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RESUME

Une Iésion & la moelle épiniére entraine fréquemment un handicap permanent. A ce jour, il n’y
a pas de traitement efficace. La connaissance et I’implication de la microglie au sein de la
pathologie sont peu étudiées. L un des obstacles principaux a I’étude de la microglie se trouve
dans son phénotype identique a celui des macrophages dérivés des monocytes (MDMs)
sanguins. Dans cette thése, nous rapportons pour la toute premiere fois la distribution, la
prolifération et I’'importance de la microglie suite a une lésion de la moelle épiniére (LME).
Afin d’accomplir nos objectifs, nous avons publié deux articles présentés ci-dessous. Au
chapitre deux, nous décrivons les fonctions de la microglie, grace a 1’utilisation de modéles de
souris transgeniques. Les analyses spatio-temporelles des réponses microgliales montrent que
ces cellules sont tres dynamiques et proliférent abondamment durant la premiére semaine, avec
comme point culminant une accumulation maximale autour de la Iésion au temps deux
semaines post-LME. A ce temps, les microglies réactives se placent a la jonction entre les
MDMs et les astrocytes réactifs. L’élimination des microglies chez la souris lésée par le biais
d’un antagoniste du récepteur CSF1R, PLX5622, retarde la formation de la cicatrice gliale,
entrainant du méme coup la migration de cellules immunitaires innées hors de la zone lésée,
une réduction du nombre d’oligodendrocytes et de neurones et une réduction de la motricité.
Fait intéressant, ces réponses furent associées a une réduction de la relache du facteur de
croissance similaire a 1’insuline (IGF-1). Par contraste, une surprolifération microgliale,
induite localement durant la premiére semaine post-SCI par une relache de MCSF incorporé
dans de I’hydrogel, a abouti a une meilleure récupération des fonctions locomotrices. Au
chapitre trois, nous identifions que I’interleukine-1 alpha (IL-1a), une cytokine libérée par la
microglie, favorise la réaction inflammatoire suite a une LME. L’invalidation du gene codant
pour la cytokine dans des modeles transgéniques murins a pour effet de protéger les
oligodendrocytes, cellules normalement vulnérables aux LME, par I’entremise du facteur de
survie TOXA3. Parallélement, I’administration centrale d’anakinra, un antagoniste du récepteur
de type 1 de I’IL-1 (IL1R1), améliore la récupération fonctionnelle suite a une LME. Nos
résultats définissent donc la microglie comme une cellule régulatrice clef dans un contexte de
LME. Dans cette these, nous avons donc ouvert la voie a deux traitements distincts pour

améliorer la guérison d’une LME par le biais des microglies.



ABSTRACT

Spinal cord injury (SCI) is often associated with permanent disabilities. To date, there are no
specific therapies available. Further, the knowledge and implication of microglia in the
disordered physiological processes associated with SCI have been poorly studied. One of the
major difficulties in studying microglia relies on its morphologic and phenotypic similarities
with monocyte-derived macrophages (MDMs) recruited from the blood. During my thesis, we
revealed the distribution and importance of microglia during SCI. These advancements were
the object of two published articles that we present herein. In Chapter two, we define the
functions of microglia in SCI using novel transgenic mouse models and depletion strategies
that allow the specific targeting of microglia. Spatiotemporal analysis of the microglial
response revealed that these cells are highly dynamic and proliferate extensively during the
first week, with a maximum accumulation around the lesion site at two weeks post-SCI. There,
activated microglia position themselves at the interface between leukocytes that infiltrate the
lesion core and reactive astrocytes. Depletion of microglia using the CSF1R antagonist
PLX5622 confirmed that microglia are critical regulators of glial scar formation. Accordingly,
microglia depletion in the context of SCI resulted in disruption of glial scar formation,
migration of innate immune cells away from the injured site, reduced oligodendrocyte and
neuronal survival, as well as impaired locomotor recovery which was associated to a lack of
insulin growth factor 1. In contrast, increased microglial proliferation induced by local delivery
of MCSF in hydrogel during the first week post-SCI resulted in enhanced functional recovery.
In Chapter 3, we identified interleukin-1 alpha (IL-1a) as a cytokine specifically released by
microglia, and which induces the inflammatory response. The ablation of this cytokine in
knockout mice reduced inflammation and protected these animals from SCI, inducing
expression of the survival factor TOX3 in oligodendrocytes. Importantly, central
administration of anakinra, an antagonist for the IL-1 receptor type 1 (IL-1R1), enhanced
functional recovery after SCI. Altogether, our results identify microglia as a key cellular
regulator of outcomes in SCI. Thus, my PhD thesis work identified two different therapeutic

avenues implicating microglia to enhance recovery after SCI.
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Thesis doctoral

Introduction

1.1. The spinal cord

The spinal cord connects to the brain via the brain stem. Altogether, they form the central
nervous system (CNS). The overall function of the spinal cord is to transmit and process the
sensory information from peripheral sensor and to conduct motor response from the cortex

to the muscles.

1.1.1. External anatomy

The human spinal cord measures about 43-cm long and is 2-cm width. It is protected by the
vertebral column that can be subdivided into cervical, thoracic, lumbar, sacral and coccygeal
regions. The spinal cord extends from the brain stem to the L1 lumbar region, where it splits

into the cauda equina and filum terminal.

The spinal cord is surrounded by several layers that confer support and protection. The first
layer is the pia mater, followed by the subarachnoid space, where flows the cerebrospinal
fluid (CSF), the arachnoid mater and the dura mater, which contacts through a lipid layer the
vertebral column held together by tendons, ligaments and muscles. These layers confer the

spinal cord protection from most external damage.

In humans, 31 nerve pairs expand from the dorsal and ventral roots, connecting the spinal
cord with the periphery. Eight pairs of nerves exit the spinal cord at the level of the cervical
region (C1-C8), 12 pair from the thoracic (T1-T12), 5 pairs from the lumbar (L1-L5) and

sacral (S1-S5) regions and 1 pair from the coccygeal region.

Motor stimuli exit the spinal cord by efferent tracts traveling through the ventral roots and

controlling voluntary movement and function of internal organs. Sensory information from



the organs or the external environment enters the spinal cord by afferent tracts at the dorsal

root level.
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Figure 1.1. Anatomy of the spinal column.

Parts a—c are adapted with permission from REF!, Macmillan Publishers Limited. Part d and part e
are adapted with permission from the American Spinal Injury Association: International Standards
for Neurological Classification of Spinal Cord Injury, revised 2011; Atlanta, GA, Revised 2011,
Updated 2015. Obtained from REF 2,

1.1.2. Internal anatomy

In the spinal cord, there are two major regions, white and gray matter. The white matter
surrounds the gray matter and traces a butterfly shape within the tissue. At the center, there
is the central canal, a structure in contact with the CSF. The blood irrigation is performed by

the anterior and the two posterolateral spinal arteries, which derive from the vertebral artery,



cervical radicular artery, thoracic radicular artery, radicularis magna and infrarenal radicular

artery, depending on the spinal cord level.

The white matter is mainly composed of myelinated axons and glial cells. Human myelin is
composed of 70% cholesterol and 30% proteins (in dry mass)3, which confers its white color.
Myelin favors action potential propagation from ascending (sensory) and descending (motor)
tracts. The white matter can be divided in 3 regions: the ventral, lateral and dorsal funiculi.
In humans, the ventral and lateral funiculi share ascending and descending tracts, whereas
the dorsal funiculus is composed of ascending tracts only. The gray matter is composed of
neuronal cell bodies, glial cells and non-myelinated axons. The gray matter can be divided
in 4 main regions, the dorsal horn implicated in receiving somatosensory information, the
ventral horn containing motor neurons that innervate the skeletal muscles, the intermediate
column and the lateral horn that innervates the visceral and pelvic organs. The gray matter
can be subdivided into a more detailed structure and function according to Redex’s laminae
| to X. Laminae | to IV are implicated in exteroceptive sensation, laminae V and VI in
proprioceptive sensation, lamina VII contains neurons connecting to the autonomous system
and motor visceral innervations, laminae VIII and 1X modulate and innervate skeletal
muscles, and lamina X surrounds the central canal and decussates axons from one side of the

spinal cord to the other.

1.2. The glial cells during homeostasis

The concept of neuro-glia (neuro-gum) was first introduced in 1856 by Rudolf Virchow*®.
He considered neuroglia as supportive/connective tissue that binds to cellular elements of the
nervous system. Since 1856, this concept has greatly evolved. Nowadays, glial cells are
divided into 2 groups with 3 main cell types, the microglia and macroglia, the latter of which
includes astrocytes and oligodendrocytes. In addition to their historical role, recent detailed
studies highlighted new specific roles for each of these cell types, including a nutritional
function. In this section, we will discuss the major roles of glial cells during CNS
homeostasis, while in following sections we will analyze their role in CNS disorders such as
SCI.



1.2.1. Microglia

Microglia was fully described by del Rio-Hortega in 1919, the second most prominent
member of the Spanish School of Histology and Histopathology, after Ramon y Cajal (nobel
prize in 1906). Using its own impregnation method, based on Ramon y Cajal’s method, del
Rio-Hortega described microglia as a separate group of cells of mesodermal origin, and
therefore distinct from neurons and glial cells (e.g. oligodendrocytes, astrocytes)®2. Del Rio-
Hortega suggested that microglia enter the brain in the early days during the developmental
period and colonize the brain through blood vessels using white matter tracts as scaffolds.
Microglia then transform from an amoeboid to a ramified morphology during the adult period
and can be found throughout the entire CNS. Finally, he found that microglia switch back to
an amoeboid morphology with phagocytic, migrating and proliferative capacities under
pathological conditions®. For a more historic detailed study on microglia origin, please read
Chapter 2 of the ‘“Microglia in Health and Disease’ 2014 edited book™®.

A century later, we now understand that microglia originate from primitive erythro-myeloid
progenitors from the yolk-sac, and that they colonize the CNS at embryonic day 8.5 in mice!-
13, within the CNS, according to their gene signatures, early progenitors undergo at least
three temporal stages of development before becoming mature microglial®. Early microglia
can be found from embryonic day (E) 10.5 to E14, pre-microglia from E14 to post-natal day
(P) 9, and adult microglia starting at 4 weeks after birth in mice. During this development
process, microglia rely on key transcription factors, such as PU.1 and IRF8, as well as
cytokines (e.g. CSFs), adaptor proteins (e.g. DAP12) and receptors (e.g. CSF1R, CX3CR1)
to ensure their correct development and migration to and within the CNS'*518 As del Rio-
Horterga described, early and pre-microglia that colonize the CNS have an amoeboid
morphology, in contrast with adult microglia which are highly ramified®. In the adult CNS,
under physiological conditions, microglia are widely distributed and survey a defined area.
Their number is relative stable although it varies depending on the CNS area and,
accordingly, microglia tend to have a reduced turnover rate®'®2%, Each microglia is
continuously screening its proximity, detecting any changes in their environment and
participating in the process of synaptic pruning by engulfing synaptic buttons that are

inactive, which earned them the name of surveyors of the CNS?2-%5, When an insult occurs



within the CNS, microglia are among the first cells to react, initiating an inflammatory

response that results in a reduction of branching and amoeboid morphogenesis??’.

1.2.2. Astrocytes

The astrocyte concept was gathered over the 19" century by different researchers. Heinrich
Miiller first described in 1851 the radial-like glial retinal cells. One year later, Kolliker gave
these cells the name they still have today, i.e. Miiller cells, and Max Schulze studied them in
more detail?®. In 1856, Virchow introduced the “nervenkitt” (neuroglia) concept®. In 1857,
Karl Bergmann observed astrocytes and their processes in the cerebellum and gave them the
name of Bergmann glial cells?®. In 1865, Otto Deiters first drew star like cells that resembled
to astrocytes®®. During the 1870s, Camillo Golgi, using his silver-chromate impregnation
technique, was able to define neuroglia as round-shaped cells that project their fine processes
in all direction, especially towards blood vessels. He described astrocyte endfeet and
proposed that neuroglia transfer substances from the blood towards the parenchyma, which
became the first indication of what we now today as the blood-brain barrier (BBB)3. In 1895,
the term astrocyte was proposed by Michael von Lenhossék. By then, the two types of
astrocytes had been identified as protoplasmic or grey matter astrocytes and the fibrous or
white matter astrocytes. During the 20" century appeared the great figure of Santiago Ramon
y Cajal, who with his impregnation mercury and gold chloride-sublime techniques based on
Golgi’s work, labeled both fibrous and protoplasmic astrocytes, thus revealing the enormous
variety in shape (and function) of astrocytes. These researchers and many others in the
coming years experimented and theorized enormously about astrocyte functions, coming up

with many concepts that are still valid today.

Astrocytes are generated from radial glial that differentiate to glial intermediate progenitors
during CNS development, which again differentiate into immature or mature astrocytes that
retain proliferation capacities and, in some specific cases, can differentiate from NG2-
positive glial cells. In the spinal cord, radial glia switch towards the gliogenic route at E12.5
under the effect of the transcription nuclear factor I-A and SOX9, downstream of Notch
signaling®>3, These changes implicate the JAK/STAT signaling pathway as phosphorylated
STAT3 with the co-activator complex p300/CBP bind to the promoter of several astroglial



genes, including the glial fibrillary acid protein (Gfap) gene3*. Astrocytes are very
heterogeneous, and their different shapes and functions depend on local signals within the
CNS. For example, ventral astrocytes in the spinal cord are regulated by bHLH factor
(scl/tall) during embryogenesis®®. Astrocyte’s functions include the maintenance of
homeostasis by recycling ions and protons, removing and releasing neurotransmitters, the
control of entrance of any metabolite to the CNS from the periphery, the formation of the
BBB, and support of neuronal functions. Their presence is a sine qua non condition for life
in mammals, as the absence of SOX9 in radial glial cells impaired the differentiation of

astrocytes during embryogenesis, resulting in a non-viable progeny®233,

1.2.3. Oligodendrocytes

CNS myelination depends on oligodendrocytes. The oligodendroglia was first
comprehensively studied and defined by del Rio-Hortega in 1921°¢37. Del Rio Hortega
predicted that oligodendrocytes had a neuroepithelium origin and shared phylogeny with
astrocyte progenitors. He proposed that they are the last cells to develop during CNS
formation, as evidenced by their reduced number after birth, which is in contrast to their large
accumulation in white matter tracts in adult CNS tissue. Additionally, Del Rio Hortega
suggested that ‘young’ oligodendrocytes migrate using axons as scaffolds, following one or
many axons, and once myelin is formed, remain immobile. Based on his observations, 4

different types of myelinated oligodendrocytes were identifiede.

During spinal cord development, oligodendrocytes rely on the transcription factors SOXS8,
SOX9, and SOX10 for their differentiation from radial glial cells®***!. OLIG2 promotes the
expression of SOX10 in oligodendrocyte precursor cells (OPCs) and oligodendrocytes,
which in turn maintains Olig2 expression*?. Although SOX9 is downregulated upon OPC
differentiation, SOX8 and SOX10 are continuously expressed and therefore key transcription
factors implicated in myelin formation*'“3, As del Rio Hortega suggested, oligodendrocytes
are one of the last cells to be formed during CNS development, and OPCs migrate using the
vasculature as a scaffold during CNS development®*#4. Single-cell RNA-seq transcriptomic
analysis recently revealed the presence of at least 12 populations of oligodendrocyte cell
lineages distributed over the CNS*. Starting with OPCs followed by differentiation-



committed oligodendrocytes, newly-formed oligodendrocytes (at least 2 subsets), myelin-
forming oligodendrocytes, and up to 6 subsets of mature oligodendrocytes. The main
function of oligodendrocytes is the formation of myelin. Myelination is an important
regulator of motor learning®®. When myelinating oligodendrocytes are killed during
adulthood, mice motor capacities are highly reduced. Interestingly, deficiency in myelin
formation by newly generated oligodendrocytes results in impairment in new motor learning
process upon training*®. Oligodendrocytes rapidly die after CNS injury, but their myelin stays
within the CNS for several weeks afterward*’. It has been demonstrated on several occasions
that myelin accumulation after injury in the adult CNS reduced axonal plasticity and is one

of the leading causes of axonal regeneration failure*->2,

1.3. Spinal cord injury

Spinal cord injury (SCI) currently affects more than 86,000 individuals in Canada, with 3,675
new cases each year>>4, The estimated cost exceeds $3 million per individual throughout
their lifetime®***, SCI can be divided into traumatic SCI and non-traumatic SCI®3. Traumatic
SCI occurs when an external impact causes a mechanical compression or damage to the spinal
cord. The most important causes of SCI are traffic accidents, falls, sports accidents, and
violence. Most traumatic SCI cases affect men between 16-34 years. On the other hand,
women above 40 years of age have an increased prevalence of non-traumatic SCI resulting

from complications of spondylosis, tumor or infections.

