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Summary

Summary

Introduction: Spinal cord injury (SCI) affects each year between 250,000 and 500,000 people
worldwide. Since the current treatment options for SCI are insufficient, further research on the
complex SCI pathophysiology is necessary to identify more effective therapies. After SCI, an
excessive inflammatory reaction is provoked, which is considered a major contributor to secondary
damage. Resident microglia and monocyte-derived macrophages play an important role during
inflammation through the release of inflammatory mediators and by phagocytosing cellular debris.
The involvement of the enzyme ‘a disintegrin and metalloproteinase 17° (ADAM17) in shedding,
among others, inflammatory mediators and phagocytic receptors makes this enzyme an interesting
target to modulate inflammation and phagocytosis after SCI. We therefore hypothesized that
ADAM17 deficiency favors an anti-inflammatory environment by reducing the shedding of
inflammatory mediators and by enhancing the resolution of inflammation through phagocytosis
leading to an improved functional recovery after SCI.

Methods: The effect of ADAM17 after SCI was investigated by the induction of a T-cut hemisection
in hypomorphic ADAM17 (ADAM17¢¥¢X) mice, mice treated with a pharmacological ADAM17 inhibitor
or microglia-specific ADAM17 knockout (ADAM17flox*/+-Cx3Cr1-Cre*/-) mice. Functional recovery of
these mice was evaluated for 28 days using the Basso Mouse Scale. Furthermore, the spinal cords
were isolated and analyzed on histological level. Besides, gene and protein expression of various
inflammatory mediators and phagocytic receptors were determined in spinal cord tissue of
ADAM17e¥/¢x and wild-type (ADAM17%Y"t) mice. Finally, the effect of ADAM17 on the in vitro
phagocytic capacity of bone marrow-derived macrophages (BMDMs) and primary microglia isolated
from ADAM17¢¥/ex and ADAM17%Y"t mice was investigated.

Results: Our results show that ADAM17 deficiency as well as pharmacological ADAM17 inhibition
leads to an improved functional recovery after SCI. In microglia-specific ADAM17 knockout mice a
better functional recovery after SCI was also observed. Histological analysis revealed a significantly
decreased number of MHC-II* cells in these mouse models, while an increased number of 5-HT*
fibers caudal to the lesion was observed in ADAM17¢/¢* and ADAM17flox*/*-Cx3Cr1-Cre*/- mice.
Furthermore, an increased expression of various phagocytic receptors was observed in spinal cord
tissue of ADAM17¢/ex mice after SCI. In vitro ADAM17 deficient BMDMs showed a significantly
impaired phagocytic capacity of latex beads but a significantly improved phagocytic capacity of
apoptotic neurons. A significantly improved phagocytic capacity of latex beads by ADAM17 deficient

microglia was observed.

Conclusion: In conclusion, this study provides evidence that ADAM17 and more specifically
microglial ADAM17 plays an important role in functional recovery after SCI. Our results suggest that
the effect of ADAM17 deficiency on functional recovery is mediated by a reduced pro-inflammatory
environment in the spinal cord. Furthermore, we also demonstrate that ADAM17 deficiency affects
the in vitro phagocytic capacity of BMDMs and primary microglia. Based on our findings, ADAM17

seems to be a potential therapeutic target to improve functional recovery after SCI.

Keywords: Spinal cord injury, ADAM17, inflammation, phagocytosis and functional recovery.
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Introduction

1. Introduction

1.1. Spinal cord injury

Spinal cord injury (SCI) is defined as damage to the spinal cord that results in either temporary or
permanent changes in motor, sensory or autonomic function below the level of injury (1). SCI
patients usually suffer from permanent and devastating neurologic deficits and disability. Since SCI
not only influences the physical health of patients but also their social and economic situation, it
leads to a reduction in the patients’ quality of life (1, 2). According to the World Health Organization,
between 250,000 and 500,000 people worldwide are affected by an SCI each year (3). SCI is most
prevalent in men (79.8%) and it mainly affects young adults between the age of 15 and 29 (1, 4).
The major causes of SCI are road traffic accidents, falls, violence and sports (1, 3). The current
treatment options for SCI such as surgical decompression, neuroprotective agents (e.g.
immunosuppressant drugs) and rehabilitation are insufficient and only lead to a limited functional
recovery after SCI (2, 5). Therefore, further research on the complex SCI pathophysiology is
necessary to identify more effective therapies.

1.1.1. Spinal cord injury pathogenesis

SCI pathogenesis is divided into primary and secondary injury processes. Primary damage is initiated
by a mechanical trauma such as a fractured or displaced vertebral column causing compression of
the spinal cord. This results in axon disruption, damaged blood vessels causing micro-hemorrhages
and broken neural cell membranes leading to neuronal degeneration at the lesion site (6). Primary
damage is followed by a cascade of secondary damage processes including inflammation, oxidative
stress, glutamate excitotoxicity, apoptosis, demyelination of surviving axons and glial scar formation
(figure 1). Secondary injury is initiated immediately after SCI, persists for several weeks to months
and contributes to the further expansion of the initial lesion (7-9). In the acute and subacute phases
of SCI, a glial scar is formed in the perilesional area limiting secondary damage. This glial scar is
characterized by the activation of astrocytes, so-called astrogliosis, leading to astrocyte proliferation,
hypertrophy, an increased complexity of their processes and an increased glial fibrillary acidic protein
(GFAP) expression. Later on, this scar forms a barrier against axon regeneration by the release of
chondroitin sulfate proteoglycans and extracellular matrix (ECM) components (4, 10, 11).
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Figure 1: SCI pathogenesis. SCI is divided into primary and secondary damage processes. Primary damage,
initiated by a mechanical trauma, leads to compression of the spinal cord which results in axon disruption,
damaged blood vessels and broken neural cell membranes. The initial injury site is further expanded by a cascade
of secondary damage processes including inflammation, demyelination of surviving axons and glial scar formation

(Modified from (12)). SCI, spinal cord injury.

1.1.2. Inflammatory phase after spinal cord injury

The inflammatory response elicited after SCI is considered the major contributor to secondary
damage (8). Inflammation is induced by the release of pro-inflammatory mediators from reactive
cells at the site of injury and this response is aggravated by blood-spinal cord barrier disruption
caused by the initial mechanical trauma (8, 9, 13). Despite the dual role of inflammation after SCI,
the injured spinal cord favors a strong pro-inflammatory response that damages healthy tissue and
aggravates the primary injury. An increase in the anti-inflammatory response, necessary for the
clearance of cellular debris preventing neuron regeneration, is therefore considered a potential
therapeutic strategy after SCI (7, 8, 13, 14).

During inflammation, one of the first cells infiltrating the site of injury are neutrophils. Their
infiltration peaks 24 hours post-injury (7, 13, 15). An important role in SCI inflammation is attributed
to resident microglia and infiltrating monocyte-derived macrophages. During the first 3 days after
SCI, microglia are important, among others, for the clearance of tissue debris at the lesion site (14,
16). The immediate release of pro-inflammatory cytokines such as monocyte chemoattractant
protein, interleukin-1f (IL-1B8) and tumor necrosis factor-a (TNF-a) by microglia contributes to
monocyte-derived macrophage infiltration from the peripheral circulation to the site of injury starting
2 to 3 days post-injury (dpi) (14, 16). Monocyte-derived macrophages start phagocytosing cellular
debris after their infiltration into the lesion epicenter. Greenhalgh et al. observed the presence of
monocyte-derived macrophages at the lesion epicenter for at least 42 dpi (16). Resident microglia
resume their function of surveying the micro-environment by forming a border around the lesion. It
is assumed that microglia thereby seal the lesion and prevent further damage (8, 14, 16, 17). During
the first week after SCI, the less prevalent T cells also start infiltrating the site of injury (18). The
role of T cells in SCI is controversial. On the one hand, they are essential for macrophage activation

and they have the ability to recognize specific antigens such as myelin basic protein (MBP) leading

2
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to axon demyelination and subsequent aggravation of the injury (7, 9, 18). On the other hand, a
protective role is also attributed to T cells by the secretion of neuroprotective factors (19). T cells

persists at the lesion site for months after injury (9, 18).

1.1.3. Resident microglia and monocyte-derived macrophages after spinal cord injury

Microglia, the resident immune cells of the central nervous system (CNS), respond immediately after
SCI since microglia processes are constantly surveying the micro-environment for changes in
homeostatic conditions. From day 2 to 3 post-injury, macrophages of myeloid origin, the monocyte-
derived macrophages, are recruited to the injured spinal cord from the peripheral circulation (14,
16). Both resident microglia and monocyte-derived macrophages are professional phagocytes which
play an important role in clearing cellular debris (14). Once activated, both cell types show
similarities in morphology, gene expression and the expression of cell surface markers. Therefore,
it is currently hardly possible to distinguish them (8).

Both resident microglia and monocyte-derived macrophages are highly plastic cells. Especially
monocyte-derived macrophages are in vitro often classified into different activation states, the so-
called M1/M2 phenotype. These phenotypes are in vitro distinguishable by the expression of cell
surface markers, secreted molecules and intracellular enzymes (8). M1 (or classically activated)
macrophages are activated by interferon-y (IFN-y) and via toll-like receptor activation. M1
macrophages are characterized by the production and release of various pro-inflammatory (including
TNF-a, IL-1B, IL-6 and IFN-y) and cytotoxic mediators (such as reactive oxygen species and reactive
nitrogen species) (8, 14, 20). These mediators contribute to additional damage at the site of injury
by killing neurons and glial cells (8, 21). M2 (also known as alternatively activated) macrophages
are activated by IL-4 and IL-13 (14). M2 macrophages promote an anti-inflammatory response by
the production and secretion of anti-inflammatory cytokines (such as IL-10 and IL-4), the secretion
of growth factors (as transforming growth factor-B (TGF-B)) and the upregulation of ECM
components and phagocytic receptors (14, 21). The M2 response leads to suppression of the
inflammatory reaction and promotes repair and remodeling processes of injured tissue. However, an
excessive or prolonged anti-inflammatory reaction eventually leads to fibrosis and scar formation,
which is detrimental for axon regeneration (8, 14, 21).

Polarization towards either an M1 or an M2 phenotype is determined by both the micro-environment
of the CNS and the type of material phagocytosed by these cells, such as myelin, apoptotic
neutrophils or red blood cells (14, 16, 22). The injured spinal cord favors M1 polarization, since the
M1 phenotype is predominant during SCI inflammation while only a small amount of the M2
phenotype is observed in the first week following SCI (8, 14, 20). A shift in the ratio between the
M1 and M2 phenotype is therefore considered a promising strategy to improve functional recovery
after SCI (8, 14).
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1.2. ‘A disintegrin and metalloproteinase 17’ - “The enzyme that does it all”

Excessive inflammation after SCI is characterized by an upregulation of pro-inflammatory cytokines
such as TNF-a. While membrane-bound TNF-a exerts its anti-inflammatory properties via TNF-a
receptor II (TNF-RII), soluble TNF-a acts mainly via TNF-RI and leads to apoptosis and cell death
(23-25). Soluble TNF-a is released after its cleavage by ‘a disintegrin and metalloproteinase 17’
(ADAM17), also known as TNF-a converting enzyme, which belongs to the ADAM protein family of
type I transmembrane proteins (24-26).

1.2.1. Function of ADAM17

ADAM17 is a membrane-bound enzyme broadly expressed on most cells and tissues (24, 26). The
function of ADAM17 is the cleavage, so-called shedding, and thereby release of ectodomains from
more than 80 different transmembrane proteins. A variety of substrates are processed by ADAM17
including the cytokine TNF-a, cytokine receptors (such as IL-6 receptor (IL-6R), IL-1R and TNF-R),
ligands of the epidermal growth factor-receptor (EGFR) (e.g. ErbB), the phagocytic receptor cluster
of differentiation 36 (CD36) and cell adhesion proteins (as for instance intercellular adhesion
molecule-1 (ICAM-1) and L-selectin) (24, 26). ADAM17-mediated shedding of a substrate results in
the (in)activation or modulation of its function. Through this ectodomain shedding, ADAM17
influences intra- and extracellular signaling pathways as well as local and systemic reactions (25,
26).

