
Article
ADAMTS protea
immune microen
from substrates

Silvia Redondo-García, Carlos Peris-Torr
0022-2836/© 2021 The Au
creativecommons.org/licen
ses and the tumor
vironment: Lessons
and pathologies
es, Rita Caracuel-Peramos and
Juan Carlos Rodríguez-Manzaneque

GENYO, Centre for Genomics and Oncological Research, Pfizer/Universidad de Granada/Junta de Andalucía, Avenida de la Ilustración,
114, Granada 18016, Spain

Correspondence to Juan Carlos Rodríguez-Manzaneque:at: GENYO, Avenida de la Ilustración, 114, Granada 18016,
Spain. juancarlos.rodriguez@genyo.es
https://doi.org/10.1016/j.mbplus.2020.100054
Abstract

The relationship of ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) proteases with
inflammatory processes was anticipated since their discovery. Although knowledge of these extracellular
proteases in different contexts continues to grow, many questions remain unanswered. In this review, we
summarize the most important studies of ADAMTSs and their substrates in inflammation and in the immune
system of non-oncological disorders. In addition, we update the findings on cancer and highlight their
emerging role in the tumor immune microenvironment. Although the overall functions of extracellular
molecules are known to be modulated by proteolysis, specific activities attributed to intact proteins and
cleaved fragments in the context of inflammation are still subject to debate. A better understanding of
ADAMTS activities will help to elucidate their contribution to the immune phenotype and to open up new
therapeutic and diagnostic possibilities.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The tumor microenvironment (TME) and its im-
mune compartments have emerged as critical
players in tumor progression and metastasis. The
confluence of major technological advances over
recent decades has provided a fuller understanding
of the components of the extracellular matrix (ECM)
in the TME and their contribution to normal devel-
opment, homeostasis and tumor growth [1–3]. Given
its complex highly dynamic multifunctional composi-
tion, the ECM has been difficult to explore. The
regulation and organization of the ECM depend on
cellular entities present in specific niches, which
secrete key molecules such as ECM-modifying
enzymes. These include extracellular proteases,
which have been the subject of much interest due
to their ability to cleave and degrade ECMmolecules
which facilitates cell migration and invasion. Matrix
metalloproteinases (MMPs), in particular, have been
thors. Published by Elsevier B.V. This is
ses/by-nc-nd/4.0/).
studied in depth in the overall context of tumor
biology and tissue injury and have a considerable
impact on inflammation processes [3–5]. Following
flawed studies on the use of MMP inhibitors [6],
subsequent analyses of other extracellular prote-
ases such as a disintegrin and metalloproteinase
(ADAMs) and a disintegrin and metalloproteinase
with thrombospondin motifs (ADAMTSs) received
less interest from translational researchers and the
pharmaceutical industry. However, advances in
basic and experimental research have demonstrat-
ed the importance of these proteases, which require
the development of more specifically targeted
therapeutic tools.
Since the discovery of the first ADAMTS in a

cachexia model in 1997 [7], these proteases have
been found to be associated with a variety of
physiological and pathological processes such as
cell proliferation, migration, angiogenesis and in-
flammation, and to be directly related to certain
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human disorders [8–12]. Genomic studies have
revealed a total of 19 secreted proteins in humans
[9,11], whose structures contain a highly conserved
N-terminal region composed of a prodomain, cata-
lytic and disintegrin domains and a central throm-
bospondin type I repeat (TSR), as well as cysteine-
rich and spacer regions. The variable C-terminal
region consists of a varying number of TSRs and
additional motifs such as the PLAC (protease and
lacunin) module, as well as the gon-1-like and
mucin-like motifs, with specific binding and interact-
ing properties [9,11]. In addition to the catalytic
activity of ADAMTS proteases in ECM components
[13,14], proteolytic-independent functions have also
been reported [10,11,13].
From an oncological perspective, ADAMTS prote-

ases are involved in tumor progression, particularly
in the tumor vasculature [10,15–20]. In addition,
attempts have recently been made to elucidate the
role of several ADAMTSs and their substrates in
tumoral immune responses (see below) [18,21–23].
However, it is first necessary to better understand
their contribution to immune regulation and inflam-
mation processes in other diseases.

Beyond cancer: ADAMTSs, their
substrates and the immune system

Given the broad impact of the human immune
system, studies of ADAMTSs and their substrates
often allude to immune-related factors. Inmany cases,
despite their collateral nature, we have assessed
references in order to gain new insights into the
involvement of ADAMTSs in tumors. During inflam-
matory events, leukocytes and other immune cells
extravasate the vasculature and encounter the ECM,
regarded as a physical barrier and as a reservoir of
factors and signals that facilitate the activation and
specialization of these complex multi-functional cells
[4,5,24]. In line with the growing effort to understand
how proteolytic enzymes generate molecules with
immunomodulatory potential, in this section, we
describe ADAMTS proteases and their substrates in
the context of different diseases and conditions in
which immune regulation plays an important role.
Beyond cancer: ADAMTSs and the
immune system