The consequences of SCI vary depending on the severity and the level of the injury. From
the severity standpoint, a complete SCI will affect all spinal cord segments, often resulting
in a complete loss of motor and sensory functions. Incomplete SCI will affect specific regions
of the spinal cord and, depending on the damaged area, lead to a loss of motor and/or
sensation functions. A lesion at the cervical level (C1-C8) will lead to tetraplegia or an
incapacity to move the arms and/or legs. In contrast, lesions below the cervical level (i.e. T1-
L5) will affect different trunk muscles depending on the level of injury, and thus be associated
with paraplegia or impairment in leg movement. Lesions at the sacral level (S1-S5), which

are very rare, will affect hips and legs but patients will most likely be able to walk. Other



complications associated to SCI are immune depression, and issues with the urinary,

respiratory and sexual systems.

The cellular and molecular consequences of SCI can be divided into at least 3 different
categories: the primary damage, the secondary damage and the chronic injury/regeneration
phase. Overall, the primary damage phase, or primary cell death phase, ranges from seconds
to days after SCI. The secondary damage phase, or inflammation phase, which results in the
expansion of the primary lesion to surrounding tissue, can last from hours to weeks after SCI.
Inflammation also induces the proliferation of resident cells, which contributes to partial
tissue replacement. Finally, the chronic injury phase, or regeneration/tissue remodeling
phase, is characterized by the neuronal plasticity events that occur during weeks to months
after SCI. The exact timing of these phases may vary depending on several circumstances
and can often overlap during SCI.

1.3.1. Primary damage

After traumatic SCI in humans, often the broken bone impacts the spinal cord leading to
prolonged pressure and damage. The impact causes death of spinal cord-resident cells
including neurons, glia and cells forming the blood vessels, which results in a necrotic
area®™®. The breakdown of the vasculature also causes intense hemorrhages in the spinal
cord parenchyma®’. In addition to the cellular debris, platelets, leukocytes and red blood cells

can therefore accumulate in the spinal cord parenchyma.

The primary damage determines the severity and outcome of SCI in patients. It is therefore
important to avoid additional damage to the spinal cord by moving the injured person and to
get professional help as soon as possible. Studies suggest that treatment within the first 4
hours has an increased chance to ameliorate the outcome of SCI patients®®-%’. Importantly,
surgical decompression, which consists in removing the pressure of the bone that crushes the
spinal cord by surgery, is the only standardized procedure that showed an increased benefit
in SCI patients. Surgical decompression was found to be effective, as shown by meta-analysis

of preclinical studies, when performed early after SCI®®.
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Figure 1.2. Early physiopathology following SCI.



a Primary damage events, between 0 to 48 hours following SCI. b Secondary damage events, between
2 to 4 days following SCI. From REF?,

1.3.2. Secondary damage and tissue replacement

After SCI, necrotic cells release their cellular content within the extracellular milieu.
Alarmins, glutamate and reactive oxygen species, among others, thus become detectable in
the spinal cord parenchyma. These molecules can diffuse in the surrounding tissue and cause
further damage, a process that has been referred to as secondary tissue damage. For example,
free glutamate may bind to its receptors at the surface of challenged neurons, increasing
excitatory currents and intracellular calcium waves that can cause cellular death in a process
known as excitotoxicity®®. Also, alarmins or damage-associated molecular patterns
(DAMPs), such as interleukin-1 alpha (IL-1a), S100 proteins, high mobility group box
protein 1 (HMGBL1), heat shock proteins, and nucleotides, are released by dead or dying
cells’®"2, Alarmins must bind their specific receptor(s) to initiate inflammation. Then,
proinflammatory cytokines produced by neurons and glial cells, such as interleukin-1 beta
(IL-1B) and tumor necrosis factor alpha (TNF-a), amplify the inflammatory response and
increase myeloid cell recruitment’®’®~7. Recruited neutrophils and monocytes release a
plethora of cytokines that regulate inflammation in the injured spinal cord. As well, myeloid
cells produce high amounts of free radicals (e.g. nitric oxide) that interact with biomolecules
and promote irreversible oxidation, thus causing apoptosis of CNS-resident cells’®*. In
summary, the enormous inflammatory response that occurs in the spinal cord can promote

the death of challenged cells in the surrounding tissue, expanding the original damage.

But not all inflammatory events are negative. The inflammatory response activates CNS-
resident cells and triggers mechanism of wound healing. Proliferation is one of the first
cellular responses that occurs during this phase, starting around 2-3 days post-injury and
lasting approximately 10 days in SCI rodents®%°. The newly generated cells try to replace
dead cells and promote recovery. However, cell replacement within the CNS cannot be fully

completed for unknown reasons, thus leading to permanent deficits in mammals.

The BBB is a complex structure composed of up to 6 types of endothelial cells (ECs), 3 types

of mural cells, pericytes, perivascular macrophages, and up to 2 types of fibroblasts, all that
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surrounded by astrocyte endfeet®. Its break down at 24h post-SCI allows the rapid entry of
blood-derived immune cells and molecules®. During the secondary damage phase, the BBB
starts to recover with significantly less penetration of Evans Blue, a dye widely used to
analyze BBB leakage, from day 5 post-SCI in mice®. Interestingly, recovery of the BBB
function parallels EC proliferation, which also peaks at 5 days post-SCI with ~15% of blood
vessel-associated ECs expressing the cell proliferation marker Ki67°%%. In parallel, the
maximum accumulation of monocyte-derived macrophages in the injured spinal cord is also
at 7 days post-SCI®L. Recently, Liu and collaborators, using intravital microscopy in a
zebrafish model, showed that macrophages can promote brain vascular repair by direct
interaction with ECs%. Monocyte-derived macrophages produce several growth factors, (i.e.
VEGF, basic fibroblast growth factor (bFGF) and angiopoietin-1) which may also influence
the behavior and function of ECs®%. Interestingly, Greenhalgh and collaborators
demonstrated that blocking the infiltration of monocytes into the injured spinal cord using C-
C chemokine receptor type 2 knock out mice (Ccr2-KO) exacerbated damage®®. Thus, the
protection of vasculature disruption and promotion of EC proliferation, through exogenous
delivery of pro-angiogenic factors such as VEGF, angiopoietin-1 and bFGF produced by

MDMs are promising therapies for human SCI based on the work done in rodent models®.

Glial cells such as astrocytes, oligodendrocytes and microglia also proliferate extensively
during the first week after SCI. Astrocyte proliferation is a key step in the formation of the
glial scar®1%, Transgenic mouse models in which the activation of astrocytes was inhibited
or impaired showed poor recovery from SCI8:87101-104 The gljal scar is a compact barrier
that restricts the migration of blood-derived myeloid cells and separates the fibrotic tissue
from neuronal elements, thus reducing the possibility of secondary tissue damage that may
be caused by inflammation. However, a bystander negative effect of the glial and fibrotic
scars is the inhibition of axonal regeneration and plasticity (please see section 1.3.3.1, The

gllal scar)86'87'1°1‘1°4.

Mature oligodendrocytes may die because of secondary damage following SCI, probably
owing to their high specialization and the enormous energy requirements for their cellular
functions. The loss of mature oligodendrocytes is compensated by the proliferation of OPCs

during the first week after SCI%. Although the proliferation of OPCs was initially thought to

11



be beneficial for functional recovery, Duncan et al. elegantly demonstrated that blocking the
proliferation of OPCs does not affect spontaneous recovery in SCI mice'®. Instead, the
preservation of mature oligodendrocytes is determinant since the death of these cells
promotes the release of myelin, which has been shown to impair axonal plasticity*®->?, for

further details please refer to section 1.3.3.3.

Perivascular cells also proliferate during the first week post-SCI. Type B pericytes were
initially described as one of the main cell types that proliferate and invade the core of the
lesion, forming what is now known as the fibrotic scar, based on expression of markers such
as PDGFR-A, PDGFR-B and CD13!%:1%7 However, a detailed analysis of these markers in
adult CNS perivascular cells using single cell RNA-seq technology revealed that type 1
fibroblasts are the cells that coexpress Pdgfra, Pdgfrb and Anpep®. In contrast, pericytes only
coexpress Pdgfrb and Anpep, but not Pdgfra. This led to an intense competition to identify
the cells at the origin of the fibrotic scar after CNS injury. Still, while pericytes and fibroblasts
invade the core of the lesion, they release extracellular matrix (ECM) molecules!®%7, This
ECM, composed among other things of collagen, can inhibit axonal growth and functional
recovery after SCI. It starts at day 3 post-SCI, is completed at 14 days and lasts for months
in mice. In a recent study, Dias and collaborators demonstrated that full inhibition of
pericyte/fibroblast proliferation increased tissue loss and reduced functional recovery after
SCI*% In contrast, partial inhibition of pericyte/fibroblast proliferation was associated with
reduced expression of collagen-1 and other ECM molecules, which resulted in enhanced
axonal plasticity and locomotor recovery*®®1%7 Thus, an attenuation of the fibrotic scar might
be an interesting way to promote axonal plasticity after SCI. This will be further discussed

in section 1.3.3.1.

In sum, inflammatory events could promote either detrimental or beneficial effects after SCI.
An adequate balance of inflammation, i.e. reducing the detrimental effects and promoting of

the beneficial ones, should be targeted to promote recovery after SCI.
1.3.3. Chronic injury/regeneration phase

The beginning of the chronic injury phase follows the early acute and subacute phases and is
associated with the establishment of the glial scar, which occurs between 2-4 weeks after SCI
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in mice. The core of the lesion is mainly composed of non-neuronal cells such as
pericytes/fibroblasts, microglia, ECs and blood-derived immune cells. These cells contribute
to the release of ECM proteins, such as collagen-1, that interact with N-cadherins at the
membrane surface of proliferating reactive, scar-forming astrocytes located at the edge of the
lesion core and potentially inhibiting axonal regeneration'®. In humans, the lesion core is
sometimes filled with interstitial fluids rather than cells, as illustrated by the presence of
cavities surrounded by astrocyte endfeet. The glial scar, whose primary role is to protect
neuronal elements that survived the primary mechanical impact, is strategically located at the
interface between the lesion core and penumbral CNS tissue. As for microglia, astrocytes are
activated in a distance-dependent manner from the core. Although spinal cord-resident cells
tend to return to a homeostatic state, they nevertheless remain somewhat activated for months

in mice and years in humans!%,

Axonal regeneration is reduced in the adult CNS. In contrast, during CNS development,
axons can travel long distances with the support of the appropriate growth factors. Upon SCI,
neurons subjected to axonal injury undergo a series of pathophysiologic changes, starting
with acute retrograde axonal degeneration (“dying back”) of the proximal axon segment and
Wallerian degeneration (WD) of the distal axon segment. WD occurs in the axon segment
disconnected from the neuronal cell body because of the lack of appropriate growth support,
thus causing the axonal cytoskeleton to breakdown. The acute axonal degeneration consists
in the retraction of axons that remain connected to the neuronal body, which eventually could

account for plasticity events.

1.3.3.1. The glial scar

The glial scar separates fibrotic non-neuronal tissue from reactive spinal cord-resident cells.
A number of studies have established that the formation of the glial scar is a critical step that
prevents further damage to the injured spinal cord tissue. First, the interruption of astrocyte
cell division in transgenic mice expressing the suicide gene Thymidine kinase (TK)
specifically in Gfap-expressing cells (i.e. Gfap-TK mice) was not only associated with a
disrupted glial scar, but also resulted in increased BBB permeability, more widespread
inflammation, increased neuronal and oligodendrocyte death, and reduced locomotor
recovery®’. Second, Okada and collaborators demonstrated that reduced reactivity in
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proliferating astrocytes, through the blockade of STAT3 signaling in Nestin-expressing cells,
disrupted glial scar formation, thus showing results similar to those obtained in Gfap-TK
mice®. Third, deletion of the intermediate filaments GFAP and vimentin using double KO
mice, abolished astrocyte reactivity, impaired glial scar formation, and was associated with
an increased lesion area in a mouse stroke model*®1%2, Fourth, inducing astrocyte reactivity
after SCI in mice with conditional deletion of the Socs3 gene specifically in astrocytes led to
an upregulation of STAT3 expression, favored glial scar formation, and improved locomotor
recovery after SCI®. Finally, another study revealed that astrocytes supported (by direct
contact) axonal regeneration in the spinal cord parenchyma, and that the absence of astrocyte
reactivity increased the lesion volume and reduced the number of axons'??. Altogether, these

studies demonstrate that an adequate astrocyte response following CNS trauma is beneficial.

In addition to the astrocytic scar, some pericytes/fibroblast colonize the core of the lesion,
thus creating the fibrotic scar®®!%, Fibrotic cells associated with vessels, proliferate and
accumulate at the lesion core and, in addition to infiltrating blood-derived immune cells and
microglia, form the fibrotic scar®1%. The fibrotic tissue produces collagen 1 that interacts
with N-cadherins in reactive scarring astrocytes located at the edge of the core, but also
inhibits severed axons from growing inside the lesion core!®. Indeed, the attenuation of these
interactions with an antibody was shown to support axon regenerating across the fibrotic
scar'%, The attenuation of the fibrotic scar was also found to favor regeneration of cortico-
motor and somato-sensory axons following SCI'%’. However, the complete inhibition of the
fibrotic scar led to the formation of enormous cysts within the spinal cord, resembling those

typically observed in rats and humans®®’,

Regenerating axons rarely penetrate the fibrotic scar after SCI. Rather, they prefer to grow
through reactive CNS tissue. Regenerating axons compensate the neuronal loss by creating
new networks and synapses with the support of reactive astrocytes®?. Evidence demonstrated
that, for example, cortical serotoninergic motor neurons create new synapses with motor
neurons in healthy tissue above the lesion in rodents that suffered a lateral hemisection,
allowing rats to compensate the motor deficiency created by the hemisection!'®114, Events of
axonal outgrowth and plasticity require, however, the presence of appropriate neurotrophic

factors combined with a reduction in expressions of inhibitory molecules.
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Figure 1.3. Glial scar formation, chronic phase.

a and b show the proliferation and activation of astrocytes during glial scar formation, from REF*®,
¢ schematic representation of chronic phase events, between 7 days to months following SCI, from
REF2.

1.3.3.2. Enhanced axonal regrowth: Neurotrophic factors

Early in the 20" century, Cajal described that transected CNS axons invade peripheral nerve
grafts, but when cells in the grafts are killed upon chloroform treatment no regeneration is
possible. The chemical extraction of molecules within the grafts and their loading onto a
cellulose matrix also supported axonal regeneration!!®, This was elegantly validated by
Albert Aguayo’s group at the end of the century*"18, They further confirmed the need for
proliferating cells in the peripheral nerve grafts to promote axonal outgrowth!%12°, Although,
originally, axonal regeneration in the injured peripheral nerve was solely associated with
Schwann cells, Barrette and collaborators elegantly demonstrated that myeloid cells share

the responsibility for axonal outgrowth, as demonstrated by the fact that Cd11b-TK mice, in
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which myeloid cells can be depleted upon ganciclovir administration, failed to regenerate
axons after peripheral nerve injury (PNI) and in peripheral nerve grafts placed at the site of
SCI*2t, During peripheral nerve regeneration, macrophages are implicated in cellular and
myelin debris clearance and helping in the formation of new vasculature by the release of
diverse factors and/or by physical mechanical traction®?. Accordingly, ganciclovir-treated
Cd11b-TK mice showed impaired vasculature?’. Interestingly, Schwann cells have been
shown to migrate using nerve vasculature as a scaffold to promote their axon growth
promoting effects after PNI?22, Recently, Anderson and collaborators demonstrated that
axonal regrowth events after SCI require contact with astrocytes, which they used as
scaffold'%2. This once again confirms the capacity of CNS axons to regenerate pending the

right conditions.

As previously mentioned, the regeneration capacity of the CNS is dramatically reduced after
SCI and axonal plasticity does not seem to be able to compensate for all of the consequences
of the injury. Importantly, during the process of axonal guidance and plasticity events, CNS-
resident cells release a variety of neurotrophic factors that enhance axonal growth, such as
nerve growth factor (NGF), brain-derived growth factor (BDNF), insulin growth factor-1
(IGF-1), and neurothrophin-3 (NT3)*?%, Accordingly, the exogenous administration of these
molecules was found to promote axonal regrowth “in vivo” following SCI1%2124125  Axonal
regrowth events will be briefly discussed below, but are largely reviewed by O’Shea and

colleagues®?®.

1.3.3.3. Axonal regeneration inhibitory factors

Many lessons regarding the role of neurotrophic factors were learned from studies dealing
with peripheral nerve injury, where spontaneous axonal regeneration occurs. As previously
discussed, axonal regeneration is limited in the injured spinal cord, thus causing permanent
disabilities. The impaired plasticity is believed to be caused by the lack of neurotrophic

factors and the presence of growth-inhibitory molecules.

