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Abbreviations: Cat, catalytic domain; Cn, Ci, constant domains of antibody heavy and light
chains, respectively; CysR, Cys-Rich domain; Fc, crystallisable fragment; Hpx, hemopexin-
like domain; 1gG, immunoglobulin G; mAb, monoclonal antibody; MMP, matrix
metalloproteinases; MT-MMP, membrane-type MMP; OA, osteoarthritis; RA, rheumatoid
arthritis; scFv, single chain variable fragment; Sp, spacer domain; TIMP, tissue inhibitor of
metalloproteinase; TNF, tumour necrosis factor; TS, thrombospondin-like motif; TTP,
thrombotic thrombocytopenic purpura; UC, ulcerative colitis; Vn, variable region of the heavy
chain; V., variable region of the light chain; VWF, von Willebrand Factor.

Abstract: The metzincin clan of metalloproteinases includes the MMP, ADAM and ADAMTS
families, which cleave extracellular targets in a wide range of (patho)physiological processes.
Antibodies constitute a powerful tool to modulate the activity of these enzymes for both
therapeutic and research purposes. In this review, we give an overview of monoclonal
antibodies (mAbs) that have been tested in preclinical disease models, human trials and
important studies of metzincin structure and function. Initial attempts to develop therapeutic
small molecule inhibitors against MMPs were hampered by structural similarities between
metzincin active sites and, consequently, off-target effects. Therefore, more recently, mAbs
have been developed that do not bind to the active site but bind to surface-exposed loops that
are poorly conserved in closely related family members. Inhibition of protease activity by these
mADbs occurs through a variety of mechanisms, including 1) barring access to the active site 2)
disruption of exosite binding and 3) prevention of protease activation. These different modes
of inhibition are discussed in the context of the antibodies’ potency, selectivity and,
importantly, the effects in models of disease and clinical trials. In addition, various innovative
strategies that were used to generate anti-metzincin mAbs are discussed.
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1. Introduction

Monoclonal antibodies (mAbs) are widely used as drugs and in research. The isotype used is
usually immunoglobulin G (1gG). IgGs are tetramers of ~150 kDa, which comprise a pair of
identical heavy and light chains linked by disulfide bonds (Fig 1). 1gGs are divalent, i.e they
contain two antigen binding sites, each composed by the variable regions of the heavy and light
chains (Vn and Vi, respectively). Increasingly, smaller antibody fragments that retain the
antigen binding site are used. scFv (single chain variable Fragment) comprises the variable
regions of the VVyand V. of an 1IgG molecule connected with a short glycine-rich linker. This
fusion protein retains the specificity of IgG and constitutes a minimal antigen binding site. Fabs
(antigen-binding Fragments) are composed of one constant and one variable domain from the
heavy and light chains connected by a disulfide bond. scFv can also be expressed as fusion
proteins together with the Fc (crystallizable Fragment) region of the IgG molecule, which
comprises the constant domains (Cn) of the heavy chains. The resulting molecule (scFv-Fc),
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retains both the antigen binding site, provided by the scFv, and the immune effector functions,
provided by the Fc region. The Fc region is recognized by Fc receptors on various immune
cells and mediates cytotoxic functions and clearance of immune complexes of mAbs bound to
their extracellular target. The combination of high potency and high selectivity for their target
has not only made mAbs an important new class of therapeutics, but also an invaluable tool in
studies of protein function, including that of the metalloproteinase clan called metzincins.
Metzincins are metallopeptidases that share a highly similar catalytic site. This contains three
histidines that coordinate a zinc ion and a glutamate, which together with a bound water
molecule drive the hydrolysis of the substrate peptide bond. The structure of their catalytic site
is further formed by the consensus sequence HEXXHXXG/NXXH/D. This motif is followed
C-terminally by a conserved methionine residue which constitutes a tight turn (named “Met-
turn”) and contributes to the structural integrity of the catalytic domain (Bode et al., 1993;
Tallant et al., 2010). The best known metzincin families are the matrix metalloproteinases
(MMPs) and the adamalysins, which are sometimes called reprolysins and include ADAM and
ADAMTS subfamilies. Other metzincin clan members are the astacins, serralysins,
snapalysins, leishmanolysins, pappalysins, archaemetzincins and fragilysins (Gomis-Riith et
al., 2012). In this review we give an overview of promising mAbs that have been used in human
trials, preclinical models and important studies of the structure and function of metzincins.

2. MMPs
Matrix metalloproteinases (MMPs or matrixins) play key roles in remodelling and turnover of
extracellular matrix and are involved in embryonic development, wound healing, angiogenesis,
arthritis, cardiovascular diseases, and cancer (Murphy and Nagase, 2008). They also cleave
intracellular substrates (Cauwe and Opdenakker, 2010; Ali et al., 2010; Jobin et al., 2017) and
act as transcriptional activators (Marchant et al., 2014).
The MMP family comprises 23 members, which are generally classified as collagenases
(MMP-1, -8, and -13), gelatinases (MMP-2 and -9), stromelysins (MMP-3, -10), matrilysins
(MMP-7 -11, and -26) and membrane-type (MT)-MMPs (MMP-14, -15, -16, -17, -24 and -25).
They consist of a prodomain which maintains the zymogen form, a zinc and calcium-dependent
catalytic domain (Cat), a linker peptide (hinge region), and a hemopexin-like (Hpx) domain
(Fig 2). Remarkably, the Cat domain of MMP-2 and -9 have fibronectin Il-like repeats inserted
into a central loop region of the Cat domain, while maintaining the same general fold of the
metzincin Cat-domain.
Small molecule inhibitors have been developed that target the catalytic zinc ion of MMPs, but
their selectivity was generally poor, which can be explained by the similarity of the active sites
of MMPs and metzincins in general (Coussens et al., 2002). MADbs, however, have the
advantage that they can be developed to bind variable regions outside the catalytic site, while
maintaining inhibitory potential by blocking access to the active site or exosites (Table 1).