ADAMTS proteases are directly involved in in-
flammatory responses under different non-
oncological conditions in multiple ways (Table 1).
Before discussing their involvement in different
disorders, it is necessary to highlight some findings
on ADAMTSs in immune cells during homeostasis
and their connection with inflammatory responses
with no pathological features. The original discovery
of Adamts1 in mice already anticipated its inflam-
mation features, since its induction occurred after
systemic inflammation caused by lipopolysaccharide
(LPS) [7]. Later research by Oveland et al. also
described a similar LPS effect on rats which induced
Adamts1 production in the spleen [25]. Interestingly,
a study of Adamts1-knockout (Ats1-KO) mice under
healthy conditions revealed a splenomegaly accom-
panied by an increase in pro-inflammatory T cells in
the spleen and in bone marrow (BM) myeloid cells,
suggesting that Adamts1 plays an immunomodula-
tory role [21]. In a comparable Adamts12-deficient
mouse model, which produced different outcomes,
Moncada-Pazos et al. found that Adamts12, which
affects neutrophil apoptosis, is required for normal
inflammatory responses to occur [26]. These defi-
cient mice show delayed recovery from illnesses
such as colitis, sepsis and pancreatitis, while
monocytes and neutrophils in affected tissues
increased and lymphocytes decreased. Another
study has shown that ADAMTS12 plays a protective
role during asthma and allergic inflammation [27].
These ambiguous findings reveal a complex
scenario in which the crosstalk between ADAMTSs
and ECM components require comprehensive
research.
Below, we describe a series of diseases in whose

inflammatory processes and immune regulation
ADAMTSs have been reported to be involved.

Cardiovascular diseases

Since earlier studies of the human ADAMTS1 [28],
the anti-angiogenic TSR motif, present in all
ADAMTSs, has stimulated considerable research
in the field of vascular biology [10]. As with the widely
studied connection between vasculature and
inflammatory-related responses [29], many re-
searchers have reported the involvement of
ADAMTS proteases in cardiovascular pathologies
and related disorders.
ADAMTS1, 4, 5, 7 and 8 have been widely reported

to be found inmacrophage-rich humanatherosclerotic
plaques [30–33]. In vitro studies have shown that the
differentiation of THP-1 monocytes into macrophages
induces ADAMTS1, 4, 5, and 8 expression, while
ADAMTS9 is downregulated [30,31]. From a func-
tional perspective, treatment of differentiated macro-
phages with key atherosclerotic cytokines reveals the
anti-inflammatory and plaque-stabilizing activities of
ADAMTS1 as compared to the pro-inflammatory and
destabilizing properties of ADAMTS4, 7, 8 and 9
[30,31]. Using ApoE−/−Adamts4−/− double knockout
mice, Kumar et al. have confirmed the increase in
plaque vulnerability caused by ADAMTS4 [34]. Other
studies have also shown that ADAMTS1 promotes
atherogenesis and accelerates plaque progression
[35,36], in contradiction with the above mentioned
reference. Genome-wide association studies have
highlighted the important role of the ADAMTS7 gene



Table 1. ADAMTS and diseases or conditions that proceed with an inflammatory component.

ADAMTS Disease/condition Pro-/Anti-
inflammatory

Mouse modela Cell typeb Substratec

ADAMTS1 Aortic aneurysm and dissections
[40,41,43,44]

Pro/Anti Inducible whole-body knockout
[43], Constitutive whole-body
heterozygous [44]

Versican [40,41]

Atherosclerosis [31,35,36] Pro/Anti THP-1, macrophages
[30,31]

Versican [35]

LPS-induced inflammation [7,25] Pro
Regulation of immune
populations [21]

n.d. Constitutive whole-body
knockout [21]

Versican [21]

ADAMTS2 Dermatitis and skin dysfunction
[51–53]

Anti Constitutive
whole-body knockout [52]

Monocytes,
macrophages [53]

ADAMTS4 Aortic aneurysm and dissections
[40,42]

Pro Constitutive whole-body
knockout [42]

Versican [40,42]

Atherosclerosis [30–32,34] Pro Constitutive whole-body
knockout [34]

THP-1, macrophages
[30,31]

Versican [32,34]

Ischemic stroke and CNS
disorders [45]

Anti

Osteoarthritis [54] Pro Aggrecan [54]
ADAMTS5 Atherosclerosis [30,31] n.d. THP-1, macrophages

[30,31]
Influenza virus infection [60] Pro Constitutive whole-body

knockout [60]
Versican [60]

Osteoarthritis [54–57] Pro Aggrecan [57]
ADAMTS7 Atherosclerosis [30,33,37,38] Pro Constitutive whole-body

knockout [38]
THP-1, Macrophages
[30,33]

ADAMTS8 Atherosclerosis [30] Pro THP-1 [30]
ADAMTS9 Atherosclerosis [30] Pro THP-1 [30]
ADAMTS12 Asthma or allergy [27] Anti Constitutive whole-body

knockout [27]
Inflammatory response [26] Anti Constitutive whole-body

knockout [26]
Osteoarthritis and rheumatoid
arthritis [58,59]

Pro COMP [58]

ADAMTS13 Autoimmune encephalomyelitis
[62]

Anti

Multiple sclerosis [61] Anti
Thrombotic thrombocytopenic
purpura [47,50]

Anti Von Willebrand
Factor [47]

Traumatic microvascular injury [48] n.d. Constitutive whole-body
knockout [49]

Von Willebrand
Factor [48]