The processing of this large variety of substrates by ADAM17 implies its involvement in the regulation
of a plethora of body functions, developmental processes and diseases as for instance atherosclerosis
and cancer (24, 26, 27). Due to the indispensable role of ADAM17 during development (24), ADAM17
deficient mice turned out to be not viable. These mice showed a severe dysregulation of epithelial
development leading to defects in the development of skin, hair, cornea and several organs (26,
28). In contrast to mice, humans appear to have a compensation mechanism for a deficiency in
functional ADAM17. This was observed in a study by Blaydon et al. where they identified a loss-of-
function mutation in the ADAM17 gene as the cause of inflammatory skin and bowel disease while

the patients developed normally until the age of 12 or remained healthy (29).

1.2.2. The structure of ADAM17

ADAM17 consists of several conserved protein domains: an N-terminal signal sequence is followed
by a prodomain, the metalloproteinase or catalytic domain, a disintegrin domain, a cysteine-rich
domain, a transmembrane domain and a cytoplasmic domain (figure 2) (24, 26).
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Figure 2: Structure of ADAM17. ADAM17 consists of an N-terminal signal sequence followed by a prodomain,
the metalloproteinase domain, a disintegrin domain, a cysteine-rich domain, a transmembrane domain and a

cytoplasmic domain (24, 26). ADAM17, ‘a disintegrin and metalloproteinase 17°.

The ADAM17 prodomain acts as an inhibitor of ADAM17 activation and as a chaperone, protecting
the enzyme from degradation during transport through the secretory pathway. The
metalloproteinase or catalytic domain of ADAM17 is responsible for the shedding of membrane-
bound proteins and contains the classical Zn?* chelating sequence. ADAM17 is tightly regulated by
its endogenous inhibitor, tissue inhibitor of metalloproteinase-3, which binds to the catalytic domain
of ADAM17 and thus prevents shedding (23, 26). ADAM17 catalytic activity is also regulated by the
interaction between its disintegrin domain and integrins. This interaction may lead to conformational
changes so that ADAM17 substrates are either accessible or inaccessible for ADAM17 shedding (23,
26). The regulatory cysteine-rich domain or membrane proximal domain, followed by a highly
conserved CANDIS domain, has an important role in the recognition of particular substrates and the
activation of ADAM17 (24, 26). Hitherto, no consensus sequence elements were identified at the
cleavage site of the large variety of ADAM17 substrates. Therefore, it is still unknown how ADAM17
recognizes its various substrates (25, 26). The ADAM17 cytoplasmic domain is involved in important
signaling functions due to its binding to a variety of intracellular signaling molecules, as for instance
protein kinase C, mitogen-activated protein kinase and extracellular signal-regulated kinase. The
phosphorylation of the cytoplasmic tail regulates ADAM17 activity (23-26).

1.2.3. Maturation and activation of ADAM17

The catalytically inactive precursor of ADAM17 is synthesized in the endoplasmic reticulum (ER).
Binding of the inactive ADAM17 precursor to inactive homologues of rhomboid proteases (iRhom) is
required for their transport from the ER to the plasma membrane, an essential step during ADAM17
maturation. iRhom2, mainly located in the ER, is predominantly expressed in myeloid cells and
microglia (24, 27, 30). iRhom1 is, particularly in the brain, also involved in this process (24, 27).
Recently, Grieve et al. and Cavadas et al. showed that the interaction between iRhom2 and ADAM17
at the plasma membrane is essential for ADAM17 stabilization and prevention of lysosomal
degradation. This complex inhibits ADAM17 activity, while its dissociation causes ADAM17 activation
and subsequent shedding of ADAM17 substrates (31, 32). After the transport of ADAM17 in the

trans-Golgi network by iRhom1/2, the pro-protein convertase furin cleaves the ADAM17 prodomain.
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The mature form of ADAM17 is then transported from the late Golgi complex to the cell surface
(figure 3), where it starts shedding ADAM17 substrates (24-26, 30).

Golgi

ERA

Figure 3: Maturation and activation of ADAM17. The catalytically inactive precursor of ADAM17 is
synthesized in the ER. Binding of iRhom1/2 to ADAM17 is necessary for the transport of ADAM17 from the ER to
the plasma membrane and ADAM17 maturation. The transport of ADAM17 to the trans-Golgi network causes
ADAM17 maturation because of ADAM17 prodomain cleaving by the pro-protein convertase furin (modified from
(30)). ADAM17, ‘a disintegrin and metalloproteinase 17 ER, endoplasmic reticulum; iRhom1/2, inactive

homologues of rhomboid proteases 1/2.

1.2.4. The effect of ADAM17 on phagocytosis

As mentioned before, ADAM17 processes a large variety of substrates. Therefore, ADAM17 does not
only have an effect on inflammation but also on the resolution of inflammation through e.g.
phagocytosis. This influence is shown by the shedding of several phagocytic receptors such as CD36
and Mer tyrosine kinase (MerTK) receptor. Driscoll et al. observed that in vivo efferocytosis, the
engulfment and degradation of apoptotic cells, and its subsequent anti-inflammatory effects are
enhanced by macrophage ADAM17 deletion in a model of peritonitis. This effect appears to be
mediated by the prevented cleavage and the elevated surface levels of the ADAM17 substrate CD36.
This study indicates the involvement of ADAM17 in the resolution of inflammation by regulating the

phagocytosis of, among others, apoptotic cells (33).

1.3. The role of ADAM17 in spinal cord injury

The shedding of a plethora of substrates by ADAM17 shows its role in regulating various body
functions and diseases such as inflammation-mediated pathologies or cancer (24, 26, 27). During
SCI, the inflammatory micro-environment of the injured spinal cord favors polarization of resident
microglia and monocyte-derived macrophages towards the pro-inflammatory M1 phenotype (8, 14,
16, 20). Therefore, changes in this inflammatory micro-environment are considered to be a potential
strategy to induce a shift in the ratio between the M1 and M2 phenotype (8, 14).

The involvement of ADAM17 in shedding various mediators of inflammation such as the pro-
inflammatory cytokine TNF-a, cytokine receptors (TNF-R and IL-6R) and adhesion molecules (ICAM-

1 and L-selectin) makes this enzyme an interesting and promising target to modulate inflammation
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(24, 26). During SCI, phagocytosis of cellular debris by resident microglia and monocyte-derived
macrophages plays an important role in diminishing inflammation and in initiating repair processes.
As observed in the study of Kroner et al., myelin phagocytosis induces in vitro a phenotypic shift
from an M1 to an M2 phenotype. However, this shift fails to occur in the injured spinal cord probably
due to the highly pro-inflammatory micro-environment (14, 34). The role of ADAM17 in shedding
various phagocytic receptors gives this enzyme potential in modulating phagocytic activity of for
instance resident microglia and monocyte-derived macrophages. The effect of ADAM17 on

phagocytosis is already shown in the study by Driscoll et al., as mentioned before (33).

Previous research studying the effect of ADAM17 inhibition in a SCI mouse model showed the
involvement of ADAM17 during SCI. Besides, it was shown that ADAM17 signaling was necessary for
microglial survival in vitro (35). To investigate the role of ADAM17, hypomorphic ADAM17
(ADAM17¢¥/ex) mice were generated with an almost complete absence of functional ADAM17 protein
in the whole organism. These mice were created by the induction of a new artificial exon which starts
with a premature translational stop codon in the ADAM17 gene, called the exon induced translational
stop strategy. ADAM17°¥/¢x mice are viable and show due to the importance of ADAM17 during
developmental processes for instance eye, hair and skin defects. Since ADAM17 is ubiquitously
expressed, it is essential to design cell and tissue-specific strategies to target ADAM17. Therefore,
conditional and inducible ADAM17 knockout animals were generated to study the cell and tissue-
specific roles of ADAM17 (23, 26, 28). These various mouse models are used to unravel the precise
mechanisms of ADAM17 involvement in functional recovery after SCI.

1.4. Aims of the study

The aim of this research is to elucidate the mechanisms behind the effect of ADAM17 on SCI,
especially on inflammation and phagocytosis. ADAM17 involvement in shedding various
inflammatory mediators and phagocytic receptors makes this enzyme an interesting target to
modulate the inflammatory response and phagocytic activity of professional phagocytes (24, 26). In
this study, we hypothesized that ADAM17 deficiency favors an anti-inflammatory environment by
reducing the shedding of inflammatory mediators and by enhancing the resolution of inflammation
through phagocytosis leading to an improved functional recovery after SCI (figure 4). First, we
investigated the effect of ADAM17 on functional recovery after SCI using ADAM17¢/¢X mice and by
inhibiting ADAM17 via a pharmacological inhibitor. In a second part of the project, a tamoxifen-
inducible microglia-specific ADAM17 knockout (ADAM17flox*/*-Cx3Cr1-CreERT2) mouse model was
used to study the effect of ADAM17 on microglia and to determine the role of microglial ADAM17 on
the functional recovery after SCI. Furthermore, in vitro the phagocytic capacity of bone marrow-
derived macrophages (BMDMs) and primary microglia isolated from ADAM17¢¥ex and wild-type

(ADAM17%¥wt) mice was investigated.
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Figure 4: ADAM17 deficiency promotes an anti-inflammatory environment and phagocytosis after
SCI. 1In this study, we hypothesized that ADAM17 deficiency favors an anti-inflammatory environment by the
reduced production of soluble TNF-a and by enhancing the resolution of inflammation through phagocytosis,
which leads to an improved functional recovery after SCI. The deficiency of ADAM17 promotes an anti-
inflammatory environment in the injured spinal cord, because of the impeded shedding of various mediators of
inflammation such as TNF-a, TNF-R and ICAM-1. ADAM17 deficiency not only has an effect on the inflammatory
response following SCI but also on the phagocytic capacity of resident microglia and monocyte-derived
macrophages. The inhibited shedding of various phagocytic receptors, including CD36 and MerTK, improves their
phagocytic capacity and thereby the resolution of inflammation and inhibitory factors necessary for regeneration.
ADAM17, ‘a disintegrin and metalloproteinase 17°; SCI, spinal cord injury; TNF-a, tumor necrosis factor-a; TNF-
R, tumor necrosis factor-receptor; ICAM-1, intercellular adhesion molecule-1; CD36, cluster of differentiation 36,

MerTK, Mer tyrosine kinase.
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2. Materials and methods

2.1. Animals

ADAM17¥/¢x and ADAM17%Y“t mice were used for in vivo and in vitro experiments. Heterozygous
ADAM17%Yex preeding mice were kindly provided by Prof. Dr. Stefan Rose-John and Dr. Athena
Chalaris-RiBmann (Christian-Albrechts University, Kiel, Germany). As previously reported,
ADAM17e¥/¢x mice show eye, hair and skin defects (28), therefore in vivo experiments could not be
performed blinded.

For the inhibitor experiment, 10-week old female C57BL/6] mice (Janvier, Le Genest Saint Isle,
France) were used. Animals were distributed equally among the groups according to their Basso
Mouse Scale (BMS) score right after surgery. These mice received an intraperitoneal injection of an
ADAM10/17 inhibitor (GW280264x, Aobious Inc., Gloucester, Massachusetts, USA), a specific
ADAM10 inhibitor (GI254023x, Sigma-Aldrich, Overijse, Belgium) or the vehicle every day for one
week starting 4 hours post-surgery. GW280264x and GI254023x were dissolved in 0.6% dimethyl
sulfoxide (DMSO) in phosphate-buffered saline (PBS) at a concentration of 100 pg/kg.

Mice expressing tamoxifen-inducible Cre-recombinase under the Cx3Cr1 promotor (Cx3Cr1-CreERT2
mice), previously described by Prof. Dr. Steffen Jung (36), were bred with ADAM17flox*/* mice
(strain 009597, Jackson Laboratory) for at least 2 generations to create ADAM17flox*/*-Cx3Cr1-Cre
mice. For the induction of the Cx3Cri1-driven Cre-recombinase, tamoxifen was administered twice
to the mice via oral gavage (8 mg/ml tamoxifen (Sigma-Aldrich) dissolved in corn oil (Sigma-Aldrich)

at a concentration of 20 mg/ml) every other day at the age of 4-5 weeks.