2.1. Gelatinases (MMP-2 and -9)
The gelatinase subfamily consists of MMP-2 and MMP-9. MMP-9 cleaves collagen 1V and
laminin in the basement membrane, which is thought to affect tumour cell invasion and
metastasis (Overall and Kleifeld, 2006). Matrix remodelling by gelatinases also appears to
promote the growth of tumour cells, probably by facilitating vascularization (Hu et al., 2007).
MMP-9 has also been implicated in inflammation-related tissue damage. In this context, it has
been studied in inflammatory bowel disease, cystic fibrosis, rheumatoid arthritis (RA), and
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bullous pemphigoid (Hu et al., 2007; Gaggar et al., 2007; Fanjul-Fernandez et al., 2010; de
Bruynetal., 2016). MMP-9 is, therefore, considered a drug target in several of these conditions.
One of the first inhibitory mAbs that was developed against MMPs in the early 1990’s, (REGA-
3G12), binds the Cat domain of MMP-9 (Paemen et al., 1995; Martens et al., 2007). It proved
very useful a few years later when it was used to elucidate a physiological role of MMP-9 in
haematopoiesis (Pruijt et al., 1999). Later on, it also provided important evidence that
suggested a potential benefit of targeting MMP-9 in bullous pemphigoid (Shimanovich et al.,
2004). Interestingly, another early anti-MMP-9 mAb (HoOyhtya et al., 1990) increased
proteolysis of type IV collagen instead of inhibiting it, but unfortunately the mechanism was
not elucidated.

More recently, Sela-Passwell et al. (2011) immunized mice with a synthetic molecule (a Tris-
imidazole-zinc complex) that mimics the structure of the zinc-histidine complex present in the
active site of metzincins. They then isolated two mAbs (SDS3 and SDS4) that specifically
inhibit MMP-2 and MMP-9, but showed no or minimal inhibition of other MMPs and did not
bind to free zinc-ions. However, this strategy does not allow prediction of the metzincin target
before immunization and the risk of cross reactivity with other metalloproteinases is high. The
crystal structure of the SDS3 Fab-MMP-9 Cat domain complex confirmed that the antibody
directly bound to the active site zinc through the hydroxyl group of a tyrosine residue in its
antigen binding site. Administration of either SDS3 or SDS4 in mouse models of ulcerative
colitis (UC) attenuated the severity of the disease, suggesting that targeting of MMP-2 and
MMP-9 may be a viable therapeutic option in UC.

An anti-MMP-9 mAb developed by Gilead Sciences (GS-5745) recognizes with much higher
affinity the proform rather than the active enzyme and inhibits MMP-9 activation. In addition,
it inhibits MMP-9 catalytic activity directly by ~50%, probably because it sterically hinders
access to the active site (Appleby, et al., 2017). It was efficacious in preclinical models of UC
and cancer (Marshall et al., 2015) and a phase | randomized clinical trial showed it did not
induce musculoskeletal syndrome (Sandborn et al., 2016), a side-effect frequently associated
with broad spectrum small molecule MMP inhibitors (Coussens et al., 2002). GS-5745 is
currently being tested in several clinical trials under the commercial name of Andecaliximab ,
including a phase 3 trial in patients with gastric cancer (ClinicalTrials gov Identifier
NCT02545504) and phase Il trials in patients with Crohn’s disease (NCT02405442, now
completed), RA (NCT02862574) and cystic fibrosis (NCT02759562). A combined phase 2/3
trial in patients with UC (NCT02520284) was stopped due to lack of efficacy.

2.2. MMP-14

MMP-14 (MT1-MMP) can digest several extracellular matrix proteins (collagens, fibronectin,
and laminin) but one of its important roles is the initiation of proteolytic cascades through the
activation of other proMMPs such as proMMP-2 (Ohuchi et al., 1997, Sato et al., 1994). The
initial activation of proMMP-2 requires the formation of a complex between proMMP-2,
Tissue Inhibitor of Metalloproteinase-2 (TIMP-2), and an MMP-14 homo-dimer. TIMP-2
inhibits one of the MMP-14 molecules in the homodimer through its N-terminal domain
whereas its C-terminal domain binds to the Hpx domain in proMMP-2. This allows activation
of proMMP-2 by the uninhibited MMP-14 molecule in the homodimer and subsequent further
autocatalytic processing to the fully active form (Itoh, 2015).
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Inhibition of MMP-14 has attracted considerable interest due to its involvement in several
pathophysiological processes, including cancer cell invasion, metastasis, angiogenesis (Itoh,
2015), RA (Miller et al., 2009) and lung infection (Talmi-Frank et al., 2016). The first mAb
selectively targeting MMP-14 was DX-2400, developed by Dyax Corp (Devy et al., 2009). It
was selected from a human Fab phage display library against the Cat domain of MMP-14 and
directly competes with a synthetic peptide substrate. It was shown to be effective in in vitro
and in vivo models of angiogenesis, tumour growth and metastasis (Devy et al., 2009; Ager et
al., 2015). Moreover, it significantly reduced cartilage degradation and disease progression in
a mouse model of RA, where it exerted its effect mainly by reducing the spread of the disease
to unaffected joints, with minimal effect on swelling and bone erosion (Kaneko et al., 2016).
This study showed the importance of MMP-14 in cartilage degradation and migration of
rheumatoid synovial fibroblasts to unaffected joints. Importantly, the combined inhibition of
MMP-14 and tumour necrosis factor (TNF) synergistically inhibited both joint damage and
synovial inflammation (Kaneko et al., 2016).