During the process of WD, myelin is released in the extracellular milieu and inhibits axonal
regrowth through several growth cone inhibitory molecules, including: Myelin associated
glycoprotein (MAG), oligodendrocyte myelin glycoprotein (OMGP), Nogo-A, Ephrins and
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Semaphorins*-°2127  After peripheral nerve injury, myelin debris are rapidly eliminated
within 14 days post-injury. However, myelin debris clearance takes several months or years
following SCI*’. The myelin inhibitory molecules MAG, OMGP and Nogo-A all interact
with a common receptor, namely the Nogo receptor type 1 (NGR1), found on the membrane
surface of neurons. NGR1 recruits Lingo-1, p75N™ or Troy to form a transmembrane
complex that inhibits axonal growth*®28, The blockade of the Nogo-A signaling pathway via
the injection of an anti-Nogo-A antibody was reported to promote recovery after SCI in
various animal models!?1%2 Of note, the injection of anti-Nogo-A antibodies in SCI
primates improved their hands and arms dexterity compared to control animals!*3. For an

extensive review on myelin inhibitory molecules, please see!*.

ECM production has also been associated with axonal growth inhibition. For example,
pericytes/fibroblasts that accumulate at the lesion core produce Chondroitin Sulfate
Proteoglycans (CSPGs) and Collagen-1 that showed axonal growth inhibitory properties both
in vitro and in vivo'#>!48_ Interestingly, intrathecal administration of Chondroitinase ABC,
an enzyme that hydrolyzes CSPGs, induced robust regrowth of descending serotoninergic
axons and ascending sensory tract axons after SCI, an effect that was associated with

improved locomotor recovery*’,

As discussed before, astrocytes can either promote or inhibit axonal regeneration after SCI.
This may depend on the type of astrocytes being involved. At least two subsets of astrocytes
have been described following SCI, i.e. reactive and scarring astrocytes. Reactive astrocytes
are often associated with the beneficial effects of astrocytes after SCI, which include cell
proliferation and enhance axonal regrowth. However, reactive astrocytes eventually
differentiate into scarring astrocytes at ~14 days post-SCI in mice, leading to the formation
of a mature glial scar. This interaction reduces axonal plasticity and/or regrowth. However,
the administration of antibodies directed against the B1 Integrin disrupted this interaction,

thus allowing axonal plasticity and locomotor recovery after SCI1%,

At least two conditions are therefore needed to ensure axonal regrowth and/or CNS plasticity:
1) the presence of axon growth promoting signals (e.g. growth factors) and 2) the absence
axon growth inhibitory signals (e.g. Myelin-associated Inhibitory Molecules, N-Cadherins-

Collagen-1).
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1.4. The microglial response following SCI

Microglia are believed to be among the first responders following SCI. In this section, I will
discuss their roles during the different phases of SCI. A special attention will be paid to the
differences between microglia and monocyte-derived macrophages, and how new research
tools allow us to distinguish between the two cell types and their respective effects in the
context of SCI. As well, we will discuss the different pathways associated with their
beneficial and detrimental effects.

1.4.1. The early microglial response following SCI

Following an impact, resident cells within the spinal cord die as a consequence of the primary
insult. It is generally believed that microglia rapidly migrate towards the site of SCI, as they
do following a laser-induced CNS lesion during which microglia rapidly send their
ramifications towards nucleotides (e.g. ATP) being released from dying and dead cells?”148,
However, the kinetics of the microglial response following SCI and their exact role remain

unknown.

Microglia are believed to initiate the inflammatory response through the release of DAMPs
and proinflammatory cytokines. Recent work from the late Ben Barres has identified some
of the key signals produced by microglia, which include IL-10, TNF-o and C1q*°. The study
revealed that microglia-derived IL-1o, TNF-a and Clq act synergistically to activate
astrocytes, leading to the generation of Al astrocytes. Notably, Al astrocytes were associated
with a neurotoxic phenotype and found to be deleterious in various animal models of CNS
insult and diseases. We previously demonstrated that microglia produce IL-1a as early as 4
hours post-SCI™. 1L-10 was found to promote myeloid cell recruitment at the site of injury.
The recruitment of myeloid cells, in particular neutrophils and proinflammatory (M1)
monocytes, has been historically associated with an increased lesion volume®0%L,
Accordingly, IL-1a-KO mice exhibit improved locomotor recovery compared to wild-type
mice after SCI’°. But this effect cannot be solely associated with a reduced myeloid cell
recruitment, because IL-15-KO mice have similar deficits in terms of myeloid cell
infiltration, despite showing a reduced locomotor recovery compared with IL-1a-KO mice’.
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This highlights the influence that IL-1o may have on other cell types, such as astrocytes and

oligodendrocytes’®4°,

Tnfa mRNA expression peaks at 1 hour post-SCI and all CNS-resident cells contribute to its
production in both rats and mice, including microglia’®*°21%3, The two receptors of TNF-o,
i.e. Tnfrl and Tnfr2, are highly expressed by microglia. Tnfrl is also expressed by astrocytes,
oligodendrocytes, and endothelial cells in the CNS under steady state conditions, highlighting
the ability of basically all CNS cell types to respond to inflammation after SCI*®*. The
elimination of the TNF-a response using Tnfa-KO mice protects these animals from SCI-
induced inflammation, favoring the differentiation of microglia/macrophages towards an M2
phenotyope and reducing at the same time the number of apoptotic cell bodies!®. Similar
results were obtained using Tnfr1-KO mice after SCI, i.e. reduced inflammation, apoptosis
and tissue damage correlated with enhanced locomotor recovery compared to their wild-type
littermates®®®. Interestingly, the blockade of TNF-a with either etanercept, a TNF inhibitor
functioning as a decoy receptor that binds to TNF-a, or infliximab, an antibody directed
against TNF-a, also protected mice from SCI*°®1%7 Once again, the neutralization of TNF-a
led to reduced inflammation, reduced apoptosis, increased myelination, and enhanced
locomotor recovery. These studies suggest that blocking TNF-a signaling is a promising

therapeutic avenue for SCI in the years to come.

The complement cascade is rapidly activated in a variety of infections and stressful
situations*8-12, Microglia, which are the main cellular source of C1q within the CNS and
express the complement receptor 3 (CR3), rapidly respond to basically any changes from the
normal homeostatic condition4®163164  Following an insult such as SCI, there is a rapid
upregulation of Cl1q in both mice and humans!®>%, Deletion of the Clga gene in an
immunocompetent mouse line resulted in an improved locomotor recovery at early time
points post-SCI*®’. In a subsequent study, the same authors revealed that the complement
C1q also favors axonal sprouting and/or regeneration after SCI, thus suggesting a dual role
for this molecule!®®. The late effect seen on axonal sprouting/regeneration could depend on
microglia, because these cells express complement receptor which respond to Clg and
accumulate at the site of SCI at later time points®®878916° Regarding the deleterious early

response, it is true that other CNS cell types may respond to the complement cascade and
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that infiltrating innate immune cells may do so as well following SCI1*#°. Thus, further studies
will need to be conducted to identify the major actors on this response. One way to answer
the role of microglia, might be to study mice with conditional deletion of the C1lqga gene

specifically in microglia.

Altogether, these studies indicate that microglia are crucial cells initiating the immune
response after SCI. Overall, the cytokines described above appear to be associated with a

poor outcome and are promising therapeutic targets for SCI.

1.4.2. The late microglial response following SCI

From day 2 to weeks after SCI, microglia gradually adapt to the damaged environment. They
lose their ramified morphology and acquire an ameboid shape, making them even more
difficult to discriminate from MDMs that have infiltrated the lesion core and which remain
present throughout the chronic phase’?"1%, Those similarities, along with a similar protein
expression profile, make it very difficult to assign an individual function to each one of these
cell populations. For this reason, they are often described in the SCI literature as

microglia/macrophages.

Since most foamy cells within the injured spinal cord present myelin debris load, myelin
phagocytosis has been associated to both microglia and MDMs'®173, In experimental
autoimmune encephalomyelitis (EAE), a mouse model of multiple sclerosis, MDMs seem to
initiate demyelination by attacking myelin at the Ranvier Nodes, allowing microglia to access
and clear myelin debris!™. Therefore is not surprising that both cell types present the
necessary machinery to undergo myelin debris clearance following SCI (for review!”>178),
However, the effect of myelin debris clearance on macrophage polarization is still
controversial, with different reports suggesting that myelin phagocytosis polarizes
macrophages towards the M1, M2 or both phenotypes in vivo'®>17*-18 |n vitro experiments
showed, as well, confusing results in terms of microglia and MDM polarization upon myelin
phagocytosis!®>182.183.186.189-192 " Thage contradictory results may be explained, at least
partially, by the use of cell lines instead of primary cultures. For example, microglia cell lines
and primary cultures of microglia respond differently to stimulation with MCSF, GM-
CSF+INF-y+LPS, MCSF+IL-4 or MCSF+TGF-B!%. Also, the culture conditions need to be
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carefully monitored, as a recent in vitro study demonstrated that myelin phagocytic capacities
of microglia are impaired in defined medium conditions. In contrast, the addition of fetal
bovine serum to the serum was sufficient to induce myelin phagocytosis by microglia®®,
Myelin pre- or post-incubation following cytokine stimulation may also affect the
macrophage response!’®!81.182 Therefore, additional well-controlled experiments will be
required to fully understand the individual contribution of microglia and MDMs, as well as

the mechanisms involved in myelin debris phagocytosis in the injured CNS.

Microglia and macrophages have both been associated with sprouting and synaptic plasticity
events occurring following SCI (for review'?%). During the developmental period, microglia
assure the correct migration of axons and the wiring of neuronal networks through the
regulation of synaptic pruning!®23-25195-202 nterestingly, microglia and MDMs release a
plethora of growth factors, including IGF-1 and BDNF, that may favor axonal plasticity
under various circumstances®2%%-207 However, the relative importance of each cell type for
CNS plasticity and regeneration is unclear and will need to be carefully addressed since prior
reports found that axonal length is reduced when axons are in contact with
macrophages®®®2%°, Thus, it is possible that one of these two cell populations, or even a
subclass of these cells, may be associated to CNS damage?°*2°7210 whereas the other may be

responsible for CNS plasticity events.

In the next section, | will discuss in more detail the knowledge we have on each one of these
two cell populations. I will introduce and discuss the new tools that were recently developed
to distinguish microglia from MDMs, and vice-versa. Finally, I will talk about models of
microglia depletion that can be used to understand the function of these cells in the context
of SCI.

1.4.3. Solving the unknown: Microglia vs monocyte-derived macrophages

1.4.3.1. Origin

During early stages of embryonic development, hematopoiesis occurs in the yolk sac and the
fetal liver. In the yolk sac, primitive erythro-myeloid progenitors produce primitive

macrophages which colonize different embryonic tissues, including the CNS. Primitive
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macrophages are unique in the sense that they do not differentiate from monocytic
intermediates, as it occurs during adulthood. At E10.5-E11.5, a new wave of hematopoietic
progenitors is generated in the para-aortic splanchnopleura region and then in the aorta,
gonads, and mesonephros (AGM) region?'12!2, Hematopoietic stem cells generated within
the AGM will eventually lead to the establishment of definitive hematopoiesis?*®. From now
on, hematopoietic progenitors from the yolk sac and AGM region will invade the fetal
liver?, The liver will then become the major hematopoietic source during embryonic
development and give rise to cells of all hematopoietic lineages, including monocytes?'®. Few
days before birth, the hematopoietic progenitors will migrate towards the bone marrow (BM),
establishing adult hematopoiesis, and becoming the major source of all the different blood

cells for the entire life span. For an extensive review, please see®’®,

1.4.3.2. Differences

As described above, a major difference between microglia and MDMs is their origin. When
they colonize the CNS, primitive macrophages proliferate and expand to all CNS regions.
These primitive macrophages are retained within the CNS by pericytes, which settle on the
parenchymal (abluminal) side of the CNS endothelium, thus starting to create a physical
barrier between the blood circulation and CNS. Soon after birth, astrocytes will shield the
CNS vasculature, conferring to the brain and spinal cord the status of immune-privileged
organs. At the end of this period, microglia are confined within the CNS, where they
autoregulate their own destiny by self-renewal?’-22%, In contrast, monocytes originate from
hematopoietic stem cells (HSCs) and progenitor cells in the bone marrow (BM)?%,
Monocytes can travel to all organs via the blood circulation and differentiate into specialized
macrophages???222%, Depending on the organ and conditions, tissue-resident macrophages
derived from the yolk sac or liver during embryonic hematopoiesis can be replaced at a
different rate after birth by MDMs 12:224.225,

The turnover rate varies widely between microglia and MDMs. Monocytes have a rapid
turnover and renew virtually every week from BM progenitor cells 226227, On the contrary,
microglia self-renew locally in the CNS, with a turnover rate estimated at 96 days in
rodents®®218.228 1n humans, 28% of the microglial population is renewed every single year.

Microglia depletion experiments have confirmed that these cells divide exclusively from a
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local progenitor pool residing inside the brain and spinal cord after birth, being able to
repopulate the almost entire population within a week!"8%21922%  Dyring the repopulation
process, virtually all microglia were found to divide, as demonstrated by their expression of
the proliferation marker Ki67178%219229  Repopulating microglia express Nestin, an

intermediate filament associated with precursor cells.

Under normal (naive) conditions, microglia are ramified with long, thin, highly branched
processes®. In contrast, monocytes and MDMs have a round or ameboid shape. Interestingly,
the star-like morphology of surveilling microglia is typically associated with strong
expression of the purinergic receptor P2Y12, now recognized as a signature gene for
homeostatic microglia?”481%3, The P2Y12 purinergic receptor was associated with the
chemotaxis of microglia in response to ATP released following a cortical laser-induced

lesion?’.

Butovsky and collaborators have elegantly demonstrated that microglia are unique when
compared to other types of tissue-resident macrophages and immune cells under naive
conditions, not only on a morphological standpoint but also in terms of their gene expression
profile!®3. Analysis of the microglial transcriptome in the naive adult brain identified a total
239 genes uniquely expressed by these cells. Notably, many of these genes are downstream
of the transforming growth factor-beta (TGF-B) signaling pathway. Deletion of the Tgfbr2
gene specifically in microglia reduced their ramification levels, which is normally considered
as a sign of activation, and enhanced their proliferation and production of proinflammatory
cytokines!®323, This suggests that TGF-B is important for the maintenance of microglia in a
resting state of activation. Within the adult mouse CNS, microglia are the main source of
Tgfbi, but astrocytes produce significant amounts of Tgfo2 mRNA, As both cytokines can
bind TGFPR2, expressed preferentially at the surface of microglia, microglia may be
regulated by themselves, each other or neighboring glia, such as astrocytes. Deletion of the
Tgfbl gene in all cell types but T-cells, to bypass postnatal lethality normally seen in full
knockout mice, led to reduced expression of signature genes previously attributed to
surveillant microglia, including P2y12, Salll, Gpr34 and Mertk, as well as the upregulation
of disease-associated microglia (DAM) genes such as Axl and Apoe, thus suggesting that

microglia maybe regulated in autocrine manner to maintain their surveillance

23



phenotype®323L, However, further studies will be required to confirm the autocrine function

of TGF-B1 and the influence of astrocyte-derived TGF-B2 on the microglial function.

Nonetheless, only few transcription factors are differently expressed (or regulated) in adult
microglia compared to other types of myeloid cells!®3, The comparison of microglia with
peritoneal macrophages identified Smad as an enhancer of the myeloid lineage-determining

22 SMAD, which is an enhancer

transcription factor PU.1 specifically in microglia
downstream of TGF-f signaling, may therefore link TGF-$ and the microglia-specific gene
signature through the recruitment of the transcription factor PU.1 to bind DNAZ2233, Sall1
has also been identified as a transcription factor highly regulated specifically in
microglial4193210230.232 Deletion of the Sall1 gene in microglia caused major alterations, such
as the acquisition of an ameboid morphology, increased phagocytic capacities, and
expression of proinflammatory genes?. Further, deletion of Salll impaired neuroblast
survival in the subgranular zone of the neurogenic niche in the hippocampus, highlighting

the importance of microglia in brain homeostasis?*°

. Another transcription factor associated
with homeostasis of microglia is Mafb!%. This transcription factor is expressed early during
microglia development and its expression increases in adult microglia’*. Deletion of the Mafb
gene in Csflr expressing cells caused profound alterations in microglia gene expression
during development and adulthood*. Interestingly, many of the upregulated genes are
associated with the type 1 interferon JAK/STAT signaling pathway, a response normally
associated with the immune response against viruses'*. In support of this, many of these genes
were also found to be upregulated in microglia following olfactory bulb infection with the
mouse hepatitis virus?**. Thus, MAFB maintains microglia under homeostatic conditions and

regulates the virus-mediated immune response.