Mice were housed in a conventional animal facility at Hasselt University under standardized
conditions, such as a 12h light-dark cycle, a temperature-controlled room (20 + 3°C) and with food
and water ad libitum. All experiments were approved by the local ethical committee of Hasselt
University and were performed according to the guidelines described in Directive 2010/63/EU on the

protection of animals used for scientific purposes.
2.2. Genotyping

The offspring of the heterozygous ADAM17"%ex and ADAM17flox*/+-Cx3Cr1-Cre*/- breeding couples
were genotyped by the extraction of genomic DNA from ear punches using the Extracta™ DNA Prep
for PCR tissue (Quanta Biosciences, Gaithersburg, Maryland, USA) according to the manufacturer’s
instructions. The PCR mixture (25 pl) contained 1x Kapa2G Fast (Sigma-Aldrich), 0.5 uM of forward
and reverse primers (table S1) and genomic DNA. The obtained PCR product was separated by gel
electrophoresis on a 2% agarose gel. At last, the gels were visualized using the Gel Doc™ XR+

system (Bio-Rad Laboratories, Temse, Belgium).

2.3. Isolation of microglia from adult mice

The efficiency of Cre-lox recombination was evaluated by the isolation of microglia from adult
ADAM17flox*/*-Cx3Cr1-Cre*/- and ADAM17flox*/*-Cx3Cr1-Cre”- mice. These mice first received an

intraperitoneal injection of an anesthetic overdose (200 mg/kg Dolethal; Vetoquinol, Aartselaar,
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Belgium) and were transcardially perfused with cold PBS containing heparin. The different steps in
the protocol were performed at 4°C unless otherwise mentioned. Spinal cords and brains were
isolated and dissociated using 175 U/ml collagenase dissolved in Hank’s balanced salt solution
containing Ca?* and Mg*+ for 1 hour at 37°C. Next, the dissociated tissue was centrifuged for 5
minutes at 400g and then washed with Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich),
10% heat-inactivated fetal calf serum (FCS) and DNase (STEMCELL technologies, Grenoble, France).
After 15 minutes incubation at room temperature (RT), the cell suspension was centrifuged for 5
minutes at 400g. The cell pellet was subsequently resuspended in 30% Percoll in 1x PBS and
centrifuged for 10 minutes at 700g. The obtained layer of fat was removed and the cell pellet was
resuspended in 1x PBS, containing 0.05 mg/ml DNase, which was incubated for 15 minutes at RT.
After washing with MACS buffer (1x PBS with 0.5% bovine serum albumin and 2 mM
ethylenediaminetetraacetic acid) for 5 minutes at 700g, the cell suspension was filtered through a
35 pm strainer and centrifuged for 5 minutes at 700g. Microglia were isolated using CD11b
MicroBeads (Miltenyi Biotec, Leiden, The Netherlands) according to the manufacturer’s instructions.
Briefly, the cell pellet was resuspended in MACS buffer and CD11b MicroBeads and incubated for 15
minutes. The cells were washed with MACS buffer and centrifuged for 10 minutes at 700g and the
cells were resuspended in MACS buffer. The CD11b* cells were magnetically separated by letting the
cell suspension flow through the MACS columns of the MACS separator. Subsequently, CD11b* cells
were collected and either used for RNA isolation using the RNeasy Mini Kit (Qiagen, Antwerp,
Belgium) according to the manufacturer’s instructions or resuspended in RIPA buffer (150 mM NaCl,
50 mM Tris base (pH = 8), 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS) and 1%
Triton X-100 supplemented with an EASYpack complete protease inhibitor cocktail tablet (Roche,
Sigma-Aldrich)) for further use.

2.4. Experimental spinal cord injury

A T-cut hemisection injury was performed as previously described (37, 38). Briefly, 10- to 12-week
old mice were anesthetized by 3% isoflurane (IsoFlo®, Zoetis Belgium SA, Zaventem, Belgium). The
spinal cord was exposed by a partial laminectomy at thoracic level T8. Mice were subjected to a
bilateral hemisection (T-cut hemisection) injury by the transection of the left and right dorsal
funiculus, the dorsal horns and the ventral funiculus, using iridectomy scissors. This T-cut
hemisection results in a complete transection of the dorsomedial and ventral corticospinal tract and
induces impairment of several other descending and ascending tracts. Afterwards, muscles were
sutured and the back skin was closed with wound clips (BD Autoclip®, BD biosciences,
Erembodegem, Belgium). As a post-operative pain treatment, a subcutaneous injection of the
analgesic Temgesic (0.1 mg/kg; Val d'Hony Verdifarm, Beringen-Paal, Belgium) was given close to
the wounded area. Hypoglycemia and dehydration was avoided by an intraperitoneal injection of
20% glucose (Baxter, Lessen, Belgium) and, if necessary, eyes were remoistened with drops of
NaCl. Subsequently, mice were placed in a temperature-controlled chamber (33°C) to avoid
hypothermia and were placed back in their cages after they regained consciousness. Bladders were

manually emptied every day until return of bladder function.
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2.5. Locomotion tests

Functional recovery of the mice was scored for 28 days using the BMS test (39). BMS is a 10-point
scale (9 = normal locomotion, 0 = complete hind limb paralysis) based on hind limb movements
made in an open field during a 4-minute interval. Mice were scored daily during the first ten days
after SCI surgery and every other day during the remaining period. Functional recovery was
evaluated by an investigator blinded to the experimental groups.

2.6. Quantitative polymerase chain reaction

The efficiency of Cre-lox recombination was determined by measuring ADAM17 mRNA expression
using quantitative polymerase chain reaction (qPCR) in microglia isolated from adult ADAM17flox*/*-
Cx3Cr1-Cre*/- and ADAM17flox*/*-Cx3Cr1-Cre”- mice. RNA was extracted from these microglia using
the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. Besides, gene expression
was investigated at different time points post-injury (1, 3 and 7 dpi). Therefore, ADAM17¢/¢x and
ADAM17%Y"t mice were transcardially perfused with Ringer solution. Uninjured mice (without SCI)
of both genotypes were included into the analysis as a control. Standardized areas of spinal cord
tissue (5 mm cranial and 5 mm caudal to the lesion center) were collected. Total RNA was isolated
from these spinal cords using the PARIS™ kit (Thermo Fisher Scientific, Erembodegem, Belgium)
according to the manufacturer’s instructions with minor adaptations (37). The concentration and the
purity of the RNA were determined using the NanoDrop Spectrophotometer (Thermo Fisher
Scientific).

Next, cDNA was synthesized from 0.15 pg total RNA using the gScript cDNA SuperMix (1x) (Quanta
Biosciences). Subsequently, a qPCR was performed by the StepOnePlus Real-Time PCR system,
using universal cycling conditions (20 s at 95°C and 40 cycles of 3 s at 95°C and 30 s at 60°C)
(Applied Biosystems, Gaasbeek, Belgium). The qPCR reaction mixture contained fast SYBR Green
master mix (Applied Biosystems), 10 uM forward and reverse primers, MilliQ water and cDNA in a
total reaction volume of 10 pl. Primer sequences are provided in table S2. Relative quantification of
the gene expression was performed by the comparative 2-22CT method. The data was normalized to
the most stable reference genes as previously described (40). GeNorm software identified
hydroxymethylbilane synthase (HMBS) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
as the most stable reference genes.

2.7. Western blot analysis

The efficiency of Cre-lox recombination was determined by measuring ADAM17 protein expression
in microglia isolated from adult ADAM17flox*/*-Cx3Cr1-Cre*/- and ADAM17flox*/*-Cx3Cr1-Cre”-
mice and resuspended in RIPA buffer. To investigate protein expression at different time points post-
injury (1, 3, 7, 28 and 42 dpi), ADAM17%/ex and ADAM17"%"t mice were transcardially perfused with
Ringer solution, as described before. Uninjured mice (without SCI) of both genotypes were included
into the analysis as a control. Standardized areas of spinal cord tissue (5 mm cranial and 5 mm
caudal to the lesion center) were collected and proteins were isolated using the PARIS™ kit (Thermo

Fisher Scientific) according to the manufacturer’s instructions with minor adaptations (37). The
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protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. At the end, the results were read at 570 nm
with an iMark Microplate Absorbance Reader (Bio-Rad Technologies). Samples (20 ug of protein)
were separated on a 7.5 or 12% SDS-polyacrylamide gel at 140V for 1.5 hour. Thereafter, the
proteins were transferred from the gel to a polyvinylidene difluoride (PVDF) membrane (Merck
Millipore, Overijse, Belgium) for 1.5 hours at 350 mA. The PVDF membrane was then blocked for at
least 1 hour with 5% milk powder in 1x TBS-T (Tris-buffered saline (TBS) containing 0.1% Tween
20) and incubated overnight at 4°C with the primary antibody (diluted in 1x TBS-T with 0.02%
sodium azide; table S3). After repeating washing steps with 1x TBS-T, the horse radish peroxidase-
conjugated secondary antibody (diluted in 5% milk powder in 1x TBS-T; table S3) was applied for 1
hour at RT. The target protein was visualized by applying Pierce ECL Plus Western Blotting Substrate
(Thermo Fisher Scientific) and with the use of the ImageQuant LAS 4000 mini (GE Healthcare,

Diegem, Belgium). B-actin served as a loading control.

2.8. Immunohistochemistry

Mice received an intraperitoneal injection of an anesthetic overdose (200 mg/kg Dolethal;
Vetoquinol) at 28 dpi. Subsequently, they were transcardially perfused with Ringer solution
containing heparin followed by 4% paraformaldehyde (PFA) in PBS (pH = 7.4). Spinal cords were
isolated and stored overnight in post-fixation solution (5% sucrose in 4% PFA) at 4°C followed by
several days of cryoprotection in 30% sucrose in 1x PBS at 4°C. Afterwards, spinal cords were
embedded in optimal cutting temperature compound (Leica, Diegem, Belgium) and frozen using
liquid-nitrogen cooled isopentane. Next, 10 pm thick sagittal spinal cord sections were cut and

immunohistochemical stainings were performed.

The spinal cord sections were first blocked in 10% protein block (Dako, Heverlee, Belgium) in 1x
PBS for 1 hour at RT. Optionally, permeabilization was performed for 30 minutes using 10% protein
block in 1x PBS containing 0.5% Triton X-100. The primary antibodies (table S4) were diluted in 1x
PBS with 1% protein block and 0.05% Triton X-100 and incubated overnight at 4°C in a humidified
chamber. After repeating washing steps with 1x PBS, secondary antibodies (table S4) were applied
for 1 hour at RT in the dark. If the spinal cord sections were stained for Arginase-1 (Arg-1) and
major histocompatibility complex-II (MHC-II), the following protocol was used. First, sections were
permeabilized for 30 minutes using 0.1% Triton X-100 in TBS (pH 7.5) and blocked with 10% protein
block in TBS for 1 hour at RT. Primary antibodies (table S4) were diluted in TBS containing 10% milk
powder and incubated at 4°C in a humidified chamber. Following repeating washing steps with TBS,
secondary antibodies (table S4) were applied for 1.5 hours at RT in the dark. The remaining steps
of the protocol are equal for all stainings, after the removal of unbound antibodies, a 4',6-diamidino-
2-phenylindole (DAPI) (Invitrogen, Erembodegem, Belgium) counterstaining was performed for 10
minutes and sections were mounted with fluorescent mounting medium (Dako). The specificity of
the secondary antibodies was verified by including control stainings, in which the primary antibody
was not applied. Images were taken with a Nikon Eclipse 80i microscope and a digital sight camera
DS-2MBWoc (Nikon, Brussels, Belgium).
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2.9. Quantitative image analysis

Quantitative image analysis was performed on original unmodified images of spinal cord sections
representing the lesion center, using the Imagel open source software (National Institutes of Health,
Bethesda, Maryland, USA). The lesion size and demyelinated area were evaluated by delineating the
area without GFAP and MBP expression, respectively. Quantification of astrogliosis (GFAP expression)
and microglia/macrophages infiltration (ionized calcium-binding adapter molecule 1 (Iba-1)
expression) was performed in the perilesional area by intensity analysis, within square areas of 100
Mm x 100 pm extending 600 um cranial and 600 pm caudal from the lesion epicenter. The number
of CD4* cells was quantified by counting them throughout the entire spinal cord, while the MHC-II*,
Arg-1* and transmembrane protein 119 (TMEM119)* cells were quantified by counting them at the
lesion site and the perilesional area. The recovery of serotonergic neurons was evaluated by
determining the ratio between the length of the 5-hydroxytryptamine (5-HT)* fibers caudal and
cranial to the lesion epicenter.

