking H353-S362
• human MT1-MMP flag-tagged in pcDNA4/TO
• human IL-6R in pcDNA 3.1
• Sequences were confirmed by Sanger-sequencing.

4.4. Shedding Assay

A total of 2.5–3 × 106 cells per dish were transiently transfected with an N-terminally myc
and C-terminally HA-tagged variant of the IL-11R or different proteases and the IL-11R. pcDNA
3.1 alone was used as mock-control. In the same experimental setting, a N-terminally myc-tagged
IL-11R variant lacking amino acids H353-S362 was cotransfected with the proteases. Polyethylenimine
(PEI, Polysciences Europe GmbH) was used as transfection-reagent. For cell transfections, plasmids
and PEI were mixed in a ratio of 1:3 in serum-free medium. After 30 min of incubation at room
temperature, the transfection-mixture was added to the cell culture in a total volume of 5 mL. After
incubation for 5 h, an additional 5 mL of medium was added and incubation was continued overnight.
Cell culture medium was replaced with serum-free medium for additional 24 h. For the detection
of soluble receptors, the supernatant was collected and cleared by centrifugation (500× g, 10 min,
room temperature). Additionally, the cell culture supernatant was ultracentrifuged at 186,000× g for
2 h at 4 ◦C. Cell culture supernatants were normalized to the amount of protein of the respective
cell lysates and analyzed by immunoblotting. For concentration of proteins, respective cell culture
supernatants were precipitated with trichloroacetic acid (TCA 10% (w/v)) following incubation on ice
for 60 min. Afterwards proteins were pelleted (15,000× g, 15 min, 4 ◦C), washed with ice cold acetone,
and dissolved in sample-buffer.

4.5. ADAM10/17 Stimulation

HEK293T wild-type and HEK293T ADAM10/17−/− cells were transfected (as described above)
with the IL-11R. Afterwards, cells were washed twice with sterile PBS and cell culture medium was
replaced with serum-free medium. Cells were then stimulated by adding PMA (100 nM) for 2 h or
ionomycin (1 μM) for 1 h. Dimethyl sulfoxide (DMSO) served as control. Cells were harvested and
lysed (as described below) and cell culture supernatants were analyzed (as described previously) [7].

4.6. Phosphorylation Assay

Ba/F3-gp130 cells were washed four times with sterile PBS and incubated in serum-free medium
for 2 h. A total of 106 cells per vial were suspended in 300 μL conditioned medium (shedding assay)
and either 150 ng recombinant IL-11 or 150 ng Hyper-IL-6 [7,13] was added. Cells were incubated at
37 ◦C, shaking at 500 rpm, for 15 min before centrifugation at 500× g for 3 min at room temperature.
The supernatant was discarded, and the cell-pellet was boiled in sample-buffer. SDS-PAGE and
immunoblot analysis were performed to analyze protein expression and protein phosphorylation.

4.7. Cell Lysis, SDS-PAGE, and Immunoblot Analysis

Transfected cells were harvested in ice-cold PBS and centrifuged at 1000× g for 10 min at 4 ◦C.
Cell pellets were washed three times with PBS prior to resuspension in lysis buffer (cOmplete TM

protease inhibitor cocktail, 1% (v/v) Triton-X 100, PBS, pH 7.4) before incubation on ice for 45 min.
Afterwards, the cell-suspension was centrifuged at 15,000× g at 4 ◦C for 15 min and the protein amount
was determined using a BCA protein assay kit (Thermo Fisher Scientific Inc.). Cell culture supernatants
were normalized to the protein content of the respective cell lysates to ensure a comparable analysis.
Protein samples were boiled in sample buffer containing DTT. After separation by SDS-PAGE proteins
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were transferred on nitrocellulose membranes by blotting, which were then saturated with 5% dry
milk or 3% BSA for 1 h at room temperature. The membranes were then incubated with primary
antibody at 4 ◦C overnight. After washing in TBS, membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (Thermo Fisher Scientific Inc.) in 5% dry milk or TBS
for 1 h at room temperature. Chemiluminescence was detected using the Super SignalTM West Femto
kit (Thermo Fisher Scientific Inc.) with the LAS-3000 Imaging System (FUJIFILM Europe GmbH).
The following antibodies were used for detection: anti-meprin α/meprin β (polyclonal Abs, generated
against ectodomains; Pineda); anti-Myc (# 2276, Cell Signaling Technology, Inc., Cambridge, UK);
anti-Flag (F1804, clone M2, Sigma-Aldrich); anti-ADAM9 (polyclonal Ab, kindly provided by Carl
Blobel); anti-Actin (#097M4883V, Sigma-Aldrich Inc.); anti-IL-6R (4-11 monoclonal, generated against
the D1-domain); and anti-pSTAT3 (#9131 (Tyr705), Cell signaling Technology, Inc.); anti-STAT3 (#9139
(124H6), Cell signaling Technology, Inc.).
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