Many of the differences observed between microglia and the rest of the other myeloid cells
appear to help the former to maintain an immune-privileged status in the normal resting CNS,
consisting in the surveillance of their immediate environment and synaptic pruning®®23-
25148,195-202.235236  However, microglia remain very plastic at all times, which means that a
subtle change in their tissue environment will affect the expression of transcription factors

that may, in return, affect CNS functions.
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4 days post SCI

1 day post SCI

Figure 1.4. The different morphologies of microglia in the normal and pathological CNS.
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a Represents postnatal microglia, gaining ramifications during CNS colonization in a 4-days-old
rabbit, from REF®. b Microglia activation in slice culture conditions, results in reduced ramifications
and loss of P2y12 receptor expression, from REF?’ ¢ Microglia activation following SCI results in
reduction of ramification levels and gain in CD68 protein expression, from REF®

1.4.3.3. Similarities

A big effort has been made during the past decade to elucidate the differences between naive
microglia and other myeloid cells. Under pathological CNS conditions, such as after SCI,
major changes occur in microglia. As will be discussed in more detail below, those changes
will render microglia and MDMs almost indistinguishable from each other using the classical
research tools, mainly because infiltrating blood-derived monocytes differentiate once within
the CNS environment, and because microglia adopt an activated phenotype soon after the
injury. In the context of the SCI, the recruitment of myeloid cells was initially described by
electron microscopy and largely associated with the progression of the injury in the presence
of hemorrhage. The intravenous injection of 3H-thymidine, a radioactive nucleoside analog
that cells incorporate during the DNA synthesis phase, allowed researchers to confirm the
entry of peripheral blood monocytes at the site of stab wound injury or SCI and their
differentiation into MDMs?"2%, Most of these authors assumed that macrophage/microglia-
like cells found at the site of injury had a monocytic origin, because the vast majority of them
incorporated 3H-thymidine?*®24°, thus underestimating the capacity of the dye to cross the
BBB and label proliferating microglia. However, Roessmann and Friede, and later on
Imamoto and Leblond, demonstrated the coexistence of MDMs and ameboid microglia at the
site of lesion by experiments in which they extracted BM cells, cultured them in vitro with
3H-thymidine and then performed injections in rats prior to injury®*1242_ At that time,
however, their hypothesis was that recruited MDMs are the main source for microglia?*3-246,
As a reason of this, many groups are still to this day referring to microglia/macrophages as a
whole. The use of this terminology is widely used, even though these cells show major
differences under naive conditions, as previously described, as well as different functions
after CNS injury?L.

Microglia, which typically have a star-like morphology in the intact CNS, rapidly transform

when an insult occurs. Microglia retract their processes over time, in a distance-dependent
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manner, acquire an amoeboid shape and migrate towards the insult’. The adoption of an
amoeboid shape correlates with the dedifferentiation of highly-specialized microglia into
macrophage-like cells, as evidenced by their loss of P2Y12, a hallmark of homeostatic
microglia?”8®. Ameboid microglia participate in the engulfment of cell and myelin debris, by
upregulating their expression of phagocytosis receptors such as CD68 and AXL, which are
also shared by MDMs8218234247 - On the contrary, infiltrated monocytes differentiate into
MDMs and upregulate expression of markers such as IBA1, which has been widely used to
define microglia and other tissue-resident macrophages both in vitro and in vivo?®2%, Thus,
morphological analysis and classical markers cannot be used to discriminate between these

two cell populations.

Microglia and MDMs also share many signaling pathways and transcription factors in the
context of inflammation, adding more complexity to the challenge of deciphering cell-
specific responses after SCI. For example, activation of the Toll-like receptor 4 (TLR4) by
its natural agonist lipopolysaccharide (LPS) stimulates identical signals in both microglia and
MDMs. When LPS binds to TLR4, it promotes the recruitment of Toll/IL-1 receptor (TIR)
domain containing adaptor protein (TIRAP) and TRIF-related adaptor molecule (TRAM)
that, in return, recruits the myeloid differentiation primary response protein 88 (MyD88) and
TIR domain-containing adaptor inducing IFN-B (TRIF)?»%25 The stimulation of TLR4
activates MyD88, which eventually recruits IL-1 receptor associated kinase 4 (IRAK4) and
then activates both IRAK1 and IRAK2%42° The IRAK complex interacts with the TNF
receptor-associated factor 6 (TRAF6)%72° leading to activation via ubiquitination of the
complex formed by TGF-p-associated kinase 1 (TAK1), TAK1 binding protein 1 (TABL),
TAB2, and TAB3%0. This in return phosphorylates the kinase inhibitor of nuclear factor
kappa-B kinase subunit beta (IKK-B) and the MAP kinase 6 (MAPKK®6), which form a
complex with the nuclear factor-kappaB essential modulator (NEMO). The complex then
phosphorylates the nuclear factor of kappa light polypeptide gene enhancer in B-cells
inhibitor alpha (IxBa), allowing the translocation of NF-«kB to the nucleus to activate the
expression of proinflammatory genes, including IL-1p and TNF-a?%12%2, Other transcription
factors shared include the activator protein-1 family (AP-1), interferon regulatory factor

family (IRF), p53 tumor suppressor (p53) and the STAT family, all reviewed elsewhere?3
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1.4.3.4.Models to identify the two populations

1.4.3.4.1. Bone marrow chimeras.

The debate about the origin of microglia started during the 1980s, based on data generated
using bone marrow chimeras (BMC). This experimental model consisted in substituting the
BM hematopoietic stem pool, using lethal irradiation followed by transplantation of
hematopoietic stem cells coming from a different mouse line, typically expressing a
fluorescent reporter or characteristic protein®*2%, These early studies evidenced that
transplanted BM cells could only differentiate into perivascular macrophages, but not
microglia, in the adult brain?®42%, Surprisingly, some groups found that transplanted BM
cells could cross the BBB and differentiate into microglia, and even sometimes in
astrocytes®*®, A separate group found that BM cells expressing the green fluorescent protein
(GFP) entered the CNS at 4 weeks post-irradiation, and that their number increased over
time?®®, The study further revealed that GFP-positive microglia-like cells have a ramified
morphology, but discarded the possibility of astrocyte trans-differentiation. That was
followed by a long list of studies, with some approving and some disproving the conclusion
that microglia are of BM origin, thus raising the possibility that the infiltration of BM cells

inside the CNS are an artifact of the irradiation procedures.

Several side effects have been associated to irradiation of humans and rodents. First,
endothelial cells are sensitive to radiation, which can cause a disruption of blood-CNS
barriers throughout the CNS vasculature?®’-2°, eakage of the blood-CNS barriers could
therefore allow BM progenitors and monocytes to enter the CNS, where they could
differentiate into microglia-like cells. Following radiation, highly-proliferating HSCs die,
which causes immunodeficiency. Opportunistic pathogens may therefore benefit from that
situation, which could cause death. To avoid opportunistic diseases, mice receive antibiotics
during the radiation protocol. Antibiotics, in addition to the gastrointestinal dysfunction
caused by the death of rapidly-dividing cells in the gastrointestinal tract, may alter the
microbiota and allow the entry of pathogen-associated molecular pattern molecules (PAMPS)
into the bloodsteam?. Acute and chronic PAMP exposure have been associated with
changes in the microglial response, raising once again questions about the validity of using

models of BMC when it comes to distinguishing microglia from MDMs, or vice-versa®’?273,
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Finally but not least, about 10’ BM cells collected from donor mice are intravenously injected
into the circulatory system of recipient mice in the hours of the irradiation procedure to
restore the HSC pool. The endothelium being activated by the irradiation, it leads to the
adherence and migration of HSC and progenitor cells into the CNS and other organs/tissues
of recipient mice?67-268:274-276 - AJtogether, this suggests that results obtained using radiation

BMC need to be interpreted with care.

To circumvent these artifacts, scientists have used various adaptations of the technique
originally used to create BMC, such as shielding the skull to protect the brain during the
radiation procedure or using chemotherapeutic agents to avoid breaking down the BBB?'"-
281 Alternatively, parabiotic mice have been used to avoid the exogenous injection of BM
cells into the bloodstream?228, Thus, depending on the question being asked, alternative
approaches exist to create the ideal type of BMC (for an extensive review, we refer t0?%4),

1.4.34.2. Parabiosis

Parabiosis consists in the connection of the circulatory system of two (or more) mice. This
technique was first described during the mid-19" century?®®. The first experiment in which
parabiosis was used to distinguish microglia from MDMs after a CNS insult in rats generated
confusing results, mainly because parabionts were exposed to ionizing-radiation and were
injected with the nucleoside analog 3H-thymidine, which we now know crosses the BBB.
The authors nevertheless conclude that monocytes invade the CNS following herpes virus
infection and that microglia can self-renew?®. In 1998, Kurz and Christ, using chick
parabiotic embryos, proposed that microglia do not originate from blood
progenitors/monocytes, as these cells are not capable of penetrating the BBB?7. Ajami and
collaborators later demonstrated using parabiosis that self-renewing microglia, but not
recruited MDMs, were the main cellular source that populates the CNS following facial nerve
axotomy and in transgenic mice overexpressing mutant superoxide dismutase (mSOD), an
animal model of amyotrophic lateral sclerosis (ALS)?L. The same group later discovered that
monocytes enter the CNS following EAE?3, However, MDMs did not contribute to the
microglia pool and could not differentiate into microglia-like cells during the recovery phase.
Using a model of photothrombotic stroke and parabiosis between Cx3crl-eGFP and WT
mice, Li et al. demonstrated that microglia are the main cell type that rapidly proliferate and
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accumulate at the site of damage?®®

. Another study found that microglia are the main cells
that accumulate in the dorsal horn in a model of peripheral nerve injury (PNI) associated with
chronic pain®®2%_ Thus, parabiosis experiments demonstrated the importance of the
microglial response in the context of a CNS insult highlighting the differences between both

cell populations.

Thus, the information obtained using parabiosis has proven to be very useful when trying to
understand the role of microglia versus MDMs. However, a few limitations need to be
considered. First, parabiosis is associated with, at best, 50% of chimerism in total blood
monocytes, which can lead to an underestimation of the importance of blood-derived
macrophages compared to microglia. To avoid this problem, several studies have preferred
BMC, but as discussed in the previous section ionizing radiation has important secondary
effects (see also?!). Second, parabionts often show retarded growth compared to mice of the

same age. Third, important ethical issues come with the use of this surgical model.

1.4.3.4.3. Cell injection

This procedure consists in injecting cells obtained from a donor source into a recipient
animal. The major benefit of this technique relies on its simplicity: an injection of labeled
cells into a tissue of interest. Obviously, the donor cells may harbor a mutation or be treated
in vitro before transplantation. The use of fluorescently-labeled cells allows to track them
easily over time. The main limitation consists in the total number of cells that you inject
versus the tissue-resident population and their clearance over time?. Some groups perform

several injections to counteract this phenomenon.

The injection of cells has been largely used in the context of SCI. One of the first SCI studies
that used this strategy to effectively distinguish microglia from MDMs reported that MDMs
infiltrate from blood and have a different origin than microglia?*:?*2, Other studies, which
will be discussed in more detail in section 1.5.2., suggested that the injection of monocytes
could be an interesting strategy to promote SCI repair?3206292293 Qyerall, cell injection is a

rapid and easy approach to answer specific questions about MDMs.
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1.4.3.4.4. Genetic models

The use of transgenic mice changed the way we make science. Regarding microglia, the use
Cx3crl-eGFP mice has become a must. Cx3crl-eGFP mice express GFP under the control
of the fractalkine receptor, Cx3crl, which is highly expressed in microglia and in circulating
monocytes?**. Davalos and collaborators were among the first to take advantage of Cx3cril-
eGFP mice, showing that microglia are a highly dynamic cell population that continuously
screens its environment using two-photon intravital microscopy in the normal mouse brain'4é,
This was in drastic opposition to the ancient view that microglia are inactivate under naive
conditions, thus earning them the name of surveying microglia. Several following studies
used Cx3crl1-eGFP mice to understand the functions of surveying microglial®23-25:148.195-
202235236 However, these studies were flawed by the fact that both microglia and infiltrating
monocytes express Cx3crl (and GFP), which reduced the interest of using this mouse line in
models of CNS trauma and inflammation because it would now on require to be
complemented by approaches such as irradiation, BMC transplantation, parabiosis, and/or

cell injection to be able distinguish the two cell populations?®*.

The CCR2 found on blood monocytes aid in their recruitment inside the CNS under
inflammatory conditions and their differentiation in situ?®. Accordingly, Ccr2-KO mice
exhibit impaired monocyte recruitment and proinflammatory cytokine production at sites of
inflammation’>?%. In light of these results, mice expressing RFP fluorescence under the
control of the Ccr2 promoter were created, thus allowing the tracking of monocytes and
natural killer (NK) lymphocytes in vivo?®®. The crossing of Ccr2-RFP mice with Cx3crl-
eGFP mice helped even more in the identification of both cell types?®®?®’. The double
transgenic mice were particularly useful in EAE, the most widely used animal model of MS,
as they allowed for first time to perform comparative transcriptomic analysis between
microglia and blood-derived macrophages in CNS inflammatory conditions?®%,

Another useful transgenic fluorescent reporter model is the LysM-eGFP mouse line, which
allows GFP expression under the lysozyme M (LysM) promoter and the visualization of cells
of the granulomyelomonocytic lineage 2°°. LysM-eGFP mice were particularly useful in the
context of SCI, confirming the presence of both MDMs and microglia at the site of injury.
Mawhinney and collaborators showed that recruited GFP™ MDMs are typically surrounded
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by GFP- microglia'®®

that classical M1-monocytes, identified as GFP* CD45* F4/80'"° Ly6C/G" cells, outnumber
M2-monocytes (i.e. GFP* CD45* F4/80" Ly6C/G'*" cells) during the acute phase of SCI, and
that M2-monocytes accumulate later on during the subacute phase (i.e. days 7-14 post-SCI).

. The same group further analyzed the dynamics of monocytes to reveal

Intriguingly, M1-monocytes were found to reappear during the chronic phase of SCI (day
42)°L, Other groups successfully used the same LysM-eGFP mice to identify monocytes in
models of glioblastoma, EAE, stroke and CNS infection!®3%0-303 However, a recent study
revealed that damage-associated microglia (DAM) upregulate the expression of LysM during
Alzheimer’s disease, raising some concerns about the specificity of the LysM-eGFP mouse

line3L,

The use of knockin mice expressing fluorescent proteins under the control of cell-specific
gene promoters has been very helpful. However, one has to keep in mind that cell dynamics
and maturation (differentiation) might regulate the expression of those same promoters,
resulting in a loss or gain of fluorescence expression. In Alzheimer’s disease, DAM
downregulate their expression of Cx3crl and Tmem119 and upregulate their expression of
Lyz2 and Tyrobp?3L. For this reason, many scientists prefer to use inducible transgenic mouse
models, which allows the conditional expression of genes (e.g. fluorescent reporters) in
specific cells and tissues at specific times. The most commonly used methods to control gene
expression in mice are based on the tet-operon/repressor bi-transgenic system and the
estrogen receptor (ER) ligand-binding domain®%. The ER is most commonly fused with a
Cre recombinase, which is translocated into the cell nucleus after binding between the drug
tamoxifen and ER receptor. The translocation of the Cre recombinase into the nucleus results

in the excision of the floxed gene3®.

The creation of mice expressing tamoxifen-inducible Cre recombinase under the control of
the Cx3crl promoter (Cx3crl-creER™ mice) has been a revolution in the world of microglia
biology?®. Because monocytes have a high turnover compared to microglia, it becomes
possible to treat Cx3crl-creER™ mice with tamoxifen and wait for a few weeks until short-
lived cells are replaced. After such treatment regimen, recombination should have occurred
in virtually all microglia, whereas monocytes should not be affected?>8°291.297305 The yse of

these mice was particularly useful to distinguish microglia from infiltrating monocytes. For
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example, we now know that PNI and facial nerve injury cause microgliosis in the dorsal horn
and facial nucleus, respectively?#2%’. We also know that monocytes that infiltrate the
substantia nigra in the MPTP model participate in the death of dopaminergic neurons®%. In
our lab, we created a new triple transgenic mouse line, Cx3crl-CreER™::Rosa26-
TdT::LysM-eGFP, that allowed to differentiate microglia from blood-derived myeloid cells
and visualize them in vivo. Using these triple transgenic mice, we demonstrated that
infiltrating monocytes release I1L-1p, thus favoring EAE progression®®’. As for any other
model, the Cx3crl-creER™ mouse line has some limitations, however, as it recombines CNS
border-associated macrophages (BAMs), including perivascular macrophages, meningeal
macrophages and choroid plexus macrophages®®’. BAMs have been defined based on
expression of the macrophage mannose receptor (CD206) and major histocompatibility
complex class Il (MHCII)3%3%  Thus, immunofluorescence labeling using antibodies
directed against microglia-specific markers (e.g. P2Y12) and BAM-specific marker (e.g.
CD206 or MCHII) may be required to truly validate cell origin®”#°. Another approach could
be to use Sall1-CreER™ transgenic mice?®. Until proven otherwise, Salll is a transcription
factor exclusively expressed by microglia, but not by BAMs or any other immune cell type

in peripheral tissues'®,

1.4.4. Microglia depletion strategies

During the past years, several strategies have been developed to unequivocally deplete
microglia and understand their role in response to CNS insult. Some of these strategies
include both pharmacological and transgenic approaches. In the next section, I will describe
these approaches and their limitations. For further information about microglia depletion

strategies, the following two reviews may be consulted310-311,

1.4.4.1.CSF1R antagonists

The colony stimulating factor-1 receptor (CSF1R) is a tyrosine kinase class 111 receptor that
gets activated by its glycoprotein agonists, colony stimulating factor-1 (CSF1) and IL-34,
through the formation of a homodimer3'2313, As far as we know, CSF1 only interacts with
CSF-1R, whereas IL-34 interacts with CSF1 and another receptor, the protein tyrosine
phosphatase- receptor (PTP-()314316, The expression of both glycoproteins varies in location
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and time31®

, suggesting both cytokines may have different roles. In support of this idea, KO
mice targeting the individual receptors or cytokines showed different phenotypes. For
example, Csf1r-KO mice are not viable and die in utero during embryonic development®!’.
Csf1-KO mice exhibit reduced survival associated with impaired cognition and reduced brain
size®17318 In contrast, 11-34-KO mice have a normal brain and survival rate3!%3%, This

suggests a distinct and non-redundant role for both cytokines.