Raising conventional antibodies that bind the active site of metzincins is complicated by the
fact that the active site is often buried in a cleft that is poorly accessible by the antibodies due
to the overall shape of their antigen binding surface (cave-like, grooved or flat) (Lauwereys et
al., 1998). To address this, Nam et al (2016) introduced the longer camelid complementarity
determining region (CDR)-H3 into the human antibody scaffold. The idea is that the long,
convex-shaped, camelid-like paratopes are better able to insert into the active site cleft than
conventional antibodies. A human Fab library was then made to isolate inhibitory mAbs
against the MMP-14 catalytic domain. One of the isolated mAbs (Fab 3A2) targets the S1’
pocket of MMP-14 near the active site zinc and prevents proteolysis of a synthetic peptide
substrate.

Targeting the active site, however, has other drawbacks. The active sites of all metzincins are
structurally similar, as they all depend on the 3 histidines, the catalytic glutamic acid residue
and a zinc ion. Consequently, mAbs that bind to the active site may suffer from poor selectivity.
A solution to this is to target a region outside the active site cleft which is poorly conserved in
close family members. For example, Botkjaer et al. (2016) isolated mAbs that bound to the
MMP-14 Cat domain outside the active site cleft. Therefore, they did not inhibit cleavage of a
small peptide substrate but still blocked pro-MMP-2 activation, collagen-film degradation and
gelatin-film degradation, probably due to steric hindrance. The affinity-matured antibodies
were able to inhibit collagen invasion by tumour-cells in vitro. They also reduced breast tumour
growth and metastasis in a mouse xenograft model (MDA-MB-231).

In the MT-MMPs, a promising strategy is the targeting of the so called “MT-loop” in the Cat
domain (***PYAYIREG!" in MMP-14) (Fig 3), which lies distant from the active site but
contains an exosite that is essential for TIMP-2 binding and, consequently, MMP-2 activation
(Fernandez-Catalan et al., 1998; English et al., 2001). It also binds to integrin-rich cell adhesion
complexes, an interaction necessary for locating MMP-14 to the leading edges of invading cells
(Woskowicz et al. 2013). As expected, an antibody against the MT-loop (EP1264Y) did not
prevent proteolysis of a short peptide substrate, gelatin or collagen but reduced cellular
invasion (Woskowicz et al. 2013). The MT-loop is also recognised by another mAb, 9ES8,
which prevents TIMP-2 binding and MMP-2 activation (Ingvarsen et al., 2008). These mAbs
show that targeting the MT-loop can be effective and because the MT-loop is also present in
MMP-15, -16 and -24, but differs both in length and sequence, a similar approach can be
applied to other MT-MMPs.



Besides the MT-loop, other loops are amenable to selective targeting by mAbs. For example,
the V-B loop (residues 218-233 in MMP-14; Fig 3), is highly divergent among MMPs. A
mADb was generated against the V-B loop in MMP-14 by immunization with a cyclic peptide
containing the loop sequence (Udi et al., 2015). This mAb (LEM-2/15) exerts its inhibitory
effect by inducing a conformational change in MMP-14, which results in a narrower
substrate-binding cleft and, consequently, inhibits proteolysis of small synthetic peptides,
gelatin and collagen type I. It has, however, only a moderate effect on MMP-2 activation
(Galvez et al., 2001). It also inhibited endothelial cell invasion of collagen and fibrin gels and
capillary tube formation in a Matrigel based assay, which highlights the important role of
MMP-14 in angiogenesis (Galvez et al., 2001). Interestingly, LEM-2/15 was also tested in
influenza/S. pneumonia coinfection models where it showed a synergistic effect with the
antiviral drug Tamiflu both in a therapeutic and preventive mode (Talmi-Frank et al., 2016).
In addition to exosites in the Cat domain, metzincins often depend on exosites in ancillary
domains to bind their substrates or co-factors. Several research labs have therefore targeted
ancillary domains to generate function-specific inhibitory mAbs. The Hpx domain of MMP-
14, for example, is important in unwinding the collagen triple helix for collagenolysis (Tam et
al., 2002), as well as proMMP-2 activation (Itoh et al., 2001; Lehti et al., 2002) and CD44
shedding (Suenaga et al., 2005). The different functions of MMP-14 rely on distinct exosites,
which can be targeted individually. For example, two scFv antibody fragments (hamed CHL
and CHA), isolated against the Hpx domain of MMP-14, interfere specifically with the
collagen-binding activity without affecting proMMP-2 activation (Basu et al., 2012). The
interference with collagen binding translated into a strong attenuation of cellular invasion in
vitro (Basu et al., 2012).

Interestingly, screening of inhibitory mAbs sometimes identifies antibodies that enhance,
rather than inhibit the function of the target protease. Different mechanisms have been
described that explain the “activation”. One example is a mAb against the Hpx domain of
MMP-14 that enhances activation of MMP-2, without affecting collagenolytic activity
(Ingvarsen et al., 2008). In this case, the divalent (IgG) antibody supported MMP-14
dimerization/ clustering on the cell surface. A derived Fab (monovalent) was therefore unable
to replicate the increase in MMP-2 activation.