ADAMTS14 Skin dysfunction [52] Anti Constitutive whole-body
knockout [52]

n.d.: not determined.
a Mouse models used to study the referred ADAMTS protease in a specific disease or condition.
b Immune cell type expressing the referred ADAMTS protease.
c Substrate contributing to the mentioned pro/anti-inflammatory role.
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locus in coronary artery disease [37]. In addition,
Adamts7-deficient mice presented a reduction in
atherosclerosis [38] and co-localization with macro-
phages in advanced atherosclerosis and vulnerable
human atherosclerotic plaques [33]. The contribution
of ADAMTS proteases to atherosclerosis has been
linked to the aggregating proteoglycan versican in the
ECM of blood vessels. In studies of mice, this
proteoglycan appears to be less proteolyzed in the
absence of ADAMTS4, which correlates with lower
macrophage infiltration levels and more stable
plaques [34]. Patients with high levels of ADAMTS4
were also found to have lower levels of versican and
more vulnerable atherosclerotic plaques [32].
Advances have also been made in aortic aneurysm
and dissection (AAD), another major vascular disor-
der, following research into ADAMTS proteases. AAD
is characterized by inflammatory cell infiltration and
the rupture of the aortic wall, particularly at the level of
the thorax and abdomen [39]. Patients with thoracic
AAD present elevated levels of ADAMTS1 and
ADAMTS4 [40,41], whose pro-inflammatory role has
been confirmed in experimental AAD mouse models
[42,43]. The genetic depletion of these ADAMTSs
reducesmacrophagemigration both in vitro [40] and in
vivo [42,43]. With some variations, an important study
of Marfan syndrome, characterized by thoracic AAD,
has shown reduced levels of ADAMTS1 in the aorta of
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these patients, in conjunction with an increase in nitric
oxide synthase 2 (NOS2), a recognizedmarker of pro-
inflammatory macrophages. This study also demon-
strates that Adamts1 deficiency in mice boosts the
aneurysm accompanied by NOS2 overexpression
[44]. The contradictory promoter [43] or protective [44]
role of ADAMTS1 in thoracic AAD shown in these
models could be related to the timing of ADAMTS1
deficiency at the postnatal or embryonic stage,
respectively, but also to the AAD-inducing agent
used in each case. Finally, as with atherosclerosis,
AAD is associated with the degradation of versican,
whose proteolysis increases in patients due to the
presence of high levels of versicanases [40,42].
Recent research into ischemic strokes has also

revealed the important role of ADAMTSs with regard
to their inflammatory components. It is worth noting
that, while high levels of ADAMTS4 have been
reported in the brain of stroke patients, several
experimental approaches have highlighted its anti-
inflammatory activity [45]. While treatment of LPS-
activated astrocytes with human recombinant
ADAMTS4 decreases nitric oxide (NO) production
and pro-inflammatory cytokine secretion, the silenc-
ing of ADAMTS4 reverses these processes. Addi-
tional modeling of cerebral artery stroke occlusion in
mice has shown that ADAMTS4 reduces macro-
phage infiltration and promotes an anti-inflammatory
landscape in central nervous system (CNS) injuries
[45]. Nevertheless, these experimental procedures
were unable to provide a full understanding of the
mode of action of the protease.
Many studies show that there is a close connection

between vascular thrombotic disorders and the
distinctive proteolytic effect of ADAMTS13 on von
Willebrand factor (VWF), a major coagulation glyco-
protein [46,47]. It is important to note that plasma
from patients with traumatic brain injury (TBI)
presents reduced ADAMTS13 activity, which is
probably mediated by the release of cytokines
under acute systemic inflammation, resulting in
high levels of VWF [48]. The anti-inflammatory
activity of this protease has been corroborated
using Adamts13-deficient mice, which exhibit in-
creased leukocyte adhesion in inflamed veins, as
well as enhanced neutrophil extravasation, both
critical features of inflammation and thrombosis in
various pathologies [49]. ADAMTS13 could also
make a significant therapeutic contribution to helping
patients with autoimmune thrombotic thrombocyto-
penic purpura (TTP), in which splenic memory B
cells produce anti-ADAMTS13 autoantibodies that
trigger severe enzyme deficiency [47,50].

Spontaneous atopic dermatitis

A key advance was made with the study of the pro-
collagenase activity of some ADAMTS proteases in
skin disorders, which found that ADAMTS2-
inactivating mutations result in the inherited connec-
tive tissue condition Ehlers–Danlos syndrome (EDS)
type VIIC [51], characterized by extreme skin
fragility. Colige et al., who confirmed this finding in
Adamts2-deficient mice, also observed spontaneous
epidermal lesions in 2-month-old Adamts2/
Adamts14 double knockout mice, with extensive
immune cell infiltration reported around the lesions
[52]. These deficient mice had a more active and
proliferating population of pro-inflammatory CD4+ T
lymphocytes in the blood and spleen, suggesting
that these proteases play a regulatory role in the
immune system, although the authors note that
mesenchymal cells are also significantly involved in
this process [52]. From a therapeutic perspective,
the use of glucocorticoids (GC) for wound repair
stimulates peripheral blood mononuclear cells and
induces ADAMTS2 in monocytes and macrophages
[53]. These procedures confirm the beneficial role
played by ADAMTS2 and could be applied to other
pathologies.