2.10.Isolation and culturing of bone marrow-derived macrophages

ADAM17e¥/ex and ADAM17"Y“t mice were euthanized by cervical dislocation. Bone marrow was
isolated from the femur and tibia by flushing them with ice-cold PBS. The obtained cell suspension
was cultured for 7-10 days in RPMI1640 medium (Lonza, Verviers, Belgium) supplemented with 10%
heat-inactivated FCS, 1% penicillin/streptomycin and 15% L929-conditioned medium (LCM)
containing macrophage colony-stimulating factor to ensure differentiation towards macrophages.
Culture medium was changed approximately every 3 days. Cells were maintained at 37°C in a
humidified incubator with an air atmosphere of 5% COs.

2.11.Isolation and culturing of primary microglia

Primary microglia cultures were prepared from postnatal PO-P3 pups of ADAM17"/%Wt and ADAM17¢%/ex
mice (41). Briefly, isolated forebrains of mouse pups were incubated in L15 Leibovitz medium (Gibco,
Thermo Fisher Scientific) with 1:10 Trypsin (Sigma-Aldrich) for 15 minutes at 37°C. Subsequently,
the tissue was dissociated in DMEM high glucose medium supplemented with 10% FCS and 1%
penicillin/streptomycin using a Pasteur pipette. The dissociated tissue was passed through a 70 ym
cell strainer, rinsed with DMEM high glucose supplemented with 10% FCS and 1%
penicillin/streptomycin and centrifuged at 1000 rpm for 10 minutes at RT. The cell suspension was
seeded at 2 forebrains per T75 cell culture flask. After 2 days, the culture medium was refreshed.
After reaching 80% confluency, 2/3 DMEM high glucose with 10% FCS and 1%
penicillin/streptomycin containing 1/3 LCM was added. Microglia were isolated approximately 6 days
later using the shake-off method (200 rpm, 2 hours, RT). Microglia were centrifuged at 1000 rpm
for 10 minutes at RT and resuspended in 2/3 DMEM high glucose with 10% FCS, 1%
penicillin/streptomycin and 1/3 LCM for further use in the phagocytosis assay. Cells were maintained

at 37°C in a humidified incubator with an air atmosphere of 5% CO,.
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2.12.Culturing of Neuro-2a cells and induction of apoptosis

The Neuro-2a cell line is a murine neuroblast cell line purchased from American Type Culture
Collection (CCL-131; ATCC, Molsheim Cedex, France). The cell line was cultured in DMEM high
glucose medium supplemented with 10% heat-inactivated FCS and 1% penicillin/streptomycin.
Neuro-2a cells were maintained at 37°C with 5% CO; in a humidified incubator.

Apoptotic Neuro-2a cells were generated by UV exposure at 254 nm for 15 minutes followed by an
1 hour incubation at 37°C in a 5% CO; atmosphere. Apoptosis/necrosis was determined by annexin
V and propidium iodide staining using the apoptosis/necrosis detection kit (Abcam, Cambridge,
United Kingdom).

2.13.Phagocytosis assay

BMDMs or microglia were seeded in a 24-well plate at a density of 2 x 10> cells per well in complete
RPMI1640 medium supplemented with 15% LCM or 2/3 DMEM high glucose with 10% FCS, 1%
penicillin/streptomycin and 1/3 LCM, respectively. After 24 hours, the BMDMs and microglia were
treated with lipopolysaccharide (LPS, 200 ng/ml; PeproTech, London, United Kingdom), IFN-y (100
ng/ml; PeproTech) or IL-4 (33 ng/ml; PeproTech). After overnight incubation, fluorescent red 0.2
Mm latex beads (Sigma-Aldrich) or Dil labeled apoptotic Neuro-2a cells (ratio 4:1) were added to
the medium of the cells. After an 1.5 hour incubation, the cells were washed several times with 1x
PBS and collected in 350 pl FACS buffer (1x PBS supplemented with 2% FCS and 0.1% sodium
azide). The amount of latex beads or Dil labeled apoptotic Neuro-2a cells phagocytosed was

determined using FACS Fortessa (BD Biosciences).

2.14.Statistical analysis

GraphPad Prism 7 software (GraphPad Software, Inc., La Jolla, California, USA) was used to perform
statistical analyses. The BMS locomotion tests and histological evaluation of astrogliosis and
microglia/macrophages infiltration were analyzed using two-way ANOVA for repeated measurements
with a Bonferroni post hoc test for multiple comparisons. All other differences between two groups
were analyzed by the non-parametric Mann-Whitney U test. Multiple groups were compared by a
Kruskal Wallis test followed by a Dunn’s multiple comparisons test. Differences with a p-value of <
0.05 were considered statistically significant. Data in graphs are presented as mean * standard error
of the mean (SEM) or as mentioned otherwise.
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3. Results

First, we investigated the effect of ADAM17 on functional recovery after SCI. To address this
question, ADAM17¥/¢x mice, which express reduced levels of ADAM17, or C57BL/6] mice treated
with a pharmacological ADAM17 inhibitor were subjected to a T-cut hemisection. Functional recovery
of these mice was evaluated using the BMS and their spinal cords were further analyzed on
histological level. Besides, gene and protein expression levels of various inflammatory mediators
and phagocytic receptors were determined in spinal cord tissue of ADAM17°¥/¢x and ADAM17"/wt
mice isolated at different time points post-injury. In a second part of the project, the role of microglial
ADAM17 on functional recovery after SCI was studied using a tamoxifen-inducible microglia-specific
ADAM17 knockout (ADAM17flox*/+-Cx3Cr1-Cre*/") mouse model. The spinal cords of these mice
were further evaluated on histological level. Finally, the effect of ADAM17 on the in vitro phagocytic
capacity of BMDMs and primary microglia isolated from ADAM17¢¥¢ and ADAM17%/“t mice was

investigated.

3.1. ADAM17 deficiency leads to a better functional recovery after SCI

To investigate the effect of ADAM17 on the functional recovery after SCI, ADAM17¢¥/¢* and
ADAM17%Y"t mice were subjected to a T-cut hemisection at thoracic level T8. The functional recovery
of these mice was assessed for 28 days using the BMS. BMS scores range from 0 (= no ankle
movement) to 9 (= normal locomotion), for instance a score of 3 is plantar placing or dorsal stepping
while a score of 4 is occasional plantar stepping (39). Locomotor recovery was significantly improved
in ADAM17¢¥ex mice from day 8 onwards (p < 0.001) compared to ADAM17"Y%t mice (figure 5).

These results indicate that ADAM17 deficiency leads to a better functional recovery after SCI.
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Figure 5: ADAM17 deficiency leads to a better functional recovery after SCI. A) 10- to 12-week old mice
with a reduced ADAM17 expression in all tissues (ADAM17%% mice, ex/ex, n = 28) and wild-type (ADAM17"¥"t,
wt/wt, n = 30) mice were subjected to a T-cut hemisection. Functional recovery was assessed for 28 days using
the BMS where after these mice were sacrificed and their spinal cord tissue was analyzed. B) ADAM17%/¢X mice
displayed an improved functional recovery from day 8 after SCI compared to ADAM17%Y"* mice. Data are
presented as mean = SEM. ***p < 0.001. ADAM17, 'a disintegrin and metalloproteinase 17’; SCI, spinal cord

injury; BMS, Basso Mouse Scale.
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3.2. ADAM17 deficiency affects myelination, serotonergic neuron recovery and the

inflammatory response after SCI

Spinal cord tissue of ADAM17¥/ex and ADAM17%Y"“t mice was isolated 28 dpi and further analyzed by
immunohistochemistry. Demyelinated area, lesion size and astrogliosis (figure 6A-D) was analyzed
by MBP and GFAP immunofluorescence. Measurement of the demyelinated area, the MBP-negative
area, showed a significant increase (p < 0.05) in ADAM17¢¥¢X mice compared to ADAM17%/%t mice
(figure 6A-B). However, no significant difference in lesion size, defined as the GFAP-negative area,
was observed between ADAM17¥/¢x and ADAM17"“tmice (figure 6C). Furthermore, astrogliosis was
determined by measuring GFAP intensity 600 pum caudal and 600 pm cranial from the lesion
epicenter. No significant difference in astrogliosis was observed 28 dpi between ADAM17¢¥/¢x and
ADAM17%Y"t mice (figure 6D). Next, the recovery of serotonergic neurons was evaluated by
determining the ratio between the length of the 5-HT* fibers caudal and cranial to the lesion
epicenter. ADAM17¢¥/ex mice showed a significant increased 5-HT* fiber ratio (p < 0.05) compared
to ADAM17%wt mice (figure 6E).
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Figure 6: ADAM17 deficiency leads to an increased demyelinated area and a better recovery of
serotonergic fibers. Spinal cord sections of ADAM17%¥/¢X(ex/ex, n = 11-13) and ADAM17""**mice (wt/wt, n =
13-16) were further analyzed on histological level. A) Representative images of spinal cord sections, including
the lesion epicenter, from ADAM17°/®< and ADAM17“Y"t mice stained for MBP were used to measure the
demyelinated area. Scale bar: 500 ym. B) ADAM17%/® mice showed a significant increased demyelinated area,
the MBP-negative area, compared to ADAM17%Y*t mice. C) No difference in lesion size, defined as the GFAP-
negative area, was observed. D) Subsequently, astrogliosis was determined by measuring GFAP intensity 600
pm caudal and 600 pm cranial from the lesion epicenter. No difference in astrogliosis was observed between the
two groups. E) Finally, serotonergic neuron recovery was measured by determining the ratio between the length
of 5-HT™* fibers caudal and cranial to the lesion epicenter. The 5-HT* fiber ratio was significantly increased in
ADAM17%/®* mice compared to ADAM17*¥"tmice. Data are presented as mean + SEM (B-D = data are expressed
as percentage to control). *p < 0.05. ADAM17, 'a disintegrin and metalloproteinase 17’ MBP, myelin basic

protein; GFAP, glial fibrillary acidic protein; 5-HT, 5-hydroxytryptamine (serotonin).
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Subsequently, the inflammatory response after SCI was characterized by analyzing the
microglia/macrophage infiltration, the presence of pro- and anti-inflammatory macrophages, T
helper cells and the number of TMEM119+* cells. The microglia/macrophage response was determined
by measuring Iba-1 intensity 600 pm caudal and 600 pm cranial from the lesion epicenter. No
significant difference in microglia/macrophage response was observed between ADAM17¢¥/ex and
ADAM17%Y"t mice (figure 7A). Next, the presence of M2 macrophages was evaluated by quantifying
Arg-1* cells both at the site of injury and perilesional. No difference in the number of Arg-1* cells
was observed between the two groups (figure 7B). Investigating the number of infiltrating T helper
cells after SCI by quantifying CD4* cells throughout the entire spinal cord revealed a significant
increased number of CD4* cells in ADAM17/¢*mice (p < 0.01) compared to ADAM17"¥“tmice (figure
7C). Furthermore, the presence of M1 macrophages was evaluated by quantifying MHC-II* cells at
the site of injury and perilesional. The amount of MHC-II* cells was significantly decreased in
ADAM17%/¢x mice (p < 0.05) compared to ADAM17"Y"t mice (figure 7D-E). Lastly, the number of
TMEM119* cells at the site of injury was significantly increased in ADAM17¢¥/¢x mice (p < 0.01)
compared to ADAM17"Y"t mice (figure 7F-G).