3. ADAMs

The ADAM (A Disintegrin and Metalloproteinase) family comprises 22 human proteins, 13 of
which retain a functional Cat domain (Murphy, 2008). They are membrane-associated
metzincins consisting of a prodomain, a Cat domain, a disintegrin-like (Dis) domain, a
cysteine-rich (CysR) domain, an EGF (epidermal growth factor)-like domain (except ADAM-
10 and ADAM-17), a transmembrane domain and a cytoplasmic tail (Figure 2). ADAMs are
involved in ectodomain shedding of cell surface proteins and play a pivotal role in the
extracellular regulation of cellular signalling.

3.1. ADAM-17
The best characterized ADAM family member is ADAM-17 , which is also known as TNF-a
converting enzyme (TACE). It is involved in inflammation and cancer through its ability to
cleave a variety of substrates such as TNF-a, EGF receptor (EGFR) ligands, and Notchl
(Murphy, 2008). The first mAb against ADAM-17, D1(A12), was developed using an
ingenious two-step phage display strategy to circumvent cross reactivity with structurally
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similar MMPs (Tape et al., 2011). The first step was to isolate a VH chain that binds the Cat
domain and then in the second step a V. chain was selected for binding to the ancillary
Dis/CysR region. The idea is that binding to the Cat domain blocks access of substrates to the
active site whereas binding to the Dis/CysR region provides specificity. The resulting “cross-
domain” human antibody is a potent inhibitor of ADAM-17 and does not inhibit its closest
family member, ADAM-10 (Tape et al., 2011). Administration of D1(A12) in an animal model
of ovarian cancer significantly inhibited tumour growth (Richards et al., 2012). It was also
shown to reduce the in vitro proliferation of human breast tumours and squamous cell
carcinoma of the head and neck (Huang et al., 2014; Caiazza et al., 2015). Unfortunately,
D1(A12) is specific for human ADAM-17 which limited its preclinical applications to
xenograft models. A second generation mAb, A9(B8), was therefore designed to cross react
with mouse ADAM-17 (Kwok et al., 2014). This antibody suppressed the development of
pancreatic cancer in mice overexpressing oncogenic Kras, by inhibiting both TNF-a and
amphiregulin shedding (Ye et al., 2017). Another anti-ADAM17 antibody was developed by
MedImmune, LLC. This mAb (MED13622) binds to the Cat domain only and acquires its
specificity from binding to the highly variable loop between BIV and BV of the five-stranded
B-sheet (Rios-Doria et al., 2015, Peng et al., 2016). It effectively inhibited cancer cell growth
in the OE21 esophageal xenograft model, showing an additive effect with cetuximab (anti-
EGFR). MED13622 was also used to ascertain that ADAM-17 can drive tumour proliferation
through both EGFR-dependent and independent mechanisms. Moreover, proteomic studies
that used this antibody to block shedding by ADAM-17 identified new ADAM-17 substrates
(Rios-Doria et al., 2015).

3.2. Other ADAMs
ADAM-8 appears predominantly expressed on the surface of various immune cells, where it
may act as a sheddase of cell-adhesion molecules (Gémez-Gaviro et al, 2007). Although the
development of inhibitory mAbs against ADAM-8 has not been reported, one commercially
available anti-ADAM-8 mAb (Mab1031) was tested for its effect on adhesion/migration of
breast cancer cell lines and growth of xenograft breast tumours (Romagnoli et al., 2014).
However, the ability of this mADb to inhibit proteolysis by ADAM-8 is not known.
ADAM-10 was targeted to study its proteolysis of Ephrins, which are membrane-bound
ligands for tyrosine kinases of the erbB and Eph families. An anti-ADAM10 mAb (8C7) was
generated against a distal substrate binding pocket in the CysR domain of ADAM-10
(Atapattu et al., 2012). It was shown to inhibit internalization of (cleaved) ephrin-A5 and
Eph/ephrin-mediated cell function.

4. ADAMTS

The ADAMTS (A Disintegrin And Metalloproteinase with Thrombospondin Motifs) family
comprises 19 secreted metalloproteinases in humans (Dubail and Apte, 2015). ADAMTSs
share a common domain composition consisting of a signal peptide, a prodomain, a
metalloproteinase Cat domain, followed by the non-catalytic ancillary domains; a disintegrin-
like (Dis) domain, a thrombospondin-type | motif (TS) domain, a CysR domain, a spacer (Sp)
domain, and a variable number of TS domains in the C-terminus (with the exception of
ADAMTS-4). Some of the ADAMTSs have further C-terminal domains (Figure 2).
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4.1 ADAMTS-4 and -5

ADAMTS-1, -4, and -5 cleave proteoglycans such as aggrecan and versican, which play a
structural role in many tissues. Aggrecan is a major component of articular cartilage where it
provides the ability to resist compressive loads. This function is achieved by creating high
osmolarity through hydration of the negatively-charged glycosaminoglycans attached to its
protein core. Degradation of aggrecan is a clinical hallmark of degenerative joint disorders such
as osteoarthritis (OA) and RA. Genetic knockout of ADAMTS-5 is sufficient to protect mice
from cartilage destruction in OA or inflammatory arthritis models (Glasson et al., 2005; Stanton
et al., 2005) and ADAMTS-5 is the most potent aggrecanase in vitro (Gendron et al., 2007).
However, siRNA-mediated knock down of both ADAMTS-4 and ADAMTS-5 in human
cartilage explants suggested that both enzymes are involved in aggrecan degradation (Song et
al., 2007) and both have attracted considerable interest as a therapeutic target in arthritis.
Phage display has been used to obtain mAbs targeting exosites on ADAMTS-5 (Santamaria et
al., 2015). Competition experiments with the endogenous inhibitor of aggrecanases, TIMP-3,
and a small molecule zinc-chelating inhibitor (GM6001/1lomastat) showed that all the isolated
inhibitory mADbs recognized epitopes outside the active site cleft. One of these (2D3) targets
the Cat/Dis domain and strongly inhibited aggrecanase activity both in unstimulated human
chondrocyte cultures from healthy donors (Santamaria et al., 2015) and in OA cartilage
explants (Yamamoto et al., 2017).