Among its principal functions, CSF1R regulates macrophage development and the
homeostasis of tissue macrophages®!8321-3% \ith regard to the CNS, Csflr expression has
been detected on neural progenitor cells, radial glia, immature cortical neurons and
microglia®31"327 |t was suggested that the CNS deficits observed in Csf1r-KO mice could
be related to the absence of microglia typically observed in these animals!8199328-330
However, some authors consider that the CNS deficits rather depend on CSF1R signaling in
neurons, based on the fact that Nestin-cre*::Csf1r®/1°* mice exhibited some of the defects
seen in Csf1r-KO mice, such as a decreased brain size and increased lethality®'’. Although
all neural progenitor cells express Nestin, is important to note that microglial progenitor cells
also express Nestin during their proliferative phase, such as when they colonize the CNS
during embryogenesis or after pharmacological depletion**'"33! Since the authors did not
investigate whether microglia are absent or functionally impaired in the brain of Nestin-cre*"
::Csf1rfo¥Mox mice, it is still possible that both cell types may be responsible for the CNS

development defects®'’. For more detailed information, we refer t0332,

In the adult CNS, CSF1R is expressed by all microglia, while its expression on neurons is
maintained in only few cortical and hippocampal neurons®3. However, additional neurons
may upregulate Csf1r mRNA expression after CNS injury®?’. Microglia, similarly to yolk sac
embryonic progenitors, rely on CSF1R signaling for their maintenance and survival*'617,
Accordingly, deficiency in CSF1R compromised the presence of microglia in the embryonic
CNS!, Some studies suggest that the main ligand for microglial CSF1R in the adult brain
would be 1L-34, which is in contrast to the situation in other body tissues, where Csf1 levels
are higher than 11-34 levels®!. Interestingly, 11-34-KO mice exhibited a 70% reduction in total
microglia compared to 30% in Csf1-KO mice that survived postnatally®!631°320 CSF1R not

only controls the survival of microglia, but also their proliferation and response to damage.
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In vitro, microglia depend on CSF1 or IL-34 for their long-term survival and proliferation®®,

In vivo, studies have shown that the number of CNS microglia can be boosted by the
administration of CSF1 given either centrally or peripherally®3343% Interestingly, dorsal
root ganglion (DRG) sensory neurons, which project axons through the ventral and dorsal
columns of the spinal cord, release CSF1 after PNI, thus promoting microglia proliferation

and reactivity causing pain®%.

Over the past few years, small inhibitors that cross the BBB and target CSF1R in the brain
and spinal cord have been developed. These inhibitors, which include PLX5366 and
PLX3397, block the microglial receptor, thus causing microglial cell death probably through
apoptosis'’. Exposure to CSF1R inhibitors was shown to cause the rapid loss of microglia,
resulting in a 60% depletion by 3 days and nearly complete depletion by 7 days post-
treatment!89219:234.337-343 '|mportantly, the elimination of microglia for up to 8 weeks using
PLX compounds did not affect the total number of oligodendrocytes, neurons and astrocytes,
nor mice showed deficits in motor and memory functions®”. Mice however showed an
enhanced astrocyte reactivity, as evidenced by the increased GFAP expression’. Microglia
depletion was also associated with reduced synaptic pruning and synaptic formation®’. Thus,
PLX compounds can be used to better understand the role of microglia during homeostasis

and after an insult in the adult CNS17:89:219,234,337-343

As for all drugs, some precautions need to be considered when using PLX compounds for
research purposes. As previously mentioned, CSF1R may be expressed by cells other than
microglia within the CNS. Although the late stage of monocyte maturation appears to depend
on CSF1R, recent studies have been conflicting on the potential requirement of CSF1R
signaling for their survival under normal and inflammatory conditions®**. To discard the
possible effects of CSF1R inhibitors on peripheral monocytes, a novel inhibitor that does not
cross the BBB can be used as control, i.e. PLX73086%°. Using the PLX73086 compound, we
demonstrated that peripheral CSF1R antagonism had little effect on monocytes under both
normal and SCI conditions®®. As each CNS disease has its own etiology, we believe that
including PLX73086 as a control in the experimental design would provide valuable

information.

35



1.4.4.2.Cx3cr1-CreER™2::R0sa26-iDTR and Cx3cr1-CreERT2:: Rosa26-iDTA mice

Primates express the diphtheria toxin receptor (DTR), coded by the heparin-binding EGF-
like growth factor (Hbegf) gene, and rapidly die after exposure to diphtheria toxin (DTx)3*>
30 The DTx has two subunits, and the B subunit binds to DTR and allows the complex to be
internalized inside the cytoplasm3#8351:352 Upon entry into the cytoplasm, the A subunit of
DTx (DTA) may now bind to the elongation factor 2, inhibiting protein synthesis and causing
cell death®¥313%3 The presence of only one active DTA molecule is sufficient to kill an
eukaryotic cell®®, Interestingly, the DTR is not expressed in rodents, making rodent cells
highly resistant to DT exposure compared to primate cells.

The creation of transgenic mice in which were incorporated the full Hbegf gene (iDTR mice)
or the DNA sequence coding for the DTA subunit (iDTA mice), both preceded by a loxp-
STOP-loxp sequence, has made possible to experimentally deplete specific cell types in
mice3#®3% In the case of iDTR mice, specific rodent cells will express DTR in a cre-
dependent manner and external administration of the DTx will be required to induce cell
death, allowing researchers to control the exact time of cell death®¥. In DTA mice, the cell

type of interest will be constantly depleted upon expression of the Cre recombinase®®.

The crossing of Cx3cr1-CreER™ and iDTR mice, with the appropriate regimen of tamoxifen
and DTx administration, is promising strategy to target microglia®®. Parkhurst and
collaborators demonstrated that tamoxifen administration 2 weeks prior to DT exposure was
ideal to kill more that 90% of microglia within the CNS, with very little effect on blood
monocytes®. Importantly, these results have been replicated by several groups including
ours®31:3%_ However, the use of this mouse model has a few limitations that need to be kept
in mind when planning an experiment. The first limitation is that the elimination of microglia
using the DTx-based system causes cell necrosis®*. Consequently, microglia release a
plethora of proinflammatory cytokines, resulting in a cytokine storm that drastically changes
tissue homeostasis, causing widespread astrocyte activation®3. As well, the DTX injection
may cause toxicity, despite the fact that mice have a reduced response to the toxin compared
to humans. In our hands, treatment with 500ng of the A subunit of DTx for 3 consecutive
days efficiently eliminated more than 80% of microglia in the spinal cord, with no sign of
toxicity for at least 14 days post-administration of DT in the absence of injury. However, the

36



same regimen of DT administration starting 3 days prior to SCI induced lethality in 50% of
Cx3crl1-CreER™::Ro0sa26-iDTR and WT mice. A time course study further revealed that DTx
treatment caused death when given during the week before or during the first 2 weeks after
SCI. Therfore, the DTx-based system may be useful for microglia depletion but only under

certain conditions.

1.4.4.3.CD11b-TK mice

The herpes simplex virus thymidine kinase (HSV-TK) is not by itself harmful to mammal
cells. However, the HSV-TK is capable of phosphorylating different nucleoside analogues,
such as ganciclovir and acyclovir, and convert them into nucleoside monophosphates®"=%8,
Nucleoside analogue monophosphates can be converted into nucleoside triphosphates under
the action of kinases, and then incorporated into DNA during the DNA synthesis phase, thus
causing death of proliferating cells®*#3%°, The incorporation of HSV-TK in the mouse genome
under the control of the Cd11b promoter can thus impede the proliferation of microglia and
myeloid cells, ultimately causing their death, upon systemic administration of
ganciclovir®®2¢!, The Cd11b promoter is active in all myeloid cells, including neutrophils,
MDMs and microglia. Thus, to target exclusively microglia in CD11b-TK mice, BMC must
be generated using WT donor cells. In the past few years, some studies used central
administration of ganciclovir to avoid the effect on peripheral myeloid cells®%3%, However,

continuous central administration may not be ideal when behavioral testing is performed.

In keeping with models of CNS injury, in particular stroke, microglia depletion was found to
exacerbate the infarct area and increase neuronal death, suggesting a beneficial role for
microglia®®®. However, this issue has never been addressed in SCI models. In our laboratory,
we generated BMC using the CD11b-TK mouse model, but these mice showed high lethality

following ganciclovir administration.

1.4.4.4.Clodronate

Clodronate-loaded liposomes have been largely used in the scientific literature to deplete
peripheral monocytes and macrophages®6-3%. Clodronate is, by itself, not toxic because it
does not penetrate cellular membranes. However, macrophages will ingest the drug through

phagocytosis of the liposomes, thus releasing clodronate into the cytoplasm. Once inside the
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cell, the free clodronate will affect the ATP proton pumps, thus causing apoptosis®®®. To kill
peripheral monocytes and macrophages, clodronate liposomes must be injected directly into
the bloodstream, which will minimally affect microglia since liposomes cannot cross the
BBB®1208:368369 The injection of clodronate liposomes directly into the CSF, by means of
an intracerebral ventricular injection, can bypass the BBB and deplete CNS
microglia®*®37%37 The use of this method, although successful in some cases, requires a

major brain surgery and is not ideal for subsequent behavioral testing.

1.4.4.5.Antibodies

Antibodies have also been used to eliminate different subsets of myeloid cells in peripheral
tissues. In the context of SCI, the administration of anti-CD11b, anti-LY6G, anti-GR1 and
anti-LY6C antibodies has been used to deplete myeloid cells such as neutrophils and
monocytes, with variable results depending on the antibody clone and treatment regimen (see
next section for more information)!°%151372373 However, antibodies show low penetrance
across the BBB. Thus, microglia are somehow protected from antibody exposure under
normal conditions. To bypass this limitation, Yao and collaborators injected in the cisterna
magna Mac-1-saporin, an anti-CD11b antibody conjugated to the saporin immunotoxin,
which resulted in depletion of approximately 50% of microglia in the spinal cord 1 day after
the injection®®. The use of this delivery method is very interesting because it avoids the
substantial brain damage normally associated with an intracerebral ventricular injection.
However, similar to the situation seen in Cx3crl-CreER™::R0sa26-iDTR, the use of the

immunotoxin causes rapid cell necrosis and is associated with a cytokine storm33,

1.5. The role of infiltrating blood-derived cells in SCI

The BBB disruption and local proinflammatory response that develops after SCI orchestrate
the infiltration of blood-derived leukocytes, a phenomenon shared by all living mammals,
including rodents, primates and humans!®®37437 The first cells to arrive at sites of SCI are
the neutrophils, immediately followed by M1 monocytes®®372374-376 Qver time, neutrophils
disappear and M1 MDMs are replaced or change their activation status, becoming M2
MDMs%:207377 - As previously mentioned, infiltrating myeloid cells remain within the SC
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tissue for long periods of time, sequestrated in the core of the lesion®1%9378  Regarding

lymphocytes, B cells are rapidly detected in the SC parenchyma, but their presence decrease

over time. The T cell infiltration follows the one of MDMg376:379-381
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Figure 1.5. Leukocytes dynamic following SCI.
Graph represents the cellular load of leukocytes found in the spinal cord following SCI,
modified from REF32,

1.5.1. Neutrophils

Neutrophils are considered the first line defense in innate immunity. These cells were
originally described as specialized bactericide cells implicated in host defense against
bacterial infection. However, new studies have revealed that neutrophils are active
participants in the sterile inflammatory response (for review, see®®3). Neutrophils are short
living cells with a half-life of around 5 days in blood*. In healthy individuals, they are
replenished at rhythm of about 2 x 10! cells per day from BM-derived HSCs and neutrophil
progenitors, through a highly-regulated system implicating the circadian clock and the G-
CSF cytokine®®2%_ The final differentiation step of neutrophil progenitors into mature
neutrophils depends on C-EBPs, as Cebpe-KO mice are characterized by neutropenia and
low life expectancy caused by opportunistic infections®%®38° Nowadays, treatment with G-
CSF is widely used to counteract neutropenia and opportunistic infections in human patients

subjected to chemotherapy3®.
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In the context of SCI, neutrophils are the first cells to be recruited at the site of injury0®374:375,
Their presence starts at around 6 hours post-SCI and peaks at 24 hours in rodents!?®274:375,
They show a very transient accumulation as they are almost all gone by day 4 post-SCI.
However, some groups including ours have suggested that there could be a second wave of
neutrophil infiltration occurring between 14 and 35 days post-SCI, whose role is sill
unclear®43%, Neutrophils not only colonize the site of SCI, but extensively accumulate in
the meninges and CSF3®L. In the blood, the neutrophil presence is remarkedly augmented at
24 hours post-SC7089375,

The function of neutrophils is highly controversial after SCI. Some studies blocked
neutrophil recruitment, using anti-ICAML1 or anti-P-Selectin antibodies, which both target
neutrophil-binding proteins on the surface of activated CNS endothelial cells. Both
antibodies were found to reduce neutrophil recruitment after SCI, as evidenced by a reduction
on myeloperoxidase activity, an enzyme highly expressed by neutrophils, which led to an
improved locomotor recovery and reduced hemorrhage3’23'3, On the contrary, more recent
studies revealed that mice treated with an anti-GR1 antibody prior to SCI exhibited a 90%
reduction in blood neutrophil and M1 monocyte numbers at 12 hours post-SCI, and that this
response was associated with an increased lesion volume, more axonal damage and a poorer
recovery of locomotion, suggesting a protective role for these cells'®. Since the anti-GR1
antibody also reacted with the LY6C antigen found at the surface of monocytes3®, in addition
to the LY6G epitope expressed by neutrophils, a more specific antibody depletion approach
was used in subsequent studies by others. Using an anti-LY6G antibody, Lee and
collaborators showed that a full depletion of neutrophils has no effect on functional recovery
after SCI°15!, However, a depletion of blood neutrophils does not warrant an effect at the
site of injury. In support of this, we found that PLX73086 treatment caused a 50% reduction
in blood neutrophils at 24 hours post-SCI, but the neutrophil load within the injured SC was
left unchanged, highlighting the capacity of the remaining neutrophils to respond to the cues

released at the site of lesion®.

Using the opposite approach, a few groups stimulated the neutrophil response by injecting
G-CSF3%-3%, The treatment of rodents with G-CSF following SCI, either immediately or 1

week post-SCI, resulted in enhanced locomotor recovery®®33%, The injection of G-CSF

40



attenuated the production of IL-1p and TNF-a, an effect correlated with a reduction in
apoptosis of neurons and oligodendrocytes®®3%, Similar results were obtained in stroke
models when G-CSF was injected®*®397, Although these studies might indicate that the
promotion of neutrophil activity is beneficial, none of them presented a total neutrophil count
and evaluated the activation state of the cells at the site of SCI, thus raising the possibility
that G-CSF has an effect on cells other than neutrophils. The neutrophil response therefore
remains a subject of controversy that requires more investigation using appropriate transgenic

mouse models to deplete neutrophils specifically and completely.