In conclusion, histological analysis of spinal cord tissue revealed an increased demyelinated area
and a better recovery of serotonergic fibers in ADAM17¢/ex mice. With regard to the inflammatory
response, more TMEM119* microglia as well as CD4* T helper cells and a reduced number of MHC-

II+ cells were observed in ADAM17¢¥/ex mice.
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Figure 7: Spinal cord sections from ADAM17°*/°* mice show an increase in CD4* cells as well as
TMEM119* cells and a decrease in MHC-II* cells. The inflammatory response after SCI was further
characterized in spinal cord tissue of ADAM17%/¢ (ex/ex, n = 9-18) and ADAM17"Y*mice (wt/wt, n = 13-22).
A) First, microglia/macrophage infiltration was analyzed by measuring Iba-1 intensity 600 um caudal and cranial
from the lesion epicenter. No difference in microglia/macrophage infiltration was observed between ADAM17¥/¢x
and ADAM17"Y“t mice. B) Next, M2 macrophage presence was evaluated by quantifying Arg-1* cells at the site
of injury and perilesional. No difference in the amount of Arg-1* cells was observed in ADAM17¢¥¢* mice. C)
Furthermore, T helper cell infiltration was investigated by quantifying CD4* cells throughout the injured spinal
cord. CD4* cell number was significantly increased in ADAM17%/¢* mice compared to ADAM17%Y"t mjce. D)
Representative images of spinal cord sections from ADAM17"Y*tand ADAM17%/®*mice stained for MHC-II; arrows
indicate MHC-II* cells. Scale bar: 100 pm. E) The amount of MHC-II* cells was significantly decreased in
ADAM17%/®* mice compared to ADAM17"Y“t mice. F) Representative images of spinal cord sections from
ADAM17%Y"t and ADAM17%¥®X mice stained for TMEM119 and Iba-1; arrows indicate TMEM119* cells. Scale bar:
100 um. G) The number of TMEM119* cells at the site of injury was significantly increased in ADAM17%9®* mice
compared to ADAM17"Y*t mice. Data are presented as mean + SEM (A, G = data are expressed as percentage
to control). *p < 0.05, **p < 0.01. ADAM17, ‘a disintegrin and metalloproteinase 17’; CD4, cluster of
differentiation 4, TMEM119, transmembrane protein 119, MHC-II, major histocompatibility complex-II; SCI,

spinal cord injury; Iba-1, ionized calcium-binding adapter molecule 1; Arg-1, Arginase-1.

3.3. ADAM17 deficiency affects gene expression of inflammatory mediators and

phagocytic receptors after SCI

In order to determine the effect of ADAM17 deficiency on inflammation and phagocytosis after SCI,
spinal cord homogenate was isolated from ADAM17¢e and ADAM17%Y“tmice at different time points
post-injury. ADAM17 mRNA levels were significantly decreased in ADAM17¢/¢Xmice at all time points
(p < 0.001 or p < 0.0001) compared to ADAM17*Y“tmice (figure 8A). No difference in the expression
of the inflammatory mediator TNF-a was observed between the two groups while IL-18 mRNA
expression was significantly increased at 1 (p < 0.001) and 7 dpi (p < 0.01) in ADAM17/¢X mice
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compared to ADAM17%Y"t mice (figure 8B-C). The expression of the inflammatory cytokine IL-6, the
chemokine (C-X-C motif) ligand 1 (CXCL1) and the chemokine (C-C motif) receptor 2 (CCR2) was
decreased 3 dpi (p < 0.01) in spinal cord homogenate of ADAM17°¥eX mice (figure 8D-F).
Furthermore, ADAM17¢¥/ex mice showed an increased expression of the phagocytic receptor
triggering receptor expressed on myeloid cells 2 (TREM2) 3 dpi (p < 0.01) and of CD36 (p < 0.05)
7 dpi (figure 8G-H). To summarize, ADAM17¢¥/ex mice showed as expected a reduced expression
level of ADAM17. Furthermore, spinal cord homogenate of ADAM17¢/¢X mice show a decreased IL-
6, CXCL1 and CCR2 expression 3 dpi. On the other hand, IL-1B expression was increased 1 and 7
dpi, TREM2 expression 3 dpi and CD36 expression 7 dpi.
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Figure 8: Spinal cord homogenate of ADAM17°/°* mice show a decreased IL-6, CXCL1 and CCR2
expression but an increased IL-1B expression after SCI. Expression of the phagocytic receptors
TREM2 and CD36 was increased 3 or 7 days post-injury, respectively. The gene expression levels of
ADAM17, the inflammatory mediators TNF-a, IL-1B, IL-6, CXCL1 and CCR2 and the phagocytic receptors CD36
and TREM2 was determined in spinal cord tissue of ADAM17%¥*X (n = 3-7) and ADAM17%Y"(n = 3-7) mice by
gPCR. A) At all time points, ADAM17 mRNA expression was significantly decreased in ADAM17%¥® mice compared
to ADAM17"¥"*mice. B) TNF-a expression did not differ between the two groups. C) At 1 and 7 dpi, a significant
increased IL-1B expression was observed in ADAM17%/**mice compared to ADAM17%Y**mijce. D-F) The expression
of IL-6, CXCL1 and CCR2 was decreased in ADAM17%¥®* mice at 3 dpi compared to ADAM17%Y"t mice. G-H)
ADAM17°/¢* mice showed an increased mRNA expression of TREM2 at 3 dpi and an increased CD36 expression
7 dpi compared to ADAM17"Y"t mice. Relative quantification of gene expression levels was performed by the
comparative 2722T method. Data were normalized to the most stable reference genes HMBS and GAPDH. Data
are presented as mean £ SEM. *p < 0.05, **P < 0.01, ***p < 0.001, ****p < 0.0001. ADAM17, 'a disintegrin
and metalloproteinase 17°; IL-6, interleukin-6; CXCL1, chemokine (C-X-C motif) ligand 1; CCR2, chemokine (C-
C motif) receptor 2; dpi, days post-injury; TREM2, triggering receptor expressed on myeloid cells 2; CD36, cluster
of differentiation 36, TNF-a, tumor necrosis factor-a;, qPCR, quantitative polymerase chain reaction; HMBS,

hydroxymethylbilane synthase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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3.4. ADAM17 deficiency leads to an increased protein expression of Arg-1 and CD36
after SCI

Next, the effect of ADAM17 deficiency on the anti-inflammatory environment and phagocytosis was
evaluated at different time points post-injury. Therefore, the protein expression of the anti-
inflammatory M2 macrophage marker Arg-1 and the phagocytic receptor CD36 was determined by
western blot analysis in spinal cord homogenate isolated from ADAM17%¥/eX and ADAM17"/%t mice at
different time points post-injury. The expression of Arg-1 was significantly increased in ADAM17¢ex/ex
mice 3 dpi (p < 0.05) compared to ADAM17%/%t mice (figure 9A-B). The phagocytic receptor CD36
showed a significantly increased expression in spinal cord homogenate of ADAM17¢/¢X mice 28 dpi
(p < 0.05) (figure 9C-D). In conclusion, ADAM17¢¥/ex mice showed an increased Arg-1 expression 3

dpi and an increased CD36 expression 28 dpi compared to ADAM17%Y"t mice.
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Figure 9: Spinal cord homogenate of ADAM17/°* mice shows on protein level an increased expression

I!

of Arg-1 and CD36. The protein expression of the M2 macrophage marker Arg-1 and the phagocytic receptor
CD36 was determined in spinal cord tissue of ADAM17¢¥¢* (n = 3-5) and ADAM17"Y"t (n = 4-5) mice by western
blot analysis. A) At 3 dpi, Arg-1 expression was significantly increased in ADAM17%/¢* mice compared to
ADAM17"Y"t mice (data is normalized to ADAM17"Y*t mice 3 dpi). B) Representative images of western blot
analysis performed for Arg-1 (38 kDA). B-actin (42 kDA) is used as a loading control. C) CD36 showed a
significantly increased expression in ADAM17%/¢* mice 28 dpi compared to ADAM17"Y*t mice (data is normalized
to ADAM17"Y"* mice 28 dpi). D) Representative images of western blot analysis performed for CD36 (53 kDA).
B-actin (42 kDA) is used as a loading control. Data are presented as mean + SEM. *p < 0.05. ADAM17, ‘a
disintegrin and metalloproteinase 17’; Arg-1, Arginase-1; CD36, cluster of differentiation 36, dpi, days post-
injury.

20



Results

3.5. Pharmacological ADAM10/17 inhibition improves functional recovery after SCI

We previously demonstrated that ADAM17 deficiency has a beneficial role in the functional recovery
after SCI. Therefore, it was further investigated if the inhibition of ADAM17 by the use of
pharmacological inhibitors has a similar effect on the functional recovery after SCI. Mice were treated
with an ADAM10/17 inhibitor (GW280264x, GW), a specific ADAM10 inhibitor (GI254023x, GI) or
the vehicle (0.6% DMSO in PBS) every day for one week starting 4 hours post-surgery. The
functional recovery was evaluated for 28 days using the BMS score (figure 10). The group of mice
treated with the ADAM10/17 inhibitor (GW) showed an improvement in functional recovery following
SCI (p < 0.05) compared to the vehicle treated group. Mice treated with GW also seem to show an
improved functional recovery compared to mice treated with the specific ADAM10 inhibitor (GI).
However, this difference is not considered statistically significant (p = 0.0548). No difference in
functional recovery after SCI was observed between the group of mice treated with GI and the
vehicle treated group (figure 10). In conclusion, these results indicate that the inhibition of both
ADAM10 and ADAM17 improves functional recovery after SCI while the inhibition of ADAM10 alone
did not affect functional recovery.
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Figure 10: ADAM10/17 inhibition leads to a better functional recovery after SCI. A) 10-week old
C57BL/6] mice were subjected to a T-cut hemisection and treated with either an ADAM10/17 inhibitor
(GW280264x, GW, n = 10), a specific ADAM10 inhibitor (GI254023x, GI, n = 10) or vehicle (0.6% DMSO in PBS,
n = 9) every day for one week starting 4 hours post-surgery. After a 28-day follow-up period, mice were sacrificed
and their spinal cord tissue was analyzed. B) The functional recovery of these mice was evaluated for 28 days
using the BMS. The GW treated group showed an improved functional recovery after SCI compared to the vehicle
treated group. The GW treated mice showed a non-significant improvement in functional recovery compared to
the GI treated mice. No difference in functional recovery was observed between the group of mice treated with
GI and the vehicle treated mice. Data are presented as mean £ SEM. *p < 0.05. ADAM, 'a disintegrin and
metalloproteinase’; SCI, spinal cord injury; DMSO, dimethyl sulfoxide; PBS, phosphate-buffered saline; BMS,

Basso Mouse Scale.
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3.6. Inhibition of ADAM10 and ADAM17 reduces the number of MHC-II* cells