Arthritis

ADAMTS proteases have also been found to have
an impact on osteoarthritis (OA) and rheumatoid
arthritis (RA), which are both characterized by
cartilage erosion and damaged joints with systemic
inflammation [54,55]. The term aggrecanases is
widely used to describe ADAMTS proteases which
have specific catalytic effects on aggrecan, the
cartilage-specific proteoglycan core protein respon-
sible for these pathologies. With regard to inflam-
mation, the release of specific ADAMTS-cleaved
aggrecan fragments appears to activate toll-like
receptor 2 (TLR2) in in vitro OA models [56]. The
accumulation of aggrecan resistant to aggrecanase
activity also provided protection against cartilage
erosion and inflammation in an OA mouse model
[57]. Proteases, principally ADAMTS4 and
ADAMTS5, have been the subject of intense study
in order to develop novel therapeutic strategies
based on specific protease inhibitors and blocking
monoclonal antibodies. However, these strategies
produce adverse cardiovascular side effects due not
only to the presence of aggrecan which regulates the
elasticity and stiffness of large vessels, but also to
the existence of other proteolytic targets [55]. In
addition, ADAMTS12 has been linked to both OA
and RA particularly through its impact on the
cartilage oligomeric matrix protein (COMP) [58,59].

Other immune-related diseases

It is important to note that ADAMTS5 acts as a
regulator of immune responses to viral infections
[60], a subject of particular relevance given the
ongoing COVID-19 pandemic. McMahon et al., in
their study of Adamts5-deficient mice infected with
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the influenza virus, show that the absence of
ADAMTS5 delays virus clearance and hampers T
cell migration and activation in the lung and spleen
[60]. The authors also point out that the proteoglycan
versican mediates deficient immune responses in
the absence of ADAMTS5. This mechanism, as well
as therapies to control virus-induced threats, re-
quires further research.
Finally, studies on multiple sclerosis (MS), an

inflammatory demyelinating disease caused by
autoreactive T cell infiltration in the CNS, reveal
reduced levels of ADAMTS13 in plasma of patients
[61]. Lu et al. also found reduced ADAMTS13 activity
in a related experimental autoimmune encephalo-
myelitis (EAE) mouse model [62]. Treatment with
recombinant human ADAMTS13 led to a decrease in
T cell, neutrophil and monocyte infiltration in the
spinal cord, while peripheral inflammatory responses
remained unaffected. These studies suggest that
ADAMTS13 could be used in patients with MS and
related diseases, although further research is
needed to better understand the secondary effects
of this treatment.
Beyond cancer: ADAMTS substrates
and the immune system

In previous sections, we reviewed the direct and
indirect involvement of certain ADAMTS substrates
in different diseases. Below, we summarize studies
in which major substrates are directly associated
with the immune system, regardless of their capacity
of be cleaved or degraded.

Versican

The large hyaluronan-binding proteoglycan versi-
can, which plays a central role in immune system
evasion and modulation, has been widely studied
during development and adult life [63]. Apart from its
proteolysis by ADAMTSs, considerable controversy
surrounds the pro-inflammatory and immunosup-
pressive properties of versican. The accumulation of
versican in the ECM has been described in the early
stages of inflammation in a large number of human
disorders such as atherosclerosis [34], aneurysms
[55], lung infection [64,65], wound healing [66] and
carcinogenesis [67]. Negatively charged chondroitin
sulfate (CS) chains of versican release pro-
inflammatory cytokines from macrophages and
splenocytes, which regulate antigen presentation
and T-cell activation [63]. The binding of versican to
TLR2 on dendritic cells (DCs) also increases the
release of interleukin 6 (IL6) and IL10, leading to
cytotoxic T lymphocyte dysfunction [67].
Versican has been studied in great depth in tissue

repair processes. On the one hand, an increase in
versican deposition in mice leads to more rapid
wound repair, a process mediated by higher
recruitment of macrophages and CD4+ cells in the
injured area [66], which has also been observed in
lung inflammation [65] and systemic sclerosis
patients [63]. Other studies have shown that the
deletion of specific macrophage-derived versican in
mice with induced lung inflammation increases
inflammatory cell recruitment accompanied by re-
duced immunosuppressive cytokine expression [64].
Given these contradictory data, it has been sug-
gested that the modulatory role of versican in
immune responses could depend on the cellular
source, although the involvement of proteolytic
events, such as those induced by ADAMTSs, has
not been addressed in these studies.

Syndecan 4

Various studies have highlighted the crucial role
played by the transmembrane heparan sulfate proteo-
glycan syndecan 4 in immune reactions to allergens
and in inflammation events in RA. Polte et al. have
reported that syndecan 4 is needed to ensure DCs
motility to drain lymph nodes and to promote the
presence of activated antigen-specific T cells in an
asthma model [68]. In a RA mouse model, Endo et al.
have also shown that syndecan 4 is required to
modulate B-cell migration, which affects the formation
of germinal centers in lymph nodes and autoantibody
production [69], while inflammation and RA incidence
were attenuated [69]. As with versican, it is important to
note that LPS-treated macrophages induce syndecan
4 expression [64], while experiments withSdc4−/−mice
demonstrate its role in limiting pulmonary inflammation
[70]. Finally, syndecan 4 has been shown to enhance
the efficacy of a Food and Drug Administration (FDA)-
approved platelet-derived growth factor-BB (PDGF-
BB) treatment for non-healing ulcers in diabetic
patients. This heparan sulfate proteoglycan plays an
immunomodulatory role in M2 macrophage polariza-
tion, thereby inhibiting excess inflammation which
impedes proper wound closure [71].