Interestingly, a mAb (1B7) that binds to the ADAMTS-5 Cat/Dis region did not inhibit its
aggrecanolytic activity but blocked the endocytosis of ADAMTS-5 by LRP-1(low-density
lipoprotein receptor-related protein-1). This caused human chondrocytes to accumulate
ADAMTS-5, which increased the degradation of exogenously-added aggrecan (Santamaria et
al., 2017).

The Sp domain of ADAMTS-5 is known to be important for aggrecan cleavage (Gendron et
al., 2007), and this was confirmed by the inhibitory effect on aggrecan cleavage shown by a
mAb (2B9) that specifically binds to the Sp domain (Santamaria et al., 2015). An anti-
ADAMTS-5 mAb developed by Rottapharm (CRB0017), which was raised against a Sp-
domain sequence, was also effective in a mouse model of OA when administered
therapeutically (intra-articular route) (Chiusaroli et al., 2013).

Another mAb, 237-53, recognizes a common epitope in the TS-1 domain of both ADAMTS-4
and -5 and inhibited proteolysis of aggrecan in conditioned media of chondrocyte explants
(Shiraishi et al., 2015). GlaxoSmithKline (GSK) has also raised several mAbs in mice against
these two aggrecanases and tested their efficacy in preclinical models (Larkin et al., 2015). The
two humanized anti-ADAMTS-5 mAbs, GSK2394002 and GSK2394000, recognized an
epitope spanning the Cat and Dis domains, whereas of the two anti-ADAMTS-4 mAbs one
bound to both the Cat and Dis domain and the other one to an epitope spanning the CysR and
Sp domains. These mAbs have been extensively studied in the context of cartilage degradation
using human OA explants (Larkin et al., 2015). The anti-ADAMTS-5 mAbs effectively
inhibited aggrecan cleavage in unstimulated cultures, whereas the anti-ADAMTS-4 mAbs had
a modest effect. However, both anti-ADAMTS-4 and -5 mAbs were effective in cytokine-
stimulated cultures (Larkin et al., 2015). These data complement previous findings showing
that ADAMTS-4 expression is induced under inflammatory conditions, whereas that of
ADAMTS-5 is constitutive (Bau et al., 2002; Song et al., 2007; Shiraishi et al., 2015).
Prophylactic, systemic treatment with anti-ADAMTS-5 mAbs imparted protection from
cartilage degradation in a mouse OA model, thus phenocopying genetic deletion of Adamts-5
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(Miller et al., 2016). One mAb (GSK2394002) also decreased aggrecan degradation in
cynomolgus monkeys that were pre-screened for elevated circulating levels of aggrecan
fragments (Larkin et al., 2015). However, this later study also highlighted potential challenges
posed by ADAMTS-5 inhibition. An observation of subendocardial haemorrhage prompted
monitoring of cardiovascular function, which showed a sustained increase in mean arterial
pressure upon >3 mg/kg dosing and ST segment elevation in electrocardiograms upon dosing
of >30 mg/kg (Larkin et al, 2014). These cardiovascular side effects of ADAMTS-5 inhibition
may be mediated by modulation of the important physiological role of ADAMTS-5 as a
versicanase in the cardiovascular system (Dupuis et al., 2011).

4.2 ADAMTS-13: lessons from autoantibodies.

ADAMTS-13 is a component of blood where it proteolyses ultra long (UL) Von Willebrand
factor (VWF) multimers that are released into the circulation by endothelial cells. In patients
with the autoimmune form of Thrombotic Thrombocytopenic Purpura (TTP), autoantibodies
against ADAMTS-13 lower ADAMTS-13 levels and activity, which causes UL VWF
multimers to remain in the circulation. UL VWEF tend to spontaneously aggregate platelets,
leading to thrombi that occlude small vessels.

Although ADAMTS-13 inhibition in vivo is detrimental, we include ADAMTS-13 in this
review because extensive characterisations of antibodies against ADAMTS-13 have been
instrumental in the understanding of ADAMTS-13 structure/function and its role in disease.
Importantly, these findings may be instructive in the development of inhibitory antibodies
against other metzincins, other ADAMTS family members in particular.

Extensive epitope mapping of patient autoantibodies has revealed that the CysR/Sp region of
ADAMTS-13 is almost always targeted, whereas other domains are antigenic targets in some
patients but not in others (Luken et al., 2005; Klaus et al., 2004; Zheng et al., 2010).
Importantly, many patients had no antibodies against the Cat domain, highlighting the potency
of antibodies against the ancillary domains. Despite these epitopes being very remote from the
active site, the antibodies inhibit ADAMTS-13 activity directly by preventing ADAMTS-13
exosites in its ancillary domains to bind VWF (Thomas et al., 2015, de Groot et al., 2009; 2015;
Pos et al., 2010). However, it is important to note that this interference with substrate binding
is accompanied by autoantibody-mediated clearance of ADAMTS-13, which greatly reduces
the ADAMTS-13 concentration in plasma of TTP patients (Thomas et al., 2015). The precise
mechanism by which ADAMTS-13 antigen/antibody immune complexes are cleared is
unknown but may involve Fc receptors on circulating macrophages or Kupffer cells.