The spinal cord tissue of GW, GI and vehicle treated mice isolated 28 dpi was further analyzed by
immunohistochemistry. First, demyelinated area, lesion size and astrogliosis were evaluated by
GFAP and MBP staining. GW treated mice showed a trend (p = 0.0897) towards a decreased
demyelinated area compared to vehicle treated mice (figure 11A-B). No significant differences
between the three groups were determined for lesion size (figure 11C). Astrogliosis was analyzed
by measuring GFAP intensity beyond the lesion, 600 pm caudal and 600 pm cranial from the lesion
epicenter. No significant difference in astrogliosis was observed between the three groups (figure
11D). Furthermore, serotonergic neuron recovery was evaluated by determining the ratio between
the length of the 5-HT* fibers caudal and cranial to the lesion epicenter. This analysis revealed no

differences between the three groups (figure 11E).
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Figure 11: Inhibition of ADAM10 and ADAM17 leads towards a non-significant reduction in the
demyelinated area. Spinal cord tissue of mice treated with vehicle (vehicle, n = 6-8), a specific ADAM10
inhibitor GI (GI, n = 7-9) or an ADAM10/17 inhibitor GW (GW, n = 7-8) was further analyzed. A) Representative
images of spinal cord sections, including the lesion epicenter, from vehicle, GI or GW treated mice stained for
MBP were used to determine the demyelinated area. Scale bar: 500 um. B) GW treated mice showed a trend
towards a reduction of the demyelinated area, the MBP-negative area, compared to the vehicle treated mice. C)
Lesion size, defined as the GFAP-negative area, showed no differences between the three groups. D)
Subsequently, astrogliosis was evaluated by measuring GFAP intensity 600 pm caudal and 600 pm cranial from
the lesion epicenter. No significant difference in astrogliosis was observed between the three groups. E)
Furthermore, serotonergic neuron recovery was evaluated by determining the ratio between the length of the 5-
HT* fibers caudal and cranial to the lesion epicenter. This analysis revealed no differences between the three
groups. Data are presented as mean = SEM. ADAM, ‘a disintegrin and metalloproteinase’; MBP, myelin basic

protein; GFAP, glial fibrillary acidic protein; 5-HT, 5-hydroxytryptamine (serotonin).
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Next, the immune response after SCI was characterized by determining the presence of pro- and
anti-inflammatory macrophages, T helper cells and microglia/macrophage infiltration. The pro-
inflammatory M1 macrophages and anti-inflammatory M2 macrophages, MHC-II* and Arg-1* cells
respectively, were quantified at the site of injury and perilesional. A significantly decreased number
of MHC-II* cells was observed in the GI and the GW treated mice (p < 0.05) compared to the vehicle
treated group (figure 12A-B), while no difference in the number of Arg-1* cells was determined
(figure 12C). Furthermore, no difference in microglia/macrophage infiltration (Iba-1 staining) was
observed between the three groups (figure 12D). Finally, the presence of T helper cells was
determined by counting the nhumber of CD4+* cells throughout the entire spinal cord. The number of
CD4+ cells did not significantly differ between the three groups (figure 12E). In conclusion, GW
treatment leads towards a non-significant reduction in the demyelinated area. GI and GW treated
mice showed a decreased number of MHC-II* cells while no differences were revealed in lesion size,
astrogliosis, 5-HT™ fiber ratio, microglia/macrophage infiltration, Arg-1* cells or CD4* cells.
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Figure 12: Inhibition of ADAM10 and ADAM10/17 reduces the number of MHC-II* cells. Spinal cord
tissue of mice treated with the vehicle (vehicle, n = 8-9), the specific ADAM10 inhibitor GI (GI, n = 8-10) or the
ADAM10/17 inhibitor GW (GW, n = 7-10) was further analyzed. A) Representative images of spinal cord sections
from vehicle, GI or GW treated mice stained for MHC-II; white arrows indicate MHC-II* cells. Scale bar: 100 um.
B-C) The presence of M1 and M2 macrophages, MHC-II* and Arg-1* cells respectively, was quantified at the site
of injury and perilesional. A decreased number of MHC-II* cells was observed in GI or GW treated mice compared
to the vehicle treated mice, while no difference was observed in the number of Arg-1* cells. D) Iba-1 staining
was used to determine microglia/macrophage infiltration 600 pm caudal and cranial from the lesion epicenter.
No difference in microglia/macrophage response was observed between the three groups. E) The presence of T
helper cells was determined by quantifying CD4* cell number throughout the entire spinal cord. The amount of
CD4* cells did not differ between the three groups. Data are presented as mean £ SEM (B-C = data are expressed
as percentage to control). *p < 0.05. ADAM, ‘a disintegrin and metalloproteinase’; MHC-II, major
histocompatibility complex-II; Arg-1, Arginase-1; Iba-1, ionized calcium-binding adapter molecule 1; CD4,

cluster of differentiation 4.
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3.7. Microglia-specific ADAM17 knockout mice show a better functional recovery after
SCI

Based on our previous results indicating that ADAM17 deficiency or the inhibition of ADAM17 leads
to a better functional recovery after SCI (figure 5, 10), the main cell type responsible for this effect
was further investigated. Due to their localization in the CNS and their immediate response after
injury, microglia are one of the main actors during SCI inflammation. Therefore, a mouse model with
a tamoxifen-inducible microglia-specific ADAM17 knockout (ADAM17flox*/*-Cx3Cr1-CreERT2) was
generated. In this mouse model, Cre-recombination is driven under the Cx3Crl promotor. This
promotor is expressed in monocytes, monocyte-derived macrophages, tissue-specific macrophages
and microglia (42, 43). Therefore, ADAM17flox*/*-Cx3Cr1-Cre*/- mice have upon tamoxifen
treatment not only an ADAM17 knockout in microglia but also in monocytes and macrophages.
However, the ADAM17 knockout in monocytes and macrophages disappears due to their
repopulation while ADAM17 knockout persists in microglia 6 weeks post-tamoxifen treatment (43).
The efficiency of Cre-lox recombination and the subsequent ADAM17 knockout in microglia was
confirmed by qPCR and western blot (figure S1). In this way, the effect of microglial ADAM17
knockout on the functional recovery after SCI was studied. Siblings lacking Cre-recombinase
(ADAM17flox*/*-Cx3Cr1-Cre”’") were also treated with tamoxifen and used as a control group.
ADAM17flox*/+-Cx3Cr1-Cre*/- and ADAM17flox*/+-Cx3Cr1-Cre”- mice were subjected to a T-cut
hemisection and the functional recovery was assessed for 28 days using the BMS. From day 8
onwards, locomotor function of ADAM17flox*/+-Cx3Cr1-Cre*/- mice was significantly improved (p <
0.01) compared to ADAM17flox*/*-Cx3Cr1-Cre”/- mice (figure 13). In conclusion, these results show

that microglia-specific ADAM17 knockout improves functional recovery after SCI.
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Figure 13: Microglia-specific ADAM17 knockout mice have a better functional recovery after SCI. A)
At the age of 4 to 6 weeks, ADAM17flox*/*-Cx3Cr1-Cre*/" (n = 13) and ADAM17flox*/*-Cx3Cr1-Cre”" mice (n =
15) were treated twice every other day with tamoxifen to induce a microglia-specific ADAM17 knockout in
ADAM17flox*/*-Cx3Cr1-Cre*- mice. At the age of 10 to 12 weeks, these mice were subjected to a T-cut
hemisection. After a 28-day follow-up period, mice were sacrificed and their spinal cord tissue was analyzed. B)
The functional recovery of these mice was evaluated for 28 days using the BMS. ADAM17flox */*-Cx3Cr1-Cre*/
mice showed an improved functional recovery after SCI compared to ADAM17flox*/*-Cx3Cr1-Cre”- mice. Data
are presented as mean = SEM. **p < 0.01. ADAM17, 'a disintegrin and metalloproteinase 17’; SCI, spinal cord

injury; BMS, Basso Mouse Scale.
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3.8. Microglia-specific ADAM17 knockout affects serotonergic neuron recovery and the

inflammatory response after SCI

Spinal cord tissue of ADAM17flox*/*-Cx3Cr1-Cre*/- and ADAM17flox*/*-Cx3Cr1-Cre”’- mice was
further analyzed by immunohistochemistry 28 dpi. First, demyelinated area, lesion size and
astrogliosis was determined by MBP and GFAP immunofluorescence. No significant differences in
lesion size and demyelinated area were observed between the two groups (figure 14A-B).
Astrogliosis after SCI was determined by measuring GFAP intensity 600 pm caudal and 600 pm
cranial from the lesion epicenter. No significant difference in astrogliosis was observed between
ADAM17flox*/+-Cx3Cr1-Cre*/- and ADAM17flox*/*-Cx3Cr1-Cre”/- mice 28 dpi (figure 14C). Next,
serotonergic neuron recovery was evaluated by determining the ratio between the length of 5-HT*
fibers caudal and cranial to the lesion epicenter. A trend (p = 0.065) towards an increased ratio was
observed in ADAM17flox*/*-Cx3Cr1-Cre*/- mice compared to ADAM17flox*/*-Cx3Cr1-Cre”/- mice

(figure 14D).
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Figure 14: Microglia-specific ADAM17 knockout mice show a suggestive trend towards an increased
5-HT* fiber ratio. Spinal cord tissue of ADAM17flox*/*-Cx3Cr1-Cre*’- (n = 8-18) and ADAM17flox*/*-Cx3Cr1-
Cre’~mice (n = 8-18) was further analyzed. A-B) Demyelinated area and lesion size, respectively defined as the
MBP and GFAP-negative area, showed no differences between ADAM17flox*/*-Cx3Cr1-Cre*’- and ADAM17flox*/*-
Cx3Cr1-Cre”’" mice. C) Astrogliosis, determined by measuring GFAP intensity 600 pm caudal and 600 um cranial
from the lesion epicenter, showed no differences between the two groups. D) Serotonergic neuron recovery was
evaluated by determining the ratio between the length of the 5-HT* fibers caudal and cranial to the lesion
epicenter. ADAM17flox™*-Cx3Cr1-Cre*- mice showed a trend towards an increased ratio compared to
ADAM17flox*/*-Cx3Cr1-Cre”- mice. Data are presented as mean + SEM (A-C = data are expressed as percentage
to control). ADAM17, ‘a disintegrin and metalloproteinase 17°; 5-HT, 5-hydroxytryptamine (serotonin); GFAP,

glial fibrillary acidic protein; MBP, myelin basic protein.
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Subsequently, the inflammatory response after SCI was characterized by analyzing
microglia/macrophages infiltration and the presence of T helper cells, M1 and M2 macrophages. The
microglia/macrophage response was determined by measuring Iba-1 intensity 600 ym caudal and
600 um cranial from the lesion epicenter. ADAM17flox*/*-Cx3Cr1-Cre*/- mice showed a decreased
microglia/macrophage infiltration at 28 dpi (p < 0.05) compared to ADAM17flox*/*-Cx3Cr1-Cre”/"
mice (figure 15A-B). The infiltration of T helper cells was investigated by counting the CD4+ cells
throughout the spinal cord. However, the amount of CD4* cells was comparable between the two

groups (figure 15C).
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Figure 15: Microglia-specific ADAM17 knockout mice show a decreased microglia/macrophage
infiltration. Spinal cord tissue of ADAM17flox**-Cx3Cr1-Cre*- (n = 7-18) and ADAM17flox*/*-Cx3Cr1-Cre”’"
mice (n = 10-18) was further analyzed. A) Representative images of spinal cord sections, including the lesion
epicenter, from ADAM17flox*/*-Cx3Cr1-Cre*/- and ADAM17flox*/*-Cx3Cr1-Cre”- mice stained for Iba-1 were used
to determine microglia/macrophage infiltration. Scale bar: 500 ym. B) Microglia/macrophage infiltration was
determined by measuring Iba-1 intensity 600 um caudal and 600 um cranial of the lesion epicenter. A significant
decrease in the microglia/macrophage response was observed in ADAM17flox*/*-Cx3Cr1-Cre*/- mice compared
to ADAM17flox*/*-Cx3Cr1-Cre”- mice. C) Infiltration of T helper cells after SCI was investigated by quantifying
the CD4™* cells throughout the spinal cord. The amount of CD4" cells was comparable between ADAM17flox*/*-
Cx3Cr1-Cre*- and ADAM17flox*/*-Cx3Cr1-Cre”" mice at 28 dpi. D) Next, the presence of M2 macrophages was
evaluated by quantifying Arg-1* cells at the site of injury and perilesional. No difference in the amount of Arg-1~*
cells was observed between the two groups. Data are presented as mean £ SEM (D = data are expressed as
percentage to control). *p < 0.05. ADAM17, 'a disintegrin and metalloproteinase 17’; Iba-1, ionized calcium-

binding adapter molecule 1, CD4, cluster of differentiation; dpi, days post-injury; Arg-1, Arginase-1.