Collagens

As mentioned above, ADAMTS2, 3 and 14 are
responsible for converting procollagens into colla-
gens (I, II and III) [11]. Although an overall balance
between collagen synthesis and turnover is neces-
sary to maintain tissue homeostasis, less is known
about the direct role of collagens in inflammation.
Major research carried out on tissue injury and
fibrosis has recognized macrophages and fibro-
blasts as the main providers of collagen for tissue
remodeling [72–74]. In addition, key collagen-
dependent characteristics of the ECM such as
density and stiffness are associated with modulating
immune cell behavior. Recent studies have shown
that high collagen density is associated with M2
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macrophage polarization [75,76] and lower levels of
cytotoxic T cell activation, especially with regard to
collagen I [72,77,78].

Nidogens

The multi-domain glycoproteins, nidogens 1 and 2,
regulate the assembly and adhesion of the base-
ment membrane between cells and the ECM [79]. As
with the proteolytic degradation of both these
nidogens, current knowledge of their effects on the
immune system is limited. Nevertheless, an earlier
study did find that an increase in neutrophil adhesion
and chemotaxis was mediated by the interaction of
the Arg-Gly-Asp (RGD) domain of nidogen 1 [80].
Another interaction between soluble nidogen 1 and
neutrophils, mediated by NKp44 receptors in this
case, inhibits the cytotoxic activity of these immune
cells [81]. In addition, Balzano et al. report that
nidogen 1 ensures that pro-B cells, mostly localized
in an IL7-enriched BM niche, are maintained in a
dedifferentiated condition [82].

Thrombospondin 1

Theglycoprotein thrombospondin 1 (THBS1), whose
anti-angiogenic properties are modulated by
ADAMTS1 cleavage [83], is involved in tissue repair
and immune responses given its capacity to activate
TGFβ, although the underlyingmechanisms implicated
are not fully understood [84,85]. The genetic depletion
of Thbs1 in mice highlights its anti-inflammatory role
which is mediated by TGFβ in models of pulmonary
hypertension [86], diabetic nephropathy and fibrotic
disease [85]. The functions of THBS1 are mediated by
interactions with several receptors; for example, the
binding of THBS1 to CD36 in macrophages and
endothelial cells modulates inflammation by activating
macrophages through TLR4 [84]. In a cutaneous
inflammation model, THBS1 activity is mediated by
CD47 expression in polymorphonuclear cells, which
inhibits effector T cells, induces regulatory T cells and
enhances T cell apoptosis [87]. These immunosup-
pressive effects are also boosted by an increase in the
tolerance of DCs to antigens. While the inhibition of
Thbs1 or Cd47 in DCs protects mice against bacterial
meningitis [84], the interaction of Thbs1 with CD47 is
also associated with improved immunological re-
sponses, triggering T cell activation and proliferation
[88]. Finally, increased macrophage mobilization and
M2 polarization observed in a systemic sclerosismodel
also suggest that THBS1 plays an immunosuppressive
role, which was corroborated in patients with brachio-
cervical inflammatory myopathy (BCIM) [89].

Von Willebrand factor

As mentioned previously, ADAMTS13-mediated
VWF proteolysis has a major impact on inflammation
and thrombotic processes in MS. The effects of VWF
include leukocyte rolling and adhesion, as well as
extravasation at infection and injury sites, a hallmark
of inflammation. The direct and indirect means by
which VWF modulates inflammation include other
cell entities such as endothelium and platelets [90].
Different experimental approaches, as well as the
use of anti-VWF antibodies and human VWF
infusion, have confirmed that the absence of VWF
reduces leukocyte rolling and compromises the
specific recruitment of monocytes in atherosclerosis
and other inflammatory cues [91]. VWF commonly
affects vascular permeability, while the complexity of
its pro-inflammatory mechanisms is reflected in the
involvement of integrins, cell-adhesion molecules
and other interacting partners.
ADAMTS activity in tumors: an update

After delving into the literature regarding ADAMTS
proteases and their known substrates in non-
oncological immune-related processes, in this sec-
tion, we focus on the links between ADAMTSs and
cancer. Fortunately, there are comprehensive re-
views of this subject [8,10,11,92,93], in addition to
elaborate studies of ECM remodeling and cancer
that are worth citing [1,3,94].
As highlighted in the above-mentioned reviews,