1.5.2. Monocytes / MDMs

Monocytes follow neutrophils in the order of the steps of the innate immune response.
Monocytes represent approximately 5-10% of total blood leukocytes??t. As previously
described, they originate from HSCs3%. Monocytes are the principal source of macrophages
and replace them at different rates in many healthy tissues of the body*?. The rodent monocyte
subset can be identified based on expression of CD45, CD11b and CD115. In human
monocytes, the CD14 marker is also used. Villani and collaborators recently identified at
least 4 subtypes of monocytes in humans, recognizing M1 and M2 monocytes as the larger
and better studied subsets®®®. The “proinflammatory” or “classic” M1 monocytes represent
about 89% of all monocytes and like neutrophils are short-lived and rapidly recruited under
inflammatory conditions*°. M1 monocytes can be identified in mice based on expression of
LY6C" and CXCR3', and in humans based on expression of CCR2* and CD16%4°%4% |n
contrast, the “patrolling” or “non-classical” M2 monocytes represent about 10% of the total
monocyte population, have an increased lifespan and often appear during the resolution phase
of inflammation?26:4%04% M2 monocytes can be identified based on expression of LY6C'""
and CXCR3" or CCR2 in mice, and based on expression of CD16" in humans®%.
Interestingly, M2 monocytes rely on the transcription factor Nr4al for their maturation from

M1 monocytes*?’.

After SCI, the recruitment of M1 monocytes follows the one of neutrophils, entering the site
of injury at 24 hours and peaking in number at 48 hours®1:109372374-376 " Qnce inside the CNS
tissue, M1 monocytes differentiate into MDMSs with a proinflammatory phenotype (iNOS,
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CD32, CD86) and release cytokines such as IL-1B"%%% Interestingly, the M1 MDM
population gradually disappears and is substituted by the M2 MDM population, which peaks
between 7 and 14 days post-SCI°1:207377 M2 MDM s present an anti-inflammatory phenotype
(Argl, CD14, CD206) and release cytokines such as IL-10>2%, The switch from one to
another is still under debate. During sterile inflammation, M1 MDMs seem to transform into
M2 MDMs during inflammation resolution phase. However, it cannot be excluded that M2
MDMs are recruited from blood and/or CSF via the choroid plexus®®l. Dal-Secco and
collaborators demonstrated using intravital microscopy in double-transgenic mice that
infiltrated Ccr2-RFP M1 monocytes switch into M2 monocytes, with gain of Cx3crl-eGFP
expression, favored under the effect of IL-10 and IL-4 during the resolution phase of hepatic
sterile inflammation%8, Importantly, both of these cytokines were shown to favor recovery
after SCI2%4%°_ Shichita and collaborators demonstrated that M1 monocytes respond to
alarmins using Msr1 and Marco receptors, whose expression relies on the Mafb transcription
factor, causing MDMs to switch from the M1 to the M2 phenotype*!®. They further
demonstrated that following stroke, the absence of the Msrl, Marco or Mafb gene on
monocytes, using LysM®® mice as a driver for gene deletion, led these cells to fail to switch
from the M1 to the M2 phenotype, thus resulting in an exacerbated inflammatory response
and increased neuronal injury*'°, However, further experiments are required to validate these

findings.

The function of monocytes and MDM s is still today controversial. MDMs have mainly been
associated with a supportive role after SCI1293206:293411 'Ranalino and collaborators reported a
beneficial effect of MDM transplantation after SCI, as shown by an improved locomotor
function*!, The beneficial effect of macrophage transplantation was confirmed and even
augmented when MDMs were pre-stimulated by exposure to the injured sciatic nerve
environment?®, This suggests that the axon-growth supporting effect of MDMs may vary
depending on the tissue conditions. Depletion of monocytes and neutrophils with the anti-
GR1 antibody caused an increased lesion size and worsened locomotor recovery®°. A recent
study showed that inhibition of monocyte recruitment in Ccr2-KO mice prevented microglia
from adopting an anti-inflammatory response, an effect correlated with increased tissue
damage and reduced locomotor recovery®. On the other hand, many studies demonstrated

that impairment in functions of monocytessMDMs or their elimination is beneficial for
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recovery after SCI209:368412-414 1 narticular, depletion of monocytes prior to SCI using
clodronate was associated with enhanced locomotor recovery and reduced fibrotic scar
formation in rats and mice?®®3%8, The combination of clodronate and anti-Ly6G antibody
injection to deplete both M1 monocytes and neutrophils resulted in improved locomotor
recovery™!, Interestingly, splenectomy in mice following SCI caused a reduction in the
number of peripheral monocytes, an effect correlated with enhanced functional recovery*®®.
At roughly the same time, another group demonstrated that the beneficial effect of MDMs
depends on Cx3crl signaling*®. It is important to note, however, that many of the studies
that reported a detrimental effect of monocytes/macrophages performed cell depletion at the
time of the injury, thus probably reducing secondary damage associated with inflammatory
events. London and collaborators demonstrated that MDMs exhibit different phenotypes
depending on their location with regard to the lesion itself, with some of them releasing anti-
inflammatory cytokines, such as IL-10, favoring functional recovery?®. As highlighted
above, the functions of monocytes and MDMs are complex and will require more studies to

be elucidated.

1.5.3. The adaptive immune system: T and B cells

T and B cells belong to the adaptive immune system. B cells entrance occurs following week
1 while increasing their accumulation during the following weeks at the core of the lesion*!’.
In contrast, the accumulation of T cells occurs in two distinct waves. The first peak of
accumulation in SCI rodents is at 7-14 days, whereas the second one is at 42 days8°38!, The
function of the adaptive immune system in the context of SCI is not yet well defined and

requires further investigation, but I will discuss below what is known to date.

The overall inhibition of the adaptive system appears to be protective following SCI. The use
of nude rats, in which T cells are not present, showed enhanced locomotor recovery*'8, Nude
rats showed reduced microglia/macrophage activation correlated with reduced secondary
damage*'8. Pharmacological inhibition of T cells with either FTY720, a sphingosine receptor
modulator that impairs T cell migration, or both cyclosporin A and FK506,
immunosuppressive agents that abolish T cell proliferation, enhanced functional recovery

after SCI*1427, Along the same line, RAG2-knockout mice, a gene implicated in lymphocyte
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maturation and whose deletion results in animals devoid of B and T cells, showed improved
locomotor recovery, reduced tissue damage, and increased axonal counts*?®42%, Using a B
cell-specific KO mouse line, Ankeny and collaborators reported a reduction in IgG levels
within the injured spinal cord, an effect associated with an increased locomotor recovery*%°.
B cell-KO mice also presented with reduced microglia/MDM activation, most likely a
consequence of the reduction in CR3 activation via the 1gGs released from B cells*.
Although the specific molecular mechanisms remain obscure, absence of B cells impaired
the production of all types of antibodies which exacerbates the inflammatory response
increasing the tissue damage. The use of FTY720 has been particularly studied to reduce T
cell activity following SCI, highlighting the importance of T cells in exacerbating the

inflammatory responses, BBB leakage and tissue damage following SCI.

Yet, certain aspects of the adaptive immune response could improve functional recovery after
SCI. T helper (Th) cells are subdivided into Thl, Th2, Th9, Thl7 and Tregs, among others.
The first series of investigations on the role of T cells in SCI was very promising. Several
studies from Michal Schwartz’s laboratory reported an increased in locomotor recovery with
an enhanced BBB integrity following injection of T cells directed against the MBP peptide
(Tmer)®+4%°. However, this finding could not be replicated by work from Phil Popovich’s
laboratorty*®®. In the ischemic brain, the stimulation of Tregs showed to produce anti-
inflammatory cytokines, such as IL-10 and TGF-B, which improved the overall outcome of
this disease**’~443, However, the molecular mechanisms that could explain the beneficial

effects of T cells in SCI remain nebulous for the most part#4444°,

The adaptive immune response also generates antibodies that may have beneficial effects
following SCI. For example, some groups have tried to neutralize myelin-associated
inhibitory molecules by developing antibodies directed against as Nogo-A, MAG or OMgp
143446447 The administration of these antibodies was shown to promote axonal regrowth and
plasticity, favoring functional recovery in SCI rodents and primates'43#46447 Importantly,
some antibodies directed against myelin-associated inhibitory molecules are currently being

tested in clinical trials.
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1.6. Microglia-related cytokines in SCI

Microglia rapidly respond to changes following SCI. One of their major functions is to
initiate and control the immune response through the release of cytokines. Recently, some
microglia-derived cytokines were identified, including IL-la, TNF and TGF-B1, and
described as key regulators of astrocytic and immune responses during CNS pathologies®#°.
In the following section, | will describe some of these cytokines and their modulation of
outcomes after SCI.

1.6.1. The IL-1 superfamily

The IL-1 superfamily of cytokines has been linked to inflammation and innate immunity
since its early discovery back in 1940s. As the name implies, the first cytokine that was
discovered is IL-1 for its role in fever and T cell proliferation*®. Since this discovery, the
family has grown tremendously and can be classified based on the length of the pro-segment
of the protein. Members of the IL-1 subfamily (IL-1a, IL-1p and IL-33) encode precursor
molecules of 269-271 amino acids (aa). Members of the IL-18 subfamily, IL-18 and IL-37,
have between 192-193 aa, while those of the IL-36 subfamily (IL-36Ra, IL-36a, IL-36p, IL-
36y and 1L-38) have between 155-158 aa (for review**).

1.6.1.1. IL-1a

Despite the low protein homology between IL-1o and IL-1B, they share a similar three-
dimensional structure and bind to the same receptor, the IL-1 receptor type 1 (IL-1R1). For
these reasons, IL-1a and IL-1p were originally thought to share similar functions. However,
recent evidence showed that in the context of inflammation, the precursor form of IL-1a (pro-
IL-10) acts as an alarmin, while IL-1B acts as an inducer of inflammation**°. The maturation
and release of IL-1a requires Ca?* intracellular influx to activate proteases, such as calpain,
or the activation of the NIrp3 inflammasome during necroptosis. Yet, both pro-IL-1a and
mature IL-1la are able to bind IL-1R1. Pro-IL-1la detected in the supernatant of necrotic
melanoma B16 cells can induce immune cell recruitment and inflammation?. Accordingly,
pro-IL-1a released by dying cells during hypoxia is able to induce sterile inflammation and

neutrophil recruitment’®. In contrast, apoptotic B16 cells sequestrate pro-IL-1a into the
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chromatin, thus impeding its release into the milieu and the induction of inflammation’2. Pro-
IL-1o is widely expressed by different cell types in the body, including keratinocytes,
epithelial cells and endothelial cells. The pro-1L-1a contains a nuclear location signal (NLS)
that allows its translocation towards the nucleus where it interacts with histone
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acetyltransferases and acts as a DNA damage sensor®:. However, the specific genes

regulated by pro-IL-1o remain unknown.

In the CNS, pro-lL-1a can bind to either IL-1R1, IL-1R2 or IL-1R3. The IL-10/IL-1R1
complex recruits the IL-1 receptor accessory protein (IL-1RacP), which promotes the
recruitment of MyD88 and activates downstream signaling via NF-xB, a transcription factor
responsible for the expression of several proinflammatory genes. Despite the fact that the IL-
1a/1L-1R2 complex also recruits IL-1RacP, IL-1R2 lacks an intracellular domain, impeding
downstream signaling. It is believe that IL-1R2 acts as negative regulator of inflammation
(for review*?). IL-1R3 is a truncated splice variant of IL-1R1 that is highly expressed in
neural tissue. The N-terminal Ig-like domain of IL-1R3 is significantly reduced compared to
the one of IL-1R1. The IL-10/IL-1R3 complex recruits IL-1RacPb, a splice variant of IL-
1RacP, and activates the AKT kinase*®. IL-1R1 is expressed in certain types of neurons, in
epithelial cells of the choroid plexus, and in the adventia wall of endothelial cells in post-
capillary venules of the BBB%3074% ||_-1R1 signaling may also be implicated in microglial
cell proliferation, following binding to IL-103. IL-1R3 is expressed by some types of

neurons, but its function remains unexplored*3,

After CNS injury, IL-1a is rapidly released by dead and dying cells. Its release precedes the
expression of IL-1p, making it an alarmin whose role is to initiate sterile inflammation 071455,
IL-1a is released by dead and dying microglia located in the penumbra after ischemic stroke
or at the lesion epicenter in SCI79%%, As indicated above, we recently demonstrated that post-
capillary venules in the CNS express IL-1R1, which favors myeloid cell recruitment in an
animal model of multiple sclerosis®®. IL-1o-knockout (KO) and IL-1B-KO mice both
exhibited important deficits in myeloid cell infiltration compared to wild-type (WT) mice at
24 hours post-SCI™®, highlighting the importance of IL-1R signaling in immune cell
recruitment. Interestingly, only IL-1a-KO mice showed a prolonged recovery of locomotion

and a reduced lesion volume at 35 days after SCI7°. The better outcome observed in the IL-
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lo-KO group after SCI was correlated to an increase in the number of CCl+
oligodendrocytes expressing the nuclear factor Tox3. We speculate that the release of IL-1a
from dead/dying microglia may bind to astrocytic IL-1R1, thus generating a neurotoxic
astrocyte response that could influence oligodendrocyte survival'*®. Regarding Tox3, a high-
mobility group box protein that regulates calcium-dependent transcripts via the cAMP-
response-element-binding protein (CREB) or Citedl, in vitro studies have shown that its
overexpression in neurons and oligodendrocytes is protective in ischemic conditions’%4%,
The upregulation of Tox3 in oligodendrocytes of naive IL-1a-KO mice therefore suggests an
interaction between microglia and oligodendrocytes during development. Indeed, we counted
significantly more Tox3" CC1* oligodendrocytes in the spinal cord of IL-1a-KO mice than
control mice at postnatal day 10, as well as after SCI. How Tox3 mediates OL survival

remains, however, a mystery .

1.6.1.2.1L-1P

IL-1p is synthesized as a 31-kDa pro-form, but only the mature form (17 kDa) of IL-1p is
capable of binding to IL-1R1%%4%7_ For its production, maturation and release, cells require
at least two inflammatory stimuli. The first one involves the activation of Toll-like receptors
(TLRs) by PAMPs or DAMPs, which results in the activation of NF-kB and the expression
of proinflammatory genes, including the one coding for pro-1L-1p?2%%84%  However, pro-
IL-1P cannot be released from the cytoplasm and requires a second signal, consisting in the
activation of NOD-like receptors or purinergic P2X receptors by nucleotides such as ATP
and AMP. Activation of these receptors results in a K* efflux that promotes the
formation/activation of an inflammasome complex, whose role is to cleave pro-IL-1p into
IL-1P via caspase-16°-62_ Interestingly, the TWIK-related Halothane-Inhibited K* channel
has recently been identified as a key K* regulator that favors the microglial release of IL-1p
after LPS stimulation®®, The release of IL-1B guarantees a sustained inflammatory response.
In the case of sterile inflammation, IL-1f is produced by infiltrated monocytes as a
consequence of the release of IL-1a’®. In CNS pathologies, IL-1p regulates the entry of
myeloid cells inside the CNS by activating IL-1R1 at the surface of cerebral blood
vessels®3%7 . Recruited myeloid cells subsequently produce more IL-1p, thus amplifying the
inflammatory response’%397464 - Accordingly, IL-1B-KO mice have impaired myeloid cell
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infiltration during experimental autoimmune encephalomyelitis and SC179-307464 1_-1 also
induces astrocyte proliferation and reactivity and promotes the release of molecules with
potentially detrimental effects, such as glutamate, reactive species (e.g. ROS) and
proinflammatory cytokines*®. Recent in vitro studies suggested that stimulation of astrocytes
with either IL-1a or IL-1p may promote different effects’>#%, Indeed, stimulation of
astrocytes by IL-1lo caused gliosis, creating a harmful phenotype which caused neuronal
death. The activation of astrocytes by IL-1p also caused gliosis, but did not induce the
neurotoxic phenotype!#®. The effects of IL-1B on astrocytes will require, however, further

investigation.

Microglia also express IL-1R1%%*331 ‘and few studies highlighted the role of IL-1R1 signaling
in microglia proliferation®3!. Deletion of the 111r1 gene from microglia resulted in reduced
microglia counts in several regions of the CNS®3L. Although the study implicated IL-1a as
the major cytokine involved in microglia proliferation, the potential effect of IL-1p was not
explored®. In support of this possibility, deficiency in IL-1p in the context of SCI caused a
drop in total microglia/macrophage counts in the spinal cord*®’. Reduction in the number of
microglia/macrophages in IL-1B-KO mice caused a reduction in the expression of several
proinflammatory cytokines, which was correlated with enhanced locomotor recovery after
SCI68 Thus, IL-1p is implicated in microglia proliferation and activation and the release of

proinflammatory molecules following SCI.

1.6.1.3.The IL-1R1 antagonist (anakinra)

Since the discovery that IL-1 signaling initiates inflammation, the use of antagonists was
largely explored during the end of 20" century. IL-1RA is an endogenous protein that acts as
a competitive inhibitor of IL-1R16°, Anakinra, a recombinant form of the naturally occurring
IL-1RA, has a low toxicity and short half-life. 1t was approved for the treatment of
autoimmune and inflammatory diseases such as rheumatoid arthritis, gout, type 2 diabetes,
and familial Mediterranean fever®246°. However, its use for the treatment of CNS

pathologies remains to be demonstrated.