A common epitope for autoantibodies in the Sp domain was shown to consist of two arginines,
two tyrosines and a phenylalanine provided by neighbouring loop regions (Pos et al, 2011).
Interestingly, these residues also appear to form an important exosite that binds VWF (Pos et
al, 2010). Nature, therefore, seems to have provided us with a good illustration of inhibitory
antibodies that target a distant exosite in an ancillary domain. The amino acids that make up
the exosite/epitope are, as expected, poorly conserved in other ADAMTS family members,
conferring specificity to both ADAMTS-13 and the autoantibodies. Consequently, for those
ADAMTS family members that are drug targets, these loops in the Sp domain may be a good
part of the molecule to target.

Paradoxically, one TTP patient has been described whose high-titre autoantibodies activated
recombinant ADAMTS-13 3-fold when assayed with a VWF fragment (Muia et al., 2014).
Although the development of TTP in this patient can be explained by clearance of ADAMTS-


http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=739#1685

13, the activating effect of the autoantibodies remained intriguing. Various mAbs have since
been reported that enhance ADAMTS-13 activity. Out of the 31 anti-ADAMTS-13 mAbs that
were screened, 11 showed a modest increase (<2-fold) in VWF proteolysis, with some of them
showing an additive effect when used in combination (<4 fold) (Muia et al., 2014; Deforche et
al., 2015). The activating mAbs bind to epitopes on the C-terminal domains of ADAMTS-13
(TSP5-CUB, Fig 2). In vitro, these C-terminal domains appear to shield an exosite, which is
exposed when mAbs (or VWF C-terminal domains) bind and alter the ADAMTS-13
conformation (Muia et al., 2014).

5. Other metzincins

Pappalysin-1, also known as Pregnancy-associated plasma protein-A (PAPP-A) cleaves both
insulin-like growth factor-binding protein 4 (IGFBP-4) and -5, thus regulating Insulin Growth
Factor bioavailability. It consists of a laminin G-like module, Cat domain, five complement
control protein (CCP) modules, and three Lin12-Notch repeats (LNR) of which two are inserted
into the Cat domain and a third C-terminal to the CCP modules (Fig2). Interestingly, a scFv
against the C-terminal LNR domain of PAPP-A inhibited proteolysis of IGFBP-4 much better
than that of IGFBP-5 (Mikkelsen et al., 2008). This highlights the potential of mAbs against
exosites in the ancillary domains to differentially inhibit cleavage of a particular substrate. A
mAb with a similar epitope (mAb-PA) also inhibited tumour growth in lung and ovarian
tumour xenografts (Mikkelsen et al., 2014; Becker et al., 2015).

Recently, mAbs against Decysin-1 (ADAMDECL1), an ADAM-like metzincin with unknown
function, have been reported (Lund et al., 2017). ADAMDEC-1 consists only of a Cat domain
followed by a short Dis domain (Mueller et al., 1997). Unusually, its catalytic zinc ion is
coordinated by two histidines and an aspartic acid residue, rather than three histidine residues
(Mueller et al., 1997). It was shown that mAbs targeting the Dis domain can have either an
inhibitory or stimulating effect on caseinolytic activity (Lund et al., 2017), suggesting that even
very short metzincins such as ADAMDECL1 are amenable to mAb-mediated “activation”.

6. Conclusions and future directions
MADs have an instrumental role in dissecting the functions of metzincins in biological systems
and have great potential as therapeutic inhibitors in several diseases. As therapeutic inhibitors,
mADbs have advantages and disadvantages compared to small molecule inhibitors. The major
advantage of mADs is their very high degree of selectivity, which has proven very difficult to
achieve with small molecule inhibitors of metzincins. Other advantages are that metabolic
drug-drug interactions are rare and toxicity is generally low. Compared to small molecule
inhibitors, most mAbs will also cover a larger surface contact area, which makes them more
suited to disrupt high affinity interactions between metzincins and their substrates/cofactors
through direct competition or steric hindrance.
A major drawback of therapeutic mAbs in general is that they need to be injected, either
subcutaneously or intravenously. Moreover, their usage is restricted to extracellular targets.
Although metzincins operate mostly extracellularly, it was recently discovered that several
MMPs are active intracellularly (Ali et al., 2010; Jobin et al., 2017). The inability of mAbs to
reach the cytoplasm could potentially explain a lack of efficacy of mAbs in some in vivo
studies. Specific targeting of intracellular activities of MMPs could potentially be achieved



using transfection with antibody constructs that are modified for intracellular localisation
(“intrabodies™) (Stocks, 2005; Marschall et al. 2015).

An important consideration for future mAb development is that various metzincins use exosites
(in Cat and ancillary domains) to bind co-factors and substrates, which can therefore be targeted
to inhibit the enzyme. Several examples of this have been given in this review (e.g. MMP-14,
ADAM-17, and ADAMTS-5). Autoantibodies against ADAMTS-13 also highlight the
inhibitory potential of antibodies against ancillary domains through both disruption of substrate
binding and clearance of immune complexes. For those future metzincin targets that have
multiple physiological substrates, substrate-specific inhibition may be achieved by mabs
against exosites that mediate susbtrate specificity. Examples of such mAbs have already been
described (e.g. Mikkelsen et al., 2008). Here lies also an important task for metzincin research,
i.e. to identify the exosite(s) that dictate substrate specificity.