Next, the presence of anti-inflammatory M2 macrophages and pro-inflammatory M1 macrophages
was evaluated by quantifying the Arg-1* and MHC-II* cells at the site of injury and perilesional. No
difference in the amount of Arg-1* cells was observed between the two groups (figure 15D), while
the number of MHC-II* cells was significantly decreased in ADAM17flox*/*-Cx3Cr1-Cre*/- mice (p <
0.01) compared to ADAM17flox*/+-Cx3Cr1-Cre”~ mice (figure 16A-B).
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Figure 16: Microglia-specific ADAM17 knockout mice show a decreased number of MHC-II* cells.
Spinal cord tissue of ADAM17flox*/*-Cx3Cr1-Cre*” (n =16) and ADAM17flox*/*-Cx3Cr1-Cre’" mice (n = 17) was
further analyzed. A) Representative images of spinal cord sections from ADAM17flox*/*-Cx3Cr1-Cre*’" and
ADAM17flox*/*-Cx3Cr1-Cre”" mice stained for MHC-II; arrows indicate MHC-II* cells. Scale bar: 100 ym. B) The
amount of MHC-II* cells was significantly decreased in ADAM17flox*/*-Cx3Cr1-Cre*/" mice compared to
ADAM17flox*/*-Cx3Cr1-Cre”" mice. Data are presented as mean + SEM (B = data are expressed as percentage
to control). **p < 0.01. ADAM17, ‘a disintegrin and metalloproteinase 17’ MHC-II, major histocompatibility

complex-II.

To summarize, microglia-specific ADAM17 knockout mice showed a significantly decreased
microglia/macrophage infiltration, number of MHC-II* cells and a trend towards an increased 5-HT*
fiber ratio. Microglia-specific ADAM17 knockout does not affect lesion size, demyelinated area,
astrogliosis and the presence of Arg-1* and CD4" cells.

3.9. ADAM17 affects differentially the phagocytic capacity of BMDMs and primary
microglia

After SCI, phagocytosis of cellular debris by monocyte-derived macrophages and microglia plays an
important role in diminishing inflammation and in initiating repair processes. Since ADAM17 is
involved in the shedding of several phagocytic receptors, such as CD36 and MerTK, we further
investigated the effect of ADAM17 deficiency on the phagocytic capacity of BMDMs and primary
microglia. BMDMs and microglia isolated from ADAM17¢¥/¢x or ADAM17%/%t mice were first overnight
stimulated with an M1 (LPS or IFN-y) or an M2 stimulus (IL-4). These cells were exposed to latex
beads or apoptotic Neuro-2a cells for 1.5 hours. Thereafter, the percentage of BMDMs or microglia
that engulfed latex beads or apoptotic cells was quantified by FACS analysis. Untreated and IFN-y
stimulated ADAM17¢¥/ex BMDMs showed a significantly decreased phagocytic capacity of latex beads
(p < 0.01 and p < 0.0001, respectively) compared to ADAM17"/wt BMDMs, while no difference in
phagocytic capacity was observed for LPS or IL-4 stimulated ADAM17¥/¢x BMDMs (figure 17A). On
the other hand, untreated and IL-4 treated ADAM17¢/¢x BMDMs showed an increased phagocytic
capacity (p < 0.05) of apoptotic Neuro-2a cells compared to ADAM17%¥*t BMDMs. However, no
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difference in phagocytic capacity was observed in LPS or IFN-y treated ADAM17¢¥/ex BMDMs (figure
17B). Furthermore, an increased phagocytosis of latex beads was observed in LPS stimulated
ADAM17e¥/¢x microglia compared to ADAM17%Y“t microglia (p < 0.0001). No differences in
phagocytosis were shown in untreated, IFN-y or IL-4 stimulated microglia (figure 17C). In
conclusion, untreated or IFN-y stimulated ADAM17¢¥/¢x BMDMs showed a decreased phagocytosis of
latex beads, while an increased phagocytic capacity of apoptotic Neuro-2a cells was observed in
untreated or IL-4 stimulated ADAM17¢/¢ BMDMs. Whereas an increased phagocytic capacity of latex
beads was observed in LPS stimulated ADAM17/¢X microglia.
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Figure 17: Differences in the phagocytic capacity of BMDMs and primary microglia isolated from
ADAM17°/** mice. BMDMs and primary microglia isolated from ADAM17/¢* and ADAM17"Y*t mice were first
overnight stimulated with an M1 stimuli (LPS or IFN-y) or M2 stimulus (IL-4). These cells were exposed to latex
beads or apoptotic Neuro-2a cells for 1.5 hours. Thereafter, the phagocytic capacity of BMDMs and microglia was
quantified by FACS analysis. A) Untreated and IFN-y stimulated ADAM17%¥¢X BMDMs phagocytosed significantly
less latex beads compared to ADAM17"Y*t BMDMs. B) Furthermore, untreated and IL-4 treated ADAM17°¥/ex
BMDMs phagocytosed significantly more apoptotic Neuro-2a cells compared to ADAM17*Y**BMDMs. C) Primary
microglia of ADAM17%®*mice show a higher phagocytic capacity of latex beads upon LPS stimulation compared
to ADAM17"Y"t microglia. A-C = Representative graphs of the different experiments are shown. Data are
presented as mean + SEM. *p < 0.05, **P < 0.01, ****p < 0.0001. BMDMs, bone marrow-derived macrophages;
ADAM17, ‘a disintegrin and metalloproteinase 17°; LPS, lipopolysaccharide; IFN-y, interferon-gamma, IL-4,

interleukin-4,; FACS, fluorescence-activated cell sorting.
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4. Discussion

After SCI, an excessive inflammatory response is provoked which is considered the major contributor
to secondary damage (8). Despite the dual character of inflammation after SCI, the injured spinal
cord favors a strong pro-inflammatory reaction that aggravates the primary injury by damaging
healthy tissue. Therefore, a shift towards a more anti-inflammatory response, necessary for the
clearance of cellular debris preventing neuron regeneration, is considered a potential therapeutic
strategy after SCI (7, 8, 13, 14). After SCI, phagocytosis of cellular debris by professional
phagocytes such as resident microglia and monocyte-derived macrophages is an important
mechanism to diminish inflammation and to initiate repair processes (14, 34). The involvement of
the enzyme ADAM17 in shedding various inflammatory mediators (such as the pro-inflammatory
cytokine TNF-a and the cytokine receptors TNF-R and IL-6R) and phagocytic receptors (including
CD36 and MerTK) makes this enzyme an interesting target to modulate inflammation and the
phagocytic activity of for instance resident microglia and monocyte-derived macrophages (24, 26).
In this study, we therefore hypothesized that ADAM17 deficiency favors an anti-inflammatory
environment by reducing the shedding of inflammatory mediators and by enhancing the resolution
of inflammation through phagocytosis leading to an improved functional recovery after SCI.

First, the effect of ADAM17 deficiency and its pharmacological inhibition was investigated in an in
vivo mouse model of SCI. Therefore, either ADAM17¥/¢* mice were used with an almost complete
absence of functional ADAM17 protein in the whole organism or ADAM17 was systemically inhibited
by an ADAM10/17 inhibitor (24). A well-established model of a T-cut hemisection was used to
generate a standardized lesion without spared fibers (38, 44). ADAM17 deficiency as well as its

pharmacological inhibition lead to a significantly improved functional recovery after SCI.

Surprisingly, on histological level ADAM17 deficiency or its pharmacological inhibition did affect
neither lesion size nor astrogliosis. However, a significant increased demyelinated area was
determined in spinal cord tissue of ADAM17%ex mice. Postnatal CNS myelination is disturbed in
ADAM17e¥/¢x mice since Palazuelos et al. identified ADAM17 as a key modulator of oligodendrocyte
development, so-called oligodendrogenesis. ADAM17 regulates oligodendrogenesis via the shedding
of the EGFR ligand TGF-a and heparin binding EGF-like growth factor and the subsequent activation
of EGFR signaling in oligodendrocyte lineage cells necessary for their survival and oligodendrocyte
precursor proliferation (45). Besides, ADAM17 is also involved in modulating oligodendrogenesis in
the context of oligodendrocyte regeneration and CNS remyelination. Therefore, the deficiency of
ADAM17 after SCI blunts oligodendrocyte precursor expansion and oligodendrocyte regeneration
causing a delay in CNS remyelination (46). Furthermore, ADAM17 deficiency leads to an increase in
the ratio between the length of 5-HT* fibers caudal and cranial to the lesion epicenter, which is
suggestive for the recovery of serotonergic neurons 4 weeks post-injury. The involvement of 5-HT
in modulating motor function by regulating the rhythm and coordination of movements indicates
that serotonergic neuron recovery is related to an improved functional recovery after SCI, as

observed in hypomorphic ADAM17 mice (47).

The inflammatory reaction after SCI was subsequently characterized in ADAM17¥/¢* mice and mice

treated with the ADAM10/17 inhibitor. Microglia were quantified using TMEM119 immunostaining,
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which Bennett et al. identified as a microglia-specific cell surface marker not expressed by
macrophages, other immune cells or neural cell types (48). Evaluation of microglia in ADAM17¢x/ex
mice observed an increased number of TMEM119* cells at the site of injury. On the one hand,
microglia can aggravate the inflammatory response by the release of pro-inflammatory mediators
(14, 16). On the other hand, microglia can also exert a beneficial role during inflammation by the
release of neurotrophic factors (including insulin-like growth factor-1 or brain derived neurotrophic
factor), phagocytosis of cellular debris leading to a reduced inflammation and initiation of repair or
the formation of a border around the lesion that blocks the spread of damage (14, 16, 17, 49). Since
TMEM119 does not distinguish these phenotypes, no conclusion is taken regarding the inflammatory
character of these microglia. However, the improved functional recovery observed after SCI in

ADAM17¥/¢x mice may suggest that microglia with a beneficial role are predominant in these mice.

In spinal cord sections of ADAM17¢¥/¢x mice and mice treated with the ADAM10/17 inhibitor, a
reduced number of MHC-II* cells, representing the pro-inflammatory M1 microglia/macrophages,
was determined at the lesion site and perilesional 28 dpi compared to the respective control groups.
As M1 macrophages release and produce pro-inflammatory and cytotoxic mediators, a decrease in
this phenotype contributes to a reduction in the pro-inflammatory environment of the spinal cord
(8, 14, 20). The reduced inflammatory environment in these mice corresponds to the observed
improvement in their functional recovery. T cell analysis within the spinal cord showed a significantly
increased number of CD4* T cells in ADAM17¢¥/¢x mice. However, the specific T cell subtype is
unclear, since T cell phenotyping after CNS injury is challenging due to the low number of T cells
present in the CNS (50).

The expression of the anti-inflammatory M2 macrophage marker Arg-1 was further investigated at
different time points post-injury in spinal cord homogenate of ADAM17¢¥/ex and ADAM17%/%t mice.
Our results reveal that Arg-1 is only expressed during the first week following SCI while its
expression disappears 28 or 42 dpi. As already shown in a study by Kigerl et al., analysis of the
expression of various M1 and M2 macrophage markers demonstrates that the anti-inflammatory M2
macrophage response is initiated rapidly after SCI but dissipated after the first week following SCI
(20). This study also explains the low number of Arg-1* cells observed 28 dpi by
immunohistochemistry. Furthermore, our results reveal a significantly increased expression of Arg-
1 3 dpi in ADAM17/¢x mice, which indicates an increased anti-inflammatory environment in their
spinal cord during the first week following SCI. This modification to the micro-environment of the
spinal cord in ADAM17%¥ex mice correlates to their improved functional recovery after SCI.

Further analysis of the inflammatory response in the spinal cord reveals a significantly decreased IL-
6, CXCL1 and CCR2 mRNA expression in ADAM17¥/¢x mice while IL-18 mRNA expression is
significantly increased in the acute and subacute phase after SCI. These results indicate a change in
the inflammatory environment of the spinal cord. On the one hand, the increased expression of IL-
1B is shown to be detrimental after SCI (51) while a decreased IL-6, CXCL1 and CCR2 expression is
proven to be beneficial after SCI (52-54). Until now, we only determined gene expression of
cytokines and chemokines in the spinal cord, while the protein expression of these inflammatory
mediators should be further investigated. Surprisingly, our results show no change in TNF-a mRNA

expression in spinal cords of ADAM17%/ex mice compared to ADAM17%Y*t mice while an increased
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expression of membrane-bound TNF-a was expected due to an impaired shedding of TNF-a in
ADAM17e¥/ex mice. This finding is supported by other studies which suggest that the expression of
membrane-bound TNF-a may be regulated by a feedback mechanism independent of shedding by
ADAM17 (35, 55). However, further research to confirm this finding is necessary by measuring TNF-
a expression on the protein level since TNF-a expression is regulated both transcriptionally and post-
transcriptionally. Post-transcriptional regulation of TNF-a expression is affected by AU-rich elements
expression in the 3'-untranslated region of transcripts encoding cytokines, oncoproteins, growth and
transcription factors. These elements play an important role in controlling TNF-a mRNA stability and
translation which contributes to the promotion or the inhibition of TNF-a expression (56).
Furthermore, it would be useful to determine cytokine and chemokine levels in the serum of
ADAM17¥/¢x and ADAM17"Y"t mice which would provide more information on the effect of ADAM17
deficiency on the systemic inflammatory reaction after SCI.