gene expression studies and experimental ap-
proaches have described the pro- and anti-
tumorigenic properties of ADAMTS. However, over
the last five years, a new series of gene expression
and correlation-based studies have revealed the
increase and decrease of ADAMTS proteases in
different tumor types, aspects of the immune
microenvironment and novel mechanistic insights.
This new research has placed particular emphasis
on the pro-tumorigenic and metastatic effects of
ADAMTS1 in breast [95], ovarian [96], and renal [97]
carcinomas, and on the induction of stemness and
endothelial-like features in the early stages of uveal
melanoma [19], which is in line with previous studies
of tumor plasticity [98]. Recent analyses of Adamts1-
deficient mice in a syngeneic tumor model have also
revealed that Adamts1 plays a major role in tumor
stroma and the immune system [18,21]. ADAMTS4
[99,100], ADAMTS5 [101] and ADAMTS12 [102]
have been found upregulated in gastrointestinal
cancers such as colorectal cancer (CRC), which
correlates with tumor progression and poor clinical
outcomes. However, the ADAMTS9 gene, which
acts as a tumor suppressor, appears to be consid-
erably silenced in CRC tumors [103]. Likewise, in
functional assays of gastric cancer, the ADAMTS5
gene acts as a tumor suppressor [104], while
ADAMTS18 has an anti-tumorigenic impact on lung
[105] and breast [106] cancers in a tumor-specific
methylation pattern.
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Furthermore, specific ADAMTS substrates such
as versican have a determining influence on tumor
progression. The contribution of this proteoglycan, in
its intact and cleaved forms, has been highlighted in
multiple scenarios. For example, Ricciardelli et al.
have reported the Adamts1-dependent accumula-
tion of cleaved versican in stromal components of
breast tumors, suggesting that cleaved versican
promotes cancer cell motility and progression,
which, in turn, affects tumor grade and metastatic
burden [107]. Using a different mouse model with
several tumor cell lines, other authors have reported
that total versican promotes tumor growth and
angiogenesis, although a distinction is made be-
tween the stromal localization of intact versican and
that of ADAMTS-generated fragments, which are
mainly found in the tumor vascular endothelium
[108]. Other studies have suggested that versican
could be therapeutically targeted in uterine leio-
myoma, given the increased levels of cleaved
versican found in this type of tumor, which correlates
with the upregulation of ADAMTS4 and ADAMTS15
[109]. However, ADAMTS15 has been reported to
be involved in protease-dependent tumor suppres-
sion in prostate cancer, with both intact and cleaved
forms of versican playing a balanced role [110].
These findings, together with the known involvement
of versican in the immune system, highlight the
importance of this research.
The dual role of ADAMTS1 during tumorigenesis is

also associated with ECM substrates such as
semaphorin 3C, which promotes a migratory pheno-
type in breast cancer cells [111], and basement
membrane components nidogens 1 and 2, whose
proteolysis is linked to anti-tumorigenic ADAMTS1
activity [16]. Studies of the transmembrane syndecan
4, a substrate of ADAMTS1 and 4 [112], also revealed
a complex scenariowithmultiple fronts. Edwards et al.
report that syndecan 4 mediates the effects on cell
migration and angiogenesis of ADAMTS1 [113] and
ADAMTS15 [114]. The presence of co-factors also
modulate these processes in different cellular models,
suchas fibulin 1 in the caseof ADAMTS1 [113,115], or
fibulin 2 for ADAMTS12, whose interaction has a
tumor-suppressive effect on breast cancer cells [116].
Significantly, this second interaction protects the ECM
glycoprotein fibulin 2 against proteolysis by
ADAMTS5 [117]. This study suggests that the
cleavage of fibulin 2 by ADAMTS5 promotes the
invasive breast cancer cell phenotype. In general,
these reports highlight slight differences between the
pro- and anti-tumorigenic properties of the proteases
mentioned above, depending on their specific TME.
The proteolytic activities of ADAMTS4 and

ADAMTS5 have also been the subject of much
analysis in glioma studies. The high levels of
ADAMTS4 and ADAMTS5 in glioblastoma samples
[118,119] clearly correlate with ADAMTS-cleaved
brain-enriched hyaluronan binding (BEHAB)/brevican
which induces glioma cell aggressiveness and inva-
siveness [120–123]. Both ADAMTS4 and ADAMTS5
also cleave the small leucine-rich proteoglycan
(SLRP) biglycan [124], whose elevated expression
levels in tumor vessels may contribute to the high
motility of endothelial tumor cells [125]. Asano et al.
have reported that the inhibitory effect of ADAMTS4 in
the early stages of tumor development does notmatch
biglycan expression in tumor vessels, which suggests
the presence of other substrates [126].
ADAMTS activities in the tumor immune
microenvironment and future
perspectives

To date, few studies have described the direct
involvement of ADAMTSs in tumor immune re-
sponse. In this section, we assess the involvement
of these proteases in the tumor immune microenvi-
ronment and their immunomodulatory role during the
infiltration and polarization of specific immune cell
populations (Fig. 1).
The close relationship between tumorigenesis and

chronic inflammation has been the subject of intense
research for many years. In a worst case scenario,
the tumor ECM contributes to immunosuppressive
activity over time which sustains immune escape
mechanisms in cancers, leading to a worsening of
the prognosis and reduced survival rates. In terms of
inflammation, tumors have been roughly classified
into hot tumors, which have a better overall
prognosis and higher recruitment of CD8+ cytotoxic
T cells, B cells and macrophages, and into cold
tumors, with poor T cell recruitment and weak innate
immune responses, leading to immune failure [127].
One of the main goals of therapeutic strategies for
combating cancer [128] is to convert these cold
tumors into hot tumors. To accomplish this goal, a full
understanding of the proteolytic activity involved in
the ECM is critical in order to manage the immuno-
modulatory capacity of complex TMEs [5,24].
To our knowledge, this crosstalk with immune cells

has only been described in relation to ADAMTS1 and
ADAMTS4,which havealreadybeendiscussed in non-
oncological settings and whose roles in macrophage
differentiation andmigration bear many similarities. It is
worth noting that these proteases appear to mediate
the regulation of macrophages and other cell popula-
tions, such as T cells and DCs, in tumor settings.
While themouse homologwas originally found to be

an inflammatory-relatedmolecule [7], a closer study of
ADAMTS1 functions in tumor immune infiltrates was
not carried out until more than a decade later using
Adamts1-knockout mice. Ricciardelli et al. report that
the presence of ADAMTS1, which is necessary for
tumor progression and metastasis in a spontaneous
murine breast cancer model [107], correlates with