Over the recent years, we and others have demonstrated the capacity of anakinra to ameliorate
the outcome of several CNS disorders. Following middle cerebral artery occlusion, a single
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injection of anakinra reduced by 33% the infarct volume in rats*®47*, Similar results were
obtained when the IL-1R antagonist was administrated during the reperfusion phase, leading
to a significant reduction in inflammation*'2. In SCI, acute or chronic delivery of anakinra,
starting during the first few hours after SCI, reduced apoptosis in rats and enhanced
locomotor recovery in mice’®4”3, The incorporation of anakinra into a gelatin sponge that
promotes sustained release was associated with enhanced locomotor recovery in rats*’*. In
sum, the use of anakinra for the treatment of CNS disorders was found to be effective in
experimental models of stroke and SCI, opening the way for clinical trials.

1.6.2. TNF

The role of TNF, as for IL-1, is to initiate the inflammatory response. TNF has two active
forms. The first one is a transmembrane form and the second one is a soluble form which
may act as autocrine or paracrine regulator of inflammation*”®. TNF is synthesized as a 26-
kDa membrane-bound precursor (mTNF) which may be cleaved into a 17-kD mature form
by the TNF-converting enzyme (TACE or ADAM17)*8. TNF may then bind to TNF receptor
type 1 (TNFR1) or TNFR2. Both receptors are part of the TNFR superfamily and, like IL-
1R1, signal through transcription factors such as NF-kB, JNK, ERK-1/2 and p38 MAPK,
albeit through a different set of adaptor molecules*’”. The soluble form of TNF has a greater
affinity for TNFR1, which possesses a death domain (DD) that can activate two opposite
downstream signaling pathways. The first pathway is linked to the TNFR1 signaling complex
and involves TNFR-associated death domain (TRADD), which prevents cell death with the
production of anti-apoptotic proteins. The second pathway is linked to TNFR2 and involves
both TRADD and FAS-associated death domain (FADD), causing cell death by necroptosis
and initiating inflammation’8. In contrast, mTNF prefers TNFR2 that lacks DD and signals
through TNFR-associated factors (TRAFs), activating inflammation through transcription
factors NF-kB and AP-1 and acting as a negative regulator of apoptosis*’”47®,

TNF mRNA expression peaks at 1 hour post-SCI before vanishing at 2 days’®%%%53, A second
wave of TNF expression has also been described during the chronic phase of SCI, starting at
14 days post-SCI and increasing up to day 28, suggesting multiple effects of the cytokine
during the course of SCI’®. In mice and rats, all CNS cell types are able to produce it. TNFR1
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and TNFR2, on the other hand, are highly expressed by microglia, highlighting their ability
to produce but also respond to inflammatory cytokines in their function of CNS sentinel*>,
TNFR1 is also expressed by astrocytes, oligodendrocytes and CNS endothelial cells under
steady state conditions. The global elimination of TNF using KO mice was previously shown
to be protective in the context of SCI, resulting in reduced inflammation and the
differentiation of macrophages towards a M2 repair phenotype®®. In line with this
observation, deletion of the Tnfrl gene in mice reduced inflammation, apoptosis and tissue
damage, as well as enhanced functional recovery after SCI 6. Furthermore, the blockade of
TNF with etanercept, a TNF inhibitor functioning as a decoy receptor that can bind TNF, or
infliximab, a function blocking antibody that recognizes TNF, protected mice from SClI,
showing reduced inflammation and apoptosis, increased myelination, and enhanced
locomotor recovery®57, Although the SCI literature seems convincing about the benefit of
interfering with the TNF pathway, some studies suggested otherwise. In cerebral ischemia,
deletion of the Tnf gene in mice resulted in an exacerbated infarct area associated with more
neuronal death and behavioral deficits*®®48!, One of two groups reported that TNF acted on
microglia via TNFR1, exerting a neuroprotective role during stroke*!. Supporting this view
is a SCI study that showed an augmented expression of TNF in rats, an effect correlated with
an increase in apoptotic cell death, astrocyte migration and reactivity, as well as a reduced

tissue loss*®?.

1.6.3. TGF-B

TGF-p is a cytokine implicated in a plethora of physiological and pathological processes,
including inflammation, wound healing, ECM production, angiogenesis and proliferation83-
485, There are 3 isoforms of TGF-, namely TGF-B1, TGF-p2 and TGF-p3. Among them,
TGF-p1 is the best described. TGF-B1 binds to TGF-BRII, forming a complex that recruits
ALKS5 (also known as TGF-BRI) and the accessory protein endoglin (CD105 or TGF-BRII)
and leads to phosphorylation of SMAD 2/3389486-489 S\MAD 2/3 then forms a homodimer or
heterodimer that binds to SMAD4, allowing its translocation into the nucleus where it

regulates target genes in cooperation with other transcription factors*®,
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Tgfb1-KO mice typically show elevated mortality, associated with massive and chronic
infiltration of leukocytes, suggesting that TGF-B1 is an important immunosuppressor?91492,
Among its anti-inflammatory functions, TGF-1 downregulates the expression of IL-1f and
TNF4349 The early death of Tgfb1-KO mice has been associated with overactivation of T
cells. Accordingly, constitutive overexpression of TGF-B1 in T cells under the control of the
112 gene promoter protected Tgfbl-KO mice from early death, allowing the study of the

cytokine during homeostasis**®4%,

Within the adult CNS, microglia are the main source of Tgfbl mRNA in mice'®*. Microglia-
derived TGF-B1 release acts in autocrine manner to preserve gene expression and function
of resting microglia 1°323°, Deletion of the Tgfb1 gene in all cells but T cells, to avoid early
mouse lethality, revealed that microglia have an altered phenotype in the absence of the
immunosuppressive cytokine, characterized among other things by a reduction in expression
of the P2Y12 protein®®, Interestingly, microglia rely on TGF-B signaling and its downstream
enhancer SMAD to recruit PU.1 transcription factor, maintaining the homeostatic microglia
state?®2, Deletion of Tgfor2 specifically in microglia resulted in reduced microglial
ramifications, a sign of microglial activation, enhanced proliferation and production of

proinflammatory cytokines®32%,

Following SCI, TGF-B1 production was associated with neurons and immune cells, including
microglia®®4"4%  TGF-B1 neutralization either with a single or continuous treatment
affected the astrocytic response, reducing their migration and reactivity®®°0!, Acute
treatment with anti-TGF-B1 reduced the formation of fibrotic tissue>®’, whereas continuous
blockage of TGF-B1 augmented microglial/macrophage response, as demonstrated by the
increase in expression of Ibal and ED-1 markers, a response correlated with improved
locomotor recovery®®. Injection of TGF-B1 results in prominent gliosis*®>°%°%2 which we
know can reduce axonal plasticity*%®. Interestingly, the administration of Taxol, a drug that
inhibits TGF-B1/SMAD signaling, reduced tissue scarring, enhanced the sprouting of
serotoninergic axons, and improved locomotor recovery after SCI%. The same study
demonstrated that Taxol reduced the production of inhibitory molecules by astrocytes®®.
Altogether, these data suggest that TGF-p1 production following SCI particularly affects

astrogliosis, promoting the formation of scarring tissue.
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1.6.4. IGF-1

Insulin growth factor (IGF)-1, IGF-2 and insulin itself form the insulin family. IGF-1 consists
in a 7.5-kDa protein formed by 57 amino acids®®**>%. Each protein of the family shows
preferential affinity for different receptors. The IGF receptor type 1, IGF-1R, binds with
greater affinity to IGF-1 than IGF-2 and insulin, by 10- and 250-times, respectively®®’. IGF-
1R is a tyrosine Kkinase receptor that, following binding to IGF-1, induces an
autophosphorylation that results in activation of the insulin receptor substrates
(IRS)192:505:506:508 "1 retyrn, IRS activate phosphatidylinositol 3-kinase (PI13K), which then
phosphorylates serine/threonine protein kinase (AKT). AKT can activate several pathways
including phosphoinositide-dependent protein kinase (PDK), mammalian target of
rapamycin (mTOR), forkhead Box O (FOXO) transcription factors, and cCAMP-responsive
element binding protein (CREB), all of which regulate cellular metabolism, survival,
proliferation and migration processes, among others®®>8, IGF-1R also signals through the
mitogen-activated protein kinases (MAPK) and extracellular signal-regulated kinases (ERK),

promoting cellular proliferation in different cell types?°8:°09510:519.520

IGF-1 regulates a plethora biological processes in various tissues and organs. The production
of IGF-1 is particularly important during embryogenesis. 1gf1-KO mice have reduced
survival rates after birth when compared to WT littermates, most likely due to the reduced
maturation of various tissues®*+°13521-523 Syrvivors are smaller in size with reduced brain
size, an observation correlated with a reduced number of neurons®®4°2-°27_ Two major
sources of IGF-1 have been identified thus far. First, the liver, which releases IGF-1 into the
plasma, allowing it to cross the BBB and influence CNS resident cells®105%8:52° Resident cells
of the CNS is the second major source, as shown by in situ hybridization
experiments®%°10518:530.531 " |GE-1 can form complexes with several insulin growth factor
binding proteins (IGFBP), namely IGFBP1-7, in the blood circulation or within tissues.
IGFBPs can modify the characteristics and biodisponibility of IGF-1. In the blood, IGF-1
mainly binds to IGFBP3 and IGFBP5°253, Although the liver production of IGF-1 is
important, during brain development, the autocrine production seems to be determinant, as
demonstrated by the fact that liver-specific Igf1-KO mice have a normal growth rate and

normal organ sizes despite having 75% less IGF-1 in their plasma®®?. The generation double-
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KO mice that combined liver-specific deficiency in Igf1-KO with deficiency in the acid-labile
subunit, a protein subunit that stabilizes the binding of IGF-1 with the IGFBP3 complex in
serum, resulted in greater reduction in IGF-1 plasma levels, thus conferring reduced tissue

maturation and mouse size®®.
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Figure 1.6. IGF-1 signaling pathway.
IGF-1 signaling pathway, obtained from REF®4,

IGF-1 is mainly produced during CNS embryonic development. IGF-1 is implicated in
different processes of CNS maturation. In the adult CNS, IGF-1 production is reduced and
restricted to certain areas, including neurogenic niches where they regulate
neurogenesis®1%®. Accordingly, Igf1-KO mice have a reduced brain size, which is correlated
with a reduction in neurogenesis, total neurons, total oligodendrocytes, and myelinated
areas®®5%, On the contrary, overexpression of Igfl results in increased myelination and
enhanced brain size®’. The increased presence of IGF-1 is associated with increased neuronal

counts in medullary nuclei and increased neurogenesis correlated with more synaptic buttons
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per neuron in the hippocampus®®°%, In vitro, stimulation of embryonic progenitors with
IGF-1 promotes proliferation®?4, Moreover, IGF-1 regulates oligodendrocyte maturation
and astrocyte migration/proliferation8>42-544_ The production of Igfl in the CNS relies on
neurons and glia’*1%%, Igfl is highly produced by early and pre-microglia during
embryonic CNS development, but downregulated in these cells during adulthood*. Notably,
microglia-derived IGF-1 promotes neuronal survival in cortical layer V, as demonstrated by
the fact that depletion of microglia and microglia-specific deletion of the Igfl gene both
resulted in increased neuronal apoptosis in this region'®®. Stimulation of neurons in vitro with
IGF-1 favors axonal outgrowth!?546547 Duyring development, IGF-1 regulates corticospinal
tract (CST) axon growth from the cortex to the spinal cord'?. Accordingly, microglia
depletion altered axonal outgrowth and pathfinding during embryogenesis'®. Although the
injection of IGF-1 failed to promote CST axon regrowth following CNS injury in the
adult>®> the combination of IGF-1 with osteopontin, a protein that enhances IGF-1R
phosphorylation in CST neurons, favored axonal sprouting in animal models of stroke and

spinal cord dorsal hemisection®.

IGF-1 is highly upregulated following stroke, traumatic brain injury (TBI) and SCI8%550-5%4,
IGF-1 upregulation regulates several cellular processes following CNS injury, including
proliferation, survival, migration and plasticity events in different cell subtypes. IGF-1
administration either by a central or peripheral route protected neurons from apoptosis, as
well as reduced infarct volumes following stroke®>%%. In support of this, genetic
overexpression of Igfl in astrocytes enhanced neuronal survival and improved cognitive
function following TBI%'. Astrocytes use IGF-1 to enhance their proliferation and migration.
Glioblastoma, which consists in uncontrolled astrocyte proliferation, require IGF-1 to expand
and proliferate®®°%°, Blocking IGF-1 derived from tumor-associated macrophages (TAMs)
using the chemical compound OSI-906 in combination with the CSF1R antagonist BLZ945

inhibited glioblastoma expansion, expanding survival rates following tumor inoculation®®®.
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1.7. Hypothesis and research objectives

SCI induces a plethora of responses such as inflammation, leukocyte recruitment and
polarization, glial scarring, tissue repair and plasticity. Many of these events are regulated by
inflammatory cytokines. Previous studies have suggested that immune cells, particularly
microglia, the resident macrophages of the CNS, may play a pivotal role in SCI outcome.
But since the response of microglia and MDMs has often been confused, we still do not know
which cell type is doing what and how. Thus, our general research objective was to elucidate

the role of microglia in SCI. We hypothesized that the microglial response is highly

requlated to protect the injured spinal cord from inflammation and to facilitate tissue repair

and functional recovery.

1.7.1. Role of microglia in SCI

In Chapter 1, we characterized the microglial response following SCI. The confusion behind
the role of this particular cell type motivated us to clearly elucidate the function of microglia
in the context of SCI. The generation of Cx3cr1°*ER mice provided us with a great tool to
visualize and distinguish microglia from MDMs?*. Additionally, the use of CSF1R inhibitors
allowed us to eradicate microglia from the CNS and to understand their function following
SCIY,

Hypothesis:

The microglial response is highly regulated to protect the injured spinal cord from

inflammation and to facilitate tissue repair and functional recovery.
Experimental objectives:

e To localize microglia and compare their dynamics with the one of MDMs after SCI.

e To characterize the microglial response and possible interactions between microglia
and astrocytes during formation of the glial scar.

e Toinvestigate the effect of microglia depletion on glial scar formation and functional

recovery after SCI.
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e To study the response of microglia and functional recovery after SCI following

exogenous delivery of recombinant MCSF.

1.7.2. Role of the IL-1 cytokine system in SCI

In Chapter 2, we characterized the function of IL-1a and IL-1 following SCI. Both cytokines
belong to IL-1 superfamily and are initiators of the inflammatory response. IL-1a expression
is restricted to microglia, whereas IL-1 is expressed by infiltrating myeloid cells’. We used

different transgenic mouse models to elucidate the role of both cytokines in SCI°.
Hypothesis:

IL-1o deficiency reduces inflammation and secondary tissue damage, thus ameliorating
functional recovery after SCI.

Experimental objectives:

e To characterize IL-1a and IL-1p expression following SCI.

e To identify the main cellular source(s) of IL-1a and IL-1B during their peak of
expression after SCI.

e To evaluate functional recovery in the absence of IL-1o and IL-1p after SCI.

e To study consequences of IL-1a and IL-1 secondary tissue damage and the loss of
neurons and oligodendrocytes in the injured spinal cord.

e To assess secondary tissue damage and functional recovery in SCI mice treated with

an antagonist of IL-1R signaling, anakinra.
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2.1. Résumé

Le rble des microglies lors d’une Iésion de la moelle épiniére (LME) reste incompris et
souvent confus avec celui des macrophages dérives du sang (MDMs). Dans cet article, nous
utilisons une lignée de souris transgéniques fluorescentes permettant de visualiser
spécifiqguement les microglies et des drogues servant a éliminer celles-ci afin de mieux
comprendre leurs réactions et roles a la suite d’'une LME. Nous avons observé que la
microglie est tres dynamique et proliféere abondamment durant la premiere semaine,
s’accumulant autour du site lésionnel. A cet endroit, les microglies actives se positionnent &
la jonction entre les leucocytes dérivés du sang et les astrocytes qui proliférent et qui forment
la cicatrice gliale en réponse aux facteurs relachés par les microglies elles-mémes, comme
par exemple le facteur de croissance 1 ressemblant a I’insuline (IGF-1). L’¢élimination des
microglies apres une LME entraine une perturbation dans la formation de la cicatrice gliale,
permettant du méme coup la migration des MDMs hors de la zone Iésée. Ceci a pour effet de
réduire la survie des neurones et des oligodendrocytes et de perturber le recouvrement des
fonctions locomotrices. Par ailleurs, une prolifération microgliale induite via un traitement
local au M-CSF a pour effet de réduire la taille de la lésion et d’améliorer le recouvrement
des fonctions motrices. Ainsi, nos résultats définissent la microglie comme un composant
cellulaire important de la cicatrice qui se développe aprés une LME afin de protéger le tissu

neuronal.
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2.2. Abstract

The role of microglia in spinal cord injury (SCI) remains poorly understood and is often
confused with the response of macrophages. Here, we use specific transgenic mouse lines
and depleting agents to understand the response of microglia after SCI. We find that
microglia are highly dynamic and proliferate extensively during the first two weeks,
accumulating around the lesion. There, activated microglia position themselves at the
interface between infiltrating leukocytes and astrocytes, which proliferate and form a scar in
response to microglia-derived factors, such as IGF-1. Depletion of microglia after SCI causes
disruption of glial scar formation, enhances parenchymal immune infiltrates, reduces
neuronal and oligodendrocyte survival, and impairs locomotor recovery. Conversely,
increased microglial proliferation, induced by local M-CSF delivery, reduces lesion size and
enhances functional recovery. Altogether, our results identify microglia as a key cellular

component of the scar that develops after SCI to protect neural tissue.
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2.3. Introduction

Microglia derive from primitive yolk sac progenitors that arise during embryogenesis ! 23,
They are maintained after birth and into adulthood by self-renewal # °, independently from
bone marrow-derived hematopoietic stem cells (HSCs) and their differentiated progeny (e.g.
monocyte-derived macrophages, MDMs) & 7. After a CNS injury, blood-derived monocytes
are massively recruited in the tissue where they differentiate into macrophages and adopt
many of the markers and behaviors of microglia. These similarities have complicated the
development of efficient prediction tools to discriminate between them. As a consequence,
they are still referred to as microglia/macrophages in the neuroscience literature, and

accordingly, their individual roles remain to be clarified.