Based on our previous findings, the main cell type responsible for the beneficial effect of ADAM17
deficiency or its pharmacological inhibition after SCI was further determined. Resident microglia are
one of the main actors during SCI inflammation because of their localization in the CNS and their
immediate response after SCI (14, 16). Therefore, a T-cut hemisection was induced in a mouse
model with a tamoxifen-inducible microglia-specific ADAM17 knockout (ADAM17flox*/*-Cx3Crl-
Cre*/") to study the effect of microglial ADAM17 on the functional recovery after SCI. ADAM17flox*/+-
Cx3Cr1-Cre*- mice showed an improved functional recovery after SCI indicating that microglial
ADAM17 is playing an important role in the beneficial effect of ADAM17 deficiency or inhibition on
functional recovery after SCI. As observed on the histological level in spinal cord sections of
hypomorphic ADAM17 mice, we also observed a suggestive trend towards a higher ratio between
the length of the 5-HT* fibers caudal and cranial to the lesion epicenter in ADAM17flox*/*-Cx3Cr1-

Cre*/- mice. As described above, this might be related to the improved functional recovery.

Characterization of the inflammatory response after SCI showed a decrease in the number of MHC-
IT* cells and microglia/macrophages infiltration in ADAM17flox*/*-Cx3Cr1-Cre*/- mice. The decrease
in MHC-II* cells corresponds to our findings in ADAM17¢¢x mice and mice treated with the
ADAM10/17 inhibitor. Besides, ADAM17flox*/+-Cx3Cr1-Cre*/- mice also showed a reduction in the
microglia/macrophages infiltration into the spinal cord. The reduced microglia/macrophages
infiltration is at least partially explained by the reduced number of MHC-II* cells. Since Iba-1 does
not distinguish microglia and macrophages, microglia-specific TMEM119 staining would provide more
information about the number of microglia present at the lesion epicenter (48). As described above,
a reduction in M1 macrophages which release and produce pro-inflammatory and cytotoxic mediators
contributes to a less pro-inflammatory environment (8, 14, 20). This change in the inflammatory
environment in the spinal cord of ADAM17flox*/*-Cx3Cr1-Cre*/- mice correlates to the improved

functional recovery observed after SCI.

During SCI, phagocytosis of cellular debris and apoptotic cells by resident microglia and infiltrating
monocyte-derived macrophages plays an important role in diminishing inflammation and in initiating
repair processes (14). However, the inflammatory M1 or M2 character of these cells is determined

by both the type of material they phagocytose and the CNS micro-environment (22). The role of
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ADAM17 in shedding various phagocytic receptors gives this enzyme potential in modulating the
phagocytic activity of professional phagocytes (24).

The influence of ADAM17 deficiency on the expression of the phagocytic receptors CD36 and TREM2
was determined on gene and/or protein level. ADAM17¢¥/¢x mice show an increased CD36 mRNA
expression 7 dpi while CD36 protein expression was increased 28 dpi. Driscoll et al. observed an
improved phagocytosis of apoptotic cells by macrophage ADAM17 deletion in a model of peritonitis.
This effect appears to be mediated by the prevented cleavage and the consequently elevated surface
levels of CD36 (33). Besides, ADAM17%/ex mice also showed higher mRNA levels of the phagocytic
receptor TREM2 3 dpi compared to ADAM17"%t mice. However, expression of TREM2 at the protein

level should be further investigated.

Due to this effect of ADAM17 deficiency on the expression of phagocytic receptors after SCI, it was
further investigated whether ADAM17 also influences the in vitro phagocytic capacity of BMDMs and
primary microglia. Unstimulated and IFN-y stimulated ADAM17¥/¢x BMDMs show a reduce in latex
beads phagocytosis while unstimulated and IL-4 stimulated ADAM17¢¥ex BMDMs show a higher
phagocytic capacity of apoptotic neurons. The discrepancy between phagocytosis of latex beads and
apoptotic neurons in ADAM17¢¥/ex BMDMs could be explained by the different mechanisms in which
latex beads and apoptotic neurons are phagocytosed. In contrast to apoptotic neurons, latex beads
do not release chemoattractants that trigger phagocyte migration towards their target. Furthermore,
latex beads are known to be artificial targets that are usually not taken up by professional phagocytes
such as monocyte-derived macrophages via receptor mediated processes (57, 58). On the other
hand, LPS stimulated primary microglia show an increased phagocytosis of latex beads. To our
knowledge, this is the first study investigating the effect of ADAM17 deficiency on in vitro BMDMs
and primary microglia phagocytosis of latex beads and apoptotic neurons. Since BMDMs and primary
microglia in culture do not mimic the in vivo situation in the spinal cord, the effect of ADAM17
deficiency on the in vivo phagocytic capacity of professional phagocytes should be further
investigated as a next step. One method to evaluate in vivo phagocytosis is to determine the number
of professional phagocytes that engulfed apoptotic cells using immunofluorescence (59).

Several studies showed the potential beneficial role of phagocytosis after SCI. Boven et al. observed
that in vitro phagocytosis of myelin induces a shift in the expression of pro-inflammatory to anti-
inflammatory cytokines (60). This finding was further explored in a study by Kroner et al. showing
the induction of an in vitro M1 to M2 phenotype shift by myelin phagocytosis (34). It is suggested
that various pathways, such as inhibition of the nuclear factor-kp pathway or activation of the
peroxisome proliferator-activated receptor /6, mediate this phenotypic shift (34, 61). However, it
seems that this shift fails to occur in the injured spinal cord. Kroner et al. show that the failure of
this phenotypic shift is probably due to an increased TNF-a expression in the injured spinal cord
during inflammation. Additionally, an increased uptake of intracellular iron from phagocytosed red
blood cells or damaged or dying cells by monocyte-derived macrophages and resident microglia also
promotes TNF-a expression (14, 34). The impaired shedding of TNF-a in ADAM17¢¥/¢x mice leads to
a reduced TNF-a expression in the injured spinal cord. ADAM17 deficiency could therefore be
considered as a potential strategy to induce a change in the inflammatory environment of the injured

spinal cord after myelin phagocytosis.
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5. Conclusion

The goal of this study was to elucidate the effect of ADAM17 on SCI, especially on inflammation and
phagocytosis. It was therefore hypothesized that ADAM17 deficiency favors an anti-inflammatory
environment by reducing the shedding of inflammatory mediators and by enhancing the resolution
of inflammation through phagocytosis leading to an improved functional recovery after SCI. This
study provides evidence that ADAM17 and more specifically microglial ADAM17 plays an important
role in functional recovery after SCI. Our results suggest that the beneficial effect of ADAM17
deficiency on functional recovery is at least partially mediated by a reduced pro-inflammatory
environment in the spinal cord. Furthermore, we also demonstrate that ADAM17 deficiency affects
the in vitro phagocytic capacity of BMDMs and primary microglia. Future research should focus on
investigating the effect of ADAM17 deficiency on the in vivo phagocytic capacity of BMDMs and

primary microglia.
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7. Supplemental information

7.1. Materials and methods

Table S1: Primers used for genotyping.

Primer sequence (5’ to 3’)

ADAM17wWt/ex Forward = TATGTGATAGGTGTAATG
Reverse = CTTATTATTCTCGTGGTCACC
ADAM17flox*/+ Common = TGGGGAAGCAAAGTTGTAGG

Wildtype Reverse = TCTCTGGACCCCTTCTTCCT
Mutant Reverse = CTTCGTATAATGTATGCTATACG

Cx3Crl1-Cret/- Forward = GGTTCGCAAGAACCTGATGGACAT
Reverse = GCTAGAGCCTGTTTTGCACGTTCA

Table S2: Forward and reverse primers used for qPCR.

Forward primer (5’ to 3’) Reverse primer (5’ to 3’)
HMBS GATGGGCAACTGTACCTGACTG CTGGGCTCCTCTTGGAATG
GAPDH GGCCTTCCGTGTTCCTAC TGTCATCATATCTGGCAGGTT
ADAM17 AGAGAGCCATCTGAAGAGTTTGT CTTCTCCACGGCCCATGTAT
TNF-a GTCCCCAAAGGGATGAGAAGT TTTGCTACGACGTGGGCTAC
IL-18 ACCCTGCAGCTGGAGAGTGT TTGACTTCTATCTTGTTGAAGACAAACC
IL-6 TGTCTATACCACTTCACAAGTCGGAG | GCACAACTCTTTTCTCATTTCCAC
CXCL1 GCCTATCGCCAATGAGCTG CTGAACCAAGGGAGCTTCAGG
CCR2 CAGGTGACAGAGACTCTTGGAATG GAACTTCTCTCCAACAAAGGCATAA
TREM2 ATGGGACCTCTCCACCAGTT TCACGTACCTCCGGGTCCA
CD36 GGACATTGAGATTCTTTTCCTCTG GCAAAGGCATTGGCTGGAAGAAC

Table S3: Primary and secondary antibodies used for western blot.

Primary antibody Secondary antibody (1/2000)
(Dako)
ADAM17 rabbit a-ADAM17 (1/2000) goat a-rabbit
(Abcam)
Arg-1 mouse a-Arginase-1 (1/1000) rabbit a-mouse

(Santa Cruz Biotechnologies,
Heidelberg, Germany)

CD36 rabbit a-CD36 (1/1000) goat a-rabbit
(Abcam)
B-actin mouse a-B-actin (1/5000) rabbit a-mouse

(Santa Cruz Biotechnologies)
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Table S4: Primary and secondary antibodies used for immunohistochemistry.

Primary antibody

Secondary antibody (Invitrogen)

(Abcam)

GFAP mouse a-GFAP (1/500) goat a-mouse Alexa 568 (1/250)
(Sigma-Aldrich)

MBP rat a-MBP (1/250) goat a-rat Alexa 488 (1/250)
(Merck Millipore)

Iba-1 rabbit a-Iba-1 (1/350) goat a-rabbit Alexa 488 (1/250)
(Wako, Neuss, Germany)
goat a-Iba-1 (1/250) donkey a-goat Alexa 488 (1/400)
(Novus Biologicals, Abingdon,
United Kingdom)

Cbh4 rat a-CD4 (1/250) goat a-rat Alexa 568 (1/250)
(BD Biosciences)

Arg-1 mouse a-Arginase-1 (1/100) goat a-mouse Alexa 568 (1/400)
(Santa Cruz Biotechnology)

MHC-II rat a-MHC-II (1/200) goat a-rat Alexa 488 (1/400)
(Santa Cruz Biotechnology)

5-HT rabbit a-5-HT (1/1000) donkey a-rabbit Alexa 555 (1/250)
(ImmunoStar, Kampenhout,
Belgium)

TMEM119 rabbit a-TMEM119 (1/100) donkey a-rabbit Alexa 555 (1/400)
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7.2. Results

A B
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Figure S1: Efficient Cre-lox recombination in microglia. The efficiency of Cre-lox recombination was
determined by measuring ADAM17 expression at the gene level by gPCR (A) and at the protein level (98 kDA)
by western blot (B). A-B) Both gPCR and western blot analysis showed an efficient Cre-lox recombination in
microglia. A = Relative quantification of gene expression levels was performed by the comparative 22T method.
Data were normalized to the most stable reference genes HMBS and GAPDH. B = B-actin (42 kDA) is used as a
loading control. ADAM17, ‘a disintegrin and metalloproteinase 17°; gPCR, quantitative polymerase chain reaction;

HMBS, hydroxymethylbilane synthase;, GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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