So far, the development of mADbs has been limited to few metzincin targets (Table 1) and Gilead
Science’s anti-MMP-9 mADb, GS-5745 appears currently the only anti-metzincin mAb tested
in clinical trials. As research progresses and more becomes known about the roles that
metzincins play in various diseases, this will change. There are already several metzincins with
known roles in disease, which may be future targets (Overall and Kleifeld, 2006; Yang et al.,
2017). A prominent example is ADAMTS-7, which is emerging as a potential target in
cardiovascular disease (Arroyo and Andres, 2015).

In summary, there is a lot of potential for the development of highly specific mAb inhibitors
against MMPs, ADAMTSs and ADAMSs. The increasing use of therapeutic mAbs in general
suggests that the expansion of this field will ultimately lead to anti-metzincin mAbs able to
modify detrimental roles in disease.

Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS
Guide to PHARMACOLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017).
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Figure 1: Schematic illustration of 1gG and IgG fragments. IgGs are bivalent and consist
of two heavy and two light chains, made of variable (Vn and VL) and constant (Cx and C.)
regions. The heavy chain constant region is divided into Cnxl, Ch2 and Cn3. The antigen
binding site is composed of six hypervariable complementarity determining regions (CDRS),
three in the variable region of the heavy (Vw) and light (VL) chains. The “fragment
crystallisable” (Fc) region is composed of the Cn2 and Cn3 constant regions of the antibody
and mediates interactions with cell surface (Fc) receptors and the complement system. The
antigen-binding fragment (Fab) is composed of one constant and one variable region of each
of the heavy and light chains (monovalent). It can be produced from an intact 1gG by digestion
with papain or it can be expressed recombinantly. The scFv consists of single Vx and Vi
regions connected by a flexible linker and is therefore monovalent. The scFv-Fc is bivalent and
consists of two scFvs connected to the Fc region of 1I9G. Yellow lines indicate disulfide bonds.
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Figure 2: Domain organisation of metzincins discussed in this review. S: signal peptide,
Pro: prodomain, Cat: catalytic domain, F: fibronectin type Il repeats, H: hinge region, HPX:
hemopexin domain, TM: transmembrane domain, CT: c-terminal tail, Dis: disintegrin-like
domain, CR: cysteine-rich domain, EGF-L: EGF-like domain, TS: Thrombospondin type-1
like repeat, SP: spacer domain, CUB: complement clr/cls, uegf, bmpl domain, LAMG:
laminin G-like domain, LNR: lin12-notch repeats, ID: interdomain region, CCP: complement
control protein. For tandem repeats, the number of repeats is shown in brackets. Note that the
disintegrin-like domains of ADAMs and ADAMTSs are structurally very different.
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Figure 3: Structure of the catalytic domain of MMP-14. The catalytic domains of members
of the metzincin clan have a characteristic fold consisting of an active site groove that runs
approximately along the axis of the central alpha-helix beneath it, here shown horizontally at
the centre of the domain. This active site helix also provides two of the three histidines that
bind the catalytic zinc ion. Structural stability of MMP-14 is provided by a second zinc ion
(purple circle) and two calcium ions (green circles). Indicated are the membrane-type (MT)
loop (residues 163-170) and the VB-loop (residues 218-233), which have been used for
selective targeting by mAbs. PDB ID: 1BQQ (Fernandez-Catalan et al, 1998).
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Table 1: Properties of mAbs developed against metzincin targets

mAb Format Target Epitope Kb Ki Effect Effective Effective Reference
(nM) (nM) Concentration  concentration in vivo
In vitro/ex (mg/kg)
Vivo
(nM)
MMPs
F2-1-11 [o[€] MMP-2 ND ND ND Inhibits catalytic activity ND ND Emara & Wozniak,
G8-25-5 2010
Sz-117 19G MMP-2 Fibronectin ND ND Inhibits catalytic activity 1000 ND Bu et al. 2012
type 2
Nb14 Nb MMP-8 Cat 0.24-1.7 44002 Inhibits catalytic activity ND ND Demeestere et al.
19500° 2016
SDS3 19G MMP-9 Catalytic zinc 200 1000 Inhibits catalytic activity ND 1-5 Sela-Passwell et al.
2011
SDs4 19G MMP-9 Catalytic zinc 20 54 Inhibits catalytic activity ND ND Sela-Passwell et al.
2011
5F3, 6B2, 6D2, 19G MMP-9 ND ND ND Inhibit catalytic activity 667 ND Hdyhtya et al., 1990
6D7
4B7 1gG MMP-9 ND ND ND Increases 667 ND Hoyhtya et al., 1990
catalytic activity
REGA-3G12 IgG MMP-9 Cat 2.1 ND?3 Inhibits catalytic activity ND ND Paemen et al., 1995
Martens et al., 2007
Pruijt et al., 1999
Shimanovich et al.,
2004
scFv 16670 1-2
(0.5mg/mL)
6-6B 1gG MMP-9 ND ND Complete inhibition Inhibits enzyme activation ND ND Ramos-DeSimone et
at ug/ml al.,1993
GS-5745 19G MMP-9 Cat 0.17 0.22! Inhibits catalytic activity and ND 15 Marshall et al., 2015*
enzyme activation Appleby et al., 2017
0.008- 0.3-1.312
0.04
(pro)
33
(Cat)
0.3-5 Sandborn et al., 2016
14D10 1gG MMP-13 Active site 0.33 12t Inhibits catalytic activity 260 ND Naito et al., 2012
203
DX-2400 1gG MMP-14 Cat ND 0.8 Inhibits catalytic activity 6.7-67 10-30 Devy et al.,2009
Ager et al., 2015
ND 0.2-100 Kaneko et al., 2016
10-500 20-40
3A2 Fab MMP-14 Cat 4.8 9.7 Inhibits catalytic activity 200-250 ND Nam et al., 2016
1F8 Fab MMP-14 Cat 8.3 110 Inhibits catalytic activity ND ND Nam et al., 2017
R2C5 Fab MMP-14 Cat 15 50! Inhibits catalytic activity ND ND Lopez et al., 2017
R2C7 Fab MMP-14 Cat 27 100t Inhibits catalytic activity ND ND Lopez et al., 2017
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ADAM17
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ADAM-17
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ADAMTS-5