Fig. 1. Effects of ADAMTSs on the tumor immune microenvironment. In the complex TME, a fine balance exists between
immune cytotoxic anti-tumorigenic and immunosuppressive pro-tumorigenic phenotypes (left and right sides in the figure,
respectively). In addition to various immune cell populations, the TME includes cellular entities (top, section 1), such as
fibroblasts, endothelial and tumor cells that constantly contribute to the complex extracellular environment through the
secretion of ECM proteases (middle, section 2) and ECM components, including ADAMTS substrates (bottom, section 3).
Among proteases, ADAMTS1 and ADAMTS4 have been identified as promoting immunosuppression, prompting M2
polarization and shaping other immune cell populations. These proteases cleave versican, an immunomodulatory
substrate. Overall, ADAMTSs affect the regulatory capacities of ECM molecules including versican, syndecan 4 and other
substrates. The function of these ECM proteins, in intact or cleaved forms, which remains controversial, depends on their
location and partnership profiles. Some ADAMTS proteases are also involved in angiogenesis and other vital mechanisms
which may contribute to overall tumor progression. As these functions are still under discussion, a full understanding of
ADAMTS activity would open up new therapeutic and diagnostic possibilities.
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reduced infiltration of CD45+ leukocytes and in-
creased levels of cleaved versican. Although specific
cell populations such as CD3+ T cells and F4/80+

macrophages remained stable, tumors in Adamts1-
deficient mice switched to a Th1 phenotype, suggest-
ing that cytotoxic host responses block tumor growth
[107]. Using a syngeneic B16F1 melanoma model in
Adamts1 knockout mice, a more recent study
revealed a different immune output but with compa-
rable consequences for overall tumor growth [21].
This study also showed a reduction in tumor volume in
the absence of hostAdamts1, as well as considerable
changes in immune infiltrates. Major cell populations,
such as CD3+ lymphocytes and CD11b+ macro-
phages, were found to increase in tumors inAdamts1-
deficient mice, which had experienced decreased
tumor growth. In addition, M2 macrophage marker
Cd163 was also downregulated in a less immuno-
suppressive tumor microenvironment in the absence
of stromal Adamts1. Unlike the above-mentioned
breast tumor model, with lower levels of cleaved
versican in Adamts1-deficient tumors [107], this more
recent study showed reduced deposition of both intact
and cleaved versican in Adamts1 knockout mouse
tumors [21]. This overall reduction in versican reveals
a distinct scenario, suggesting the involvement of
other proteases. It is also worth noting that distant
organs such as the spleen and bone marrow in
Adamts1-knockout mice exhibited an increased pres-
ence of CD3+ and myeloid cells [21], changes which
reflect the multifaceted and systemic immunomodu-
latory role of ADAMTS1.

Image of Fig. 1
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The involvement of ADAMTS4 in modulating
immune tumor infiltrates is associated with its pro-
tumorigenic properties and higher expression in
CRC patients with a poorer prognosis [99,100]. In
addition, the close correlation between ADAMTS4
gene expression and macrophage markers CD68
and CD163 highlights the immunosuppressive role
of this protease [100]. While the inhibition of
ADAMTS4 attenuates xenograft tumor growth, its
overexpression induces larger tumors together with
increased infiltration of macrophages.
The phylogenetically close proteases, ADAMTS1

and ADAMTS4 [9], proteolyze similar substrates,
such as certain proteoglycans which play a modu-
latory role in immunity and cancer-associated
inflammation [14,127]. These proteoglycans include
versican, which has both pro-tumorigenic [108] and
anti-tumorigenic properties [129]. As mentioned
above, intact and ADAMTS-proteolyzed forms of
versican are widely associated with immune regula-
tion. Kim et al. have shown that versican, a key
molecule secreted in lung cancers, is responsible for
activating macrophages through TLR2 which then
promote metastasis [130]. Increased levels of
versican, which is also present in F4/80+ macro-
phages in MDA-MB-231-derived tumors [108], cor-
relate with an accumulation of pro-tumorigenic
tumor-associated macrophages (TAMs) in different
models [108,131,132]. The immunomodulatory ca-
pacity of versican also affects T lymphocytes in
cervical cancer patients [133], with increased levels
of versican correlating with a reduction in intrae-
pithelial T cell infiltration, particularly of CD8+ cells.
Given these complex effects, studies of versican