Cat

Cat

Cat
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V-B loop

Hemopexin
Hemopexin

Hemopexin

Cat/Dis
CysR

Cat/Dis/Cys

Cat

CysR

Cat

Cat/Dis

CysRich/Sp

Cat/Dis

Cat/Dis

6.1
0.11-

ND
ND

2.3

ND
169

10.7

ND
93

0.46

0.33

ND

0.039
0.25
0.29

0.21

0.038

10*
1002
18*
ND
0.6

45!

ND
ND

ND

ND
ND

0.89*
74°

1.19

ND

3.1t

0.035%*

0.04814

114

0.083

Inhibits catalytic activity
Inhibits catalytic activity and pro-
MMP-2 activation

Inhibits catalytic activity and pro-
MMP-2 activation
Inhibits cell localization

Inhibits
proMMP-2 activation
Inhibits catalytic activity

Induces MMP-14 dimerization

Inhibits
proMMP-2 activation
Inhibits
proMMP-2 activation and CD44
shedding

Inhibits catalytic activity
Inhibits catalytic activity

Inhibits ephrin endocytosis
Inhibits catalytic activity

Inhibits catalytic activity

Induces T-cell mediated lysis of
cancer cells
Inhibits catalytic activity

Inhibits catalytic activity

Inhibits catalytic activity

Inhibits catalytic activity

Inhibits catalytic activity

ND
3-500
200-500
100
10-650

5000

330
1560-5000

420-5000

133
667-2670
8.6
8-11!

200
200-250*

200-250

6.67

0.9
400

670
670

670

670

ND

10-15
ND
ND

ND

ND
ND

ND

0.5-1.5

ND

10

ND
ND
ND

10-16
30-300 (Cynomolgus

Lopez et al., 2017
Botkjaer et al., 2016

Remacle et al., 2017
Woskowicz et al.

Ingvarsen et al. 2013
Shiryaev et al.
Galvez et al., 2001
Udi et al.
Talmi-Frank et al.,
2016
Ingvarsen et al. 2008

Basu et al. 2012

Basu et al. 2012

Romagnoli et al.,
2014
Atapattu et al., 2012

Tape et al., 2011
Tape et al., 2011
Richards et al., 2012
Kwok et al., 2014

Yeetal., 2017

Yamamoto et al.,
2012
Rios-Doria et al.,
2015
Peng et al., 2016

Larkin et al., 2015
Larkin et al., 2015

Larkin et al., 2015

Larkin et al., 2015



2B9

2D3

1B7

CRBO0017

237-53
237-53

PAC1
PAC2
1/41

129

177
111

scFc-Fv

scFc-Fv

scFc-Fv

1gG

Fab
Fab

scFv

19G

Fab

Fab
Fab

ADAMTS-5 Sp
ADAMTS-5 Cat/Dis
ADAMTS-5 Cat/Dis
ADAMTS-5 Sp
ADAMTS-4 TS-1
ADAMTS-5 TS-1

OTHER METZINCINS

PAPP-A LNR3
PAPP-A LNR3
ADAMDEC1 Dis
Dis
Dis

6.6

3.9

70

2.2

12
15

0.25

0.097

9.3

14
0.38

90-140 14

25!

8-90M

NI

ND

804
ND

1.2

0.14

ND
ND ND

Inhibits activity against
macromolecular substrates
Inhibits catalytic activity

Inhibits endocytosis

Inhibits aggrecanase activity

Inhibits aggrecanase activity
Inhibits aggrecanase activity

Inhibit cleavage of IGFBP-4 but
not IGFBP-5
Inhibits catalytic activity

Inhibit catalytic activity
Increase catalytic activity®

ND

10-100

250
100

20

5.4
5.4

ND

1-0.001

ND

ND
ND

m.)
ND

ND

ND

12pg/knee

ND
ND

ND

10-30

30
ND

ND

ND

Miller et al., 2016
Santamaria et al.,
2015
Santamaria et al.,
2015
Yamamoto et al.,
2017
Santamaria et al.,
2017

Visintin et al., 2012
Chiusaroli et al.,
2013
Shiraishi et al., 2015
Shiraishi et al., 2015

Mikkelsen et al.,
2008
Mikkelsen et al.,
2014
Becker et al., 2015
Lund et al., 2017

ICso value; 2, measured against gelatin; 3, measured against collagen;*, measured against aggrecan; 5, measured against TNF-a; 6, measured against casein. NI, not inhibitory,
ND, not determined, only single concentrations tested. *, GS-5745 is the humanized version of AB0041
Nb, nanobody, single variable domain derived from heavy-chain-only antibodies of Camelidae