proteolysis have clarified many aspects of its
immunomodulatory role [63,134]. In myeloma,
while intact versican has tolerogenic properties
through TLR2 binding, versican proteolysis gener-
ates N-terminal versikine fragments that attract
CD8+ T cells [23,135]. Treatment with versikine
from BM-derived TAMs in myeloma patients induces
inflammatory cytokines such as IL1β or IL6. Re-
search shows that versican is mainly produced by
myeloid cells, while ADAMTS1 is expressed in
stromal cells, suggesting that cell-to-cell crosstalk
regulates versikine production and the tolerogenic
properties of intact versican [23]. In CRC, the
presence of versikine appears to be essential for T
cell trafficking and antitumor responses, which
enhance CD8+ cell accumulation and promote
conventional DC differentiation in BM, while intact
versican blocks these processes [22]. Current
findings regarding the pro-tumorigenic properties of
ADAMTS1 and ADAMTS4 appear to contradict
those relating to the intact and cleaved forms of
versican, suggesting that a more comprehensive
analysis in different settings is required.
Like versican, heparan sulfates have been reported

to affect DC maturation and CD8+ T cell responses
[136], with the involvement of transmembrane synde-
cans also being reported [127]. Studies of Lewis lung
carcinoma (LLC) syngeneic tumors in syndecan 4-
deficient mice show higher levels of mature DCs and
natural killer cells with robust antitumor activity,
accompanied by enhanced CD8+ T cell responses
[137,138]. As none of these studies have examined
the effect of proteolytic activity on syndecans, further
research could provide a better understanding of this
finely tuned regulatory process.
As mentioned above, the immunomodulatory prop-

erties of collagens have been studied without refer-
ence to the effect of ADAMTSs on pro-collagen
molecules. In the early 1980s, using co-cultures on
collagen type I-coated plates, Henry et al. observed
crosstalk betweenmacrophages and carcinoma cells.
While tumor cells induce collagen degradation by
releasing collagenase, these cells are also affected by
factors secreted by macrophages [139]. In addition,
the ways in which immune cells are modulated by
collagen in cancer patients continue to be the subject
of considerable research. For example, collagen
promotes the differentiation of monocytes into mac-
rophages, with an enhanced M2 phenotype, and DCs
[72]. High density collagen correlates with increased
infiltration of TAMs in breast cancer samples, although
additional research is required to design new thera-
pies [140]. High-density collagenmatrices also reduce
T cell proliferation, leading to an increase in the ratio of
CD4+ to CD8+ T cells, in which cytotoxic markers are
downregulated and tumoricidal activity is blocked [78].
However, the specific role of pro-collagenase
ADAMTSs in these complex regulatory mechanisms,
previously described in non-oncological disorders,
remains unexplored given the difficulty of analyzing
their involvement in earlier collagen maturation
events. Nevertheless, a study of the anti-
inflammatory capacities of pro-collagenases in high-
density collagen tumors associated with worse
prognoses should lead to the discovery of important
regulatory mechanisms.
This updated review of the literature highlights the

vital importanceof studying the regulation of proteolysis
by different ADAMTSs together with other components
of the tumor immune microenvironment. Great strides
have also been made in the study of appropriate
treatments [141] and in the promising use of immuno-
therapies and checkpoint inhibitors [142]. For example,
we have described how the impact of collagen density
[78] and proteolytic activity on versican [63,135]
modulates the status and function of major immune
cell populations such as T cells andmacrophages [77].
Analysis of the tumor ECM in patients would be an
effective way of assessing prognoses and ensuring the
success of cancer therapies, making the evaluation of
the tumor immune microenvironment an emerging tool
in personalized medicine [2,141].
With regard to proteases-related pathways, scenar-

ios such as the close connection between ADAMTSs



10 ADAMTS proteases and the tumor immune microenvironment
and substrates including syndecans, thrombospon-
dins and nidogens, remain unexplored. Despite
studies of their involvement in immune and inflamma-
tory responses, key functional features of proteases
and substrates are little known mainly due to the lack
of functional information regarding their cleaved
fragments [143]. Advanced technologies should
enable post-translational changes to be identified.
New therapies, including the use of specific

peptides and proteolytic fragments to mimic or block
the immunomodulatory capacities of ADAMTS sub-
strates, are being developed. However, determining
how the TME is affected and targeted by different
therapeutic regimes presents a formidable challenge
to researchers. Analysis of the immune tumor
landscape, both before and after treatment, should
provide valuable information in the context of these
complex scenarios [144] in order to target the TME
and neutralize resistance to anticancer drugs.
Conclusion

The hallmarks of cancer are directly influenced by
the biochemical and biomechanical properties of the
tumor ECM, whose inflammatory phenotype is also
affected. During these processes, the heteroge-
neous nature of the TME either improves or worsens
the prognosis and also contributes to overcoming
the effects of anti-tumorigenic treatments. Significant
studies have demonstrated the dynamism of the
ECM, which exerts both pro- and anti-tumorigenic
actions, including its modification by enzymes such
as ADAMTS and other proteases. Still, these
elements need to be explored in greater depth in
order to ensure more effective therapeutic out-
comes, including the identification of the specific
cell populations producing them. While many ques-
tions remain unanswered with regard to how
ADAMTS proteases modulate the ECM, this review
of the current literature on inflammatory and
immune-related settings brings together important
information in order to shed light on the tumor
immune microenvironment and to open up new
fronts in the treatment of cancer.
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