Recent advances in genetic fate mapping and conditional gene targeting have allowed the
study of the specific biology of microglia in various experimental contexts, including SCI 8.
This, together with the newly-developed strategies to specifically eliminate microglia °, has
moved forward knowledge about these cells substantially. For example, the application of
some of these advances to a mouse model of stroke has led to the discovery that microglia
can protect neurons through the regulation of calcium levels °. In contrast, the elimination
of microglia in mouse models of Alzheimer’s disease and Tau pathology reduced disease
progression 1+ 2. Thus, depending on the context, microglia may exert diverging roles.
Whether these cells are beneficial or deleterious after SCI remains unexplored.

Here, we took advantage of Cx3cr1®ER mice 3, a mouse line that allows with an adequate
regimen of tamoxifen to label microglia while excluding nearly all MDMs. Our results show
that microglia are highly dynamic and proliferate extensively during the first week post-SCI.
Notably, we reveal that microglia form a dense cellular interface at the border of the lesion
between reactive astrocytes and infiltrating MDMs, which we hereafter refer to as the
“microglial scar”. Microglia depletion experiments using PLX5622, a CSF1R inhibitor that
crosses the blood-spinal cord barrier (BSCB), demonstrated that the absence of microglia in
the context of SCI disrupts the organization of the astrocytic scar, reduces the number of
neurons and oligodendrocytes at the site of injury, and impairs functional recovery. The

timing of the beneficial effects of microglia was estimated to be during the first week post-
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SCI. Accordingly, CNS delivery of M-CSF during that critical period boosted microglial
proliferation and enhanced locomotor recovery. In light of these data, we conclude that

microglia are an important component of the protective scar that forms after SCI.
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2.4. Results

2.4.1. Microglia rapidly accumulate around the site of SCI

To distinguish microglia from MDMs, we took advantage of Cx3cr1°ER::R26-TdT mice,
and the slow turnover of microglia * °. Mice received tamoxifen treatment one month before
SCI to activate the inducible Cre for recombination of TdT floxed (Supplementary Figure
1a). As expected from our previous work 4, nearly all (99.6 + 0.2 %) CD11b* cells in the
spinal cord parenchyma expressed TdT (Supplementary Figure 1b-c). In contrast, only a few
CD11b" cells in the blood, spleen and bone marrow were TdT*, with average colocalization
percentages of 3.8 + 1.7 %, 6.7 + 1.6 % and 2.4 £ 0.2 %, respectively (Supplementary Figure
1d-f). Thus, inducible Cx3cr1ER::R26-TdT mice are a good tool to study microglia in SCI.

To understand the dynamics of the microglial response after SCI, we first quantified
the total number of TdT* microglia both in normal conditions and at 1, 4, 7, 14 and 35 days
post-injury (dpi) (Fig. 1a-g & Supplementary Figure 2). In the uninjured thoracic spinal cord
of Cx3cr1°®ER::R26-TdT mice, we counted an average of 85.9 + 4.6 microglia per mm?.
Following a moderate contusive SCI, only 28.8 + 1.9 microglia per mm? were left at the
lesion epicenter at 1 dpi, which corresponds to a 67% reduction in cell numbers. Hardly any
TdT" microglia were observed in the lesion core at this early time point, suggesting that they
underwent rapid cell death. Despite the fact that the impactor tip measures 1.25 mm of
diameter, microglia were lost across several spinal cord segments rostrocaudally. This
microglial cell loss ranged from approximately 20% to 65% at rostrocaudal distances up to 6
mm from the lesion epicenter (Fig. 1g-h), and was mediated in part through apoptosis (Fig.
li-k). At that time, residual microglia still expressed the purinergic receptor P2ryl2
(Supplementary Figure 3), a receptor implicated in microglia recruitment during the early
acute phase of CNS injury 1°. Accordingly, we noticed a retraction of microglial processes as
early as day 1. Expression levels of the lysosome-associated glycoprotein CD68, a marker of
phagocytosis, remained low in TdT* microglia at 1dpi (Supplementary Figure 4). However,
the situation changed at day 4, as we counted 119.1 + 15.0 microglia per mm? at the lesion
epicenter, which represents a 4-fold increase in the number of TdT* microglia compared to

day 1 (Fig. 1g). Microglia around the lesion epicenter exhibited a round morphology,
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downregulation of P2ry12 and a strong upregulation of CD68 (Supplementary Figures 3-4),
which points to a potential increase in their phagocytic activity starting around 4 dpi. The
number of microglia continued to increase at the lesion epicenter over time, reaching up to
1204.61 + 137.8 cells/mm? at 14 dpi. Nearly all microglia observed in these areas were TdT*
CD68" P2Y12"9 (Supplementary Figures 3-4). A similar trend was seen in the surrounding
tissue (400-800 um) of the lesion epicenter up to 35 dpi, after which the total number of
microglia (i.e. 673.91 + 62.4 cells/mm? at the lesion epicenter) started to decrease compared
to day 14 (Fig. 1g). Interestingly, TdT" microglia started to gradually increase their
expression of P2ry12 and decrease their expression of CD68 from day 14 up to day 35
(Supplementary Figures 3-4), suggesting a partial return to homeostasis. In sum, our data
indicate that microglia are rapidly recruited around the site of SCI, where they accumulate
extensively during the subacute phase and adopt an activated state that is eventually partially

resolved during the intermediate/chronic phases.

2.4.2. Microglia proliferate extensively during the subacute phase of SCI

Under normal circumstances, the adult microglial population remains stable in the brain
throughout life by coupled cell death and cell proliferation 4, but little is known about its
dynamic in the spinal cord and how it reacts following SCI. Here, we report that 0.6 £ 0.1
microglia/mm? (0.58% of total) are proliferating in the normal thoracic spinal cord of
Cx3cr1®ER::R26-TdT mice, as revealed by the co-expression of TdT and the cell
proliferation marker Ki67. One day after SCI, no significant changes were observed in terms
of microglial cell proliferation compared to the uninjured spinal cord (Fig. 1I-m). Strikingly,
about 50% of microglia at the lesion epicenter expressed Ki67 at 4 dpi. As shown in
Supplementary Movie 1, proliferating TdT* Ki67* microglia were round-shaped. The peak
proliferation of microglia, in terms of absolute numbers, was observed at day 7 (Fig. 1l, n-
p). At 14 and 35 dpi, only a few (2-6%) microglia were still expressing Ki67, suggesting that
microglial proliferation was mostly inhibited by then. Together, these results show that
microglia are highly dynamic after SCI, not only through their recruitment and activation,
but also through their ability to rapidly proliferate and surround the site of SCI during the
subacute phase.
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2.4.3. Depletion of microglia reduces locomotor recovery after SCI

Yolk sac progenitors are at the origin of specialized tissue-resident macrophages, including
microglia, and depend on colony-stimulating factor 1 receptor (CSF1R) signaling for their
survival 8. Thus, to better understand the role of microglia and MDMs in SCI, we compared
the effects of two novel CSF1R inhibitors from Plexxikon: 1) PLX5622, a drug that crosses
the blood-brain barrier (BBB) and eradicates nearly all microglia in the brain ®10:17.18.19 anq
2) PLX73086, a CSF1R inhibitor that does not deplete resident microglia because of its low
BBB penetration (Dr. Andrey Rymar, Plexxikon, personal communication). Treatment of
uninjured C57BL/6 mice with PLX5622 for 3 weeks resulted in depletion of 97.9 + 0.6% of
spinal cord microglia (Fig. 2a-d & Supplementary Figure 5). In contrast, PLX73086 did not
affect the microglial population. To examine the effects of the two CSF1R inhibitors on
peripheral immune cells, we next performed a cytometric analysis of leukocyte subsets in the
blood, spleen and bone marrow. No changes were observed after 3 weeks of treatment with
the different diets (Supplementary Figure 6a-c). Altogether, these data indicate that PLX5622
can be used to selectively and nearly completely eliminate spinal cord microglia without
significantly affecting peripheral leukocyte counts under steady state in vivo conditions in

mice.

To examine the long-term effect of continuous PLX5622 treatment on microglia
depletion, we counted the number of microglia per mm? at 1, 7 and 14 days post-SCI (Fig.
2e-h). Mice were fed chow containing either PLX5622, PLX73086 or vehicle (without
gavage) starting 3 weeks before SCI and until time of sacrifice. Again, treatment of C57BL/6
or Cx3crl1®®ER::R26-TdT mice with PLX5622 eliminated virtually all microglia at each of
the above time points. Although no changes were observed at day 1 and day 14 between
PLX73086-treated mice and those fed the control diet (Fig. 2e, g), we found that the total
number of TdT" microglia at the lesion epicenter was reduced by nearly half at 7 dpi in
animals that received PLX73086 (Fig. 2f). This might be due to a temporary breakdown of
the BSCB, which allowed PLX73086 to enter the spinal cord parenchyma and to negatively

affect microglial cell survival. In accordance, we detected an increased accumulation of

64



fluorescein isothiocyanate (FITC)-conjugated Lycopersicon esculentum agglutinin (LEA)

lectin from day 1 to day 7 post-SCI at the lesion site, but not at 14 dpi (Fig. 2i).

At 1 dpi, a slight neutropenia was observed in C57BL/6 mice treated with PLX5622 or
PLX73086 compared to those fed with the control diet (Supplementary Figure 6d). However,
the number of infiltrating neutrophils at the site of SCI was similar between all groups at this
time (Fig. 2j). No changes in blood leukocyte numbers were observed between groups at 7
and 14 dpi (Supplementary Figure 6e-f), except for a slight and transient decrease in the B
cell counts at day 7. Treatment of LysM-eGFP mice with CSF1R inhibitors highlighted a
transient reduction in the number of myeloid cells at the lesion epicenter in PLX5622-treated
mice that was overcome by day 14 (Fig. 2k). Treatment with PLX73086 had no impact on
the number of neutrophils and LysM™ cells at the lesion site compared to control treatment
(Fig. 2J-k). We interpret that the delayed myeloid cell recruitment in the injured spinal cord
of PLX5622-treated mice was caused by the absence of microglia rather than a direct effect
on peripheral leukocytes. Overall, these results indicate that PLX5622 can be used to
eradicate virtually all spinal cord microglia after SCI with minimal direct effects on

leukocytes.

We next investigated the role of microglia in functional recovery after SCI. Chow
containing either PLX5622, PLX73086 or no drug (control) was given to C57BL/6 mice
starting 3 weeks prior to SCI and then maintained for an additional 5 weeks (Fig. 3a). Similar
to uninjured mice that received the control diet, microglia-depleted uninjured animals
showed no gross locomotor deficits at the beginning of behavioral testing, as illustrated by
the perfect BMS scores and subscores at day 0. No difference was found in terms of BMS
score between the PLX73086 and control groups at any of the time points analyzed after SCI
(Fig. 3b). However, mice depleted in microglia (PLX5622) exhibited impaired locomotor
recovery compared to mice treated with PLX73086 or the control diet at 3, 7, 14, 28 and 35
dpi (Fig. 3b). Statistical differences in the BMS subscores between PLX5622-treated mice
and animals of the other groups were detected starting from day 7 up to day 35 (Fig. 3c). At
35 dpi, the average subscore of PLX5622-depleted mice was 2.9 + 0.6 compared to 4.5 + 0.2
for PLX73086-treated mice and 5.4 £+ 0.2 for mice fed the control diet. These results indicate

that microglia play an essential role in recovery from SCI.
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2.4.4. The beneficial actions of microglia occur during week 1 post-SCI

Recent work has established that the microglia-depleted brain repopulates within one week
through local proliferation of residual microglia 2°. We reasoned that we could take advantage
of this observation to study the time window during which the neuroprotective and/or
neurorepair effects of microglia occur after SCI. We first evaluated the time course of
repopulation of microglia in the spinal cord (Supplementary Figure 7). Cx3cr1¢®ER::R26-TdT
mice were fed ad libitum for one week with the appropriate treatment. At this time, we
counted 75.9 + 7.9 TdT* microglia per mm? in the thoracic spinal cord of mice fed the control
diet compared to 4 £ 0.6 in those treated with PLX5622 (94.7% depletion). The dynamic of
the microglial repopulation was then assessed by switching the PLX5622 group to the control
diet (Supplementary Figure 7a-m). The diet change resulted in a rapid increase in the number
of microglia in the uninjured spinal cord, going from 4.0 + 0.6 TdT* cells per mm? at day 0
to 15.8 + 2.0 at day 2 and 35.3 + 2.8 at day 3. By day 7 of withdrawal of CSF1R inhibition,
the microglial population had completely recovered, with an average count of 99.5 + 2.3 cells
per mm?, exceeding by ~30% the microglia numbers counted in control mice (Supplementary
Figure 7m). Repopulated TdT" cells, observed after 7 days of drug withdrawal, had a ramified
morphology and expressed CD11b and Ibal (Supplementary Figure 7i-1, n), confirming that
they are mature microglia. Only few (2.3 + 1.7%) of the repopulated CD11b* Ibal* cells were
TdT"™9 at 7 days post-withdrawal. This indicates that microglia were repopulated from cells
in which the Cx3crl gene promoter was active (i.e. TdT") at the time of tamoxifen treatment,
confirming that adult spinal cord microglia are capable of self-renewal. A similar trend was
also seen in C57BL/6 mice, in which the total number of P2ry12* microglia, after a
repopulation period of 7 days, exceeded that of untreated mice by 54% (116.5 + 5.4 P2ry12*
cellssmm? compared to 75.7 + 2.1 P2ry12* cells/mm?).

As described above, spinal cord microglia of adult naive mice are in low proliferative
state (Supplementary Figure 70). However, 2 and 3 days after PLX5622 removal, 93.5% and
87.4% of the TdT" microglia, respectively, were actively proliferating based on Ki67
expression. Few TdT" cells also proliferated simultaneously to microglia proliferation but
at a reduced rate. Multiple immunofluorescence labeling revealed that the non-microglia

proliferating cells were mostly of the oligodendrocyte lineage, with 6.1 £ 0.9 and 6.7 £ 1.9

66



Olig2*" TdT"™ Ki67* cells/mm? at 2 and 3 days, respectively (Supplementary Figure 7p).
GFAP-positive astrocytes, CD206" perivascular macrophages, CD13" pericytes, and CD45*
TdT blood-derived leukocytes accounted for less than 1% of the Ki67* cells. Therefore, our
results indicate that residual microglia proliferate extensively and can repopulate the entire

spinal cord microglial population within 7 days.

We next sought to determine when the beneficial effects of microglia occur after SCI, as this
is critical for the development of a therapeutic approach targeting microglia. For that purpose,
C57BL/6 mice were fed PLX5622 for 3 weeks, before switching to a control diet at the time
of SCI (Fig. 3d), resulting in microglia depletion at the time of injury but not afterwards. No
differences were found in behavioral outcomes between groups (Fig. 3e-f). As microglial
repopulation requires about a week to be completed after cessation of treatment with the
CSF1R inhibitor (Supplementary Figure 7i-m), we next hypothesized that the beneficial
effects of microglia might take place during the first week post-SCI. Since injured mice eat
significantly less during the first few days, separate groups of mice were force-fed with either
PLX5622 or vehicle by gavage from the time of SCI up to day 7 (Fig. 3g), in addition to the
ad libitum access to the drug-containing chow. Importantly, PLX5622-gavaged mice showed
impaired locomotor recovery on the BMS scale compared to control mice (Fig. 3h-i). In
contrast, SCI mice that were started on the PLX5622 diet at day 3 displayed locomotor scores
similar to those observed in the PLX73086 and control groups (Fig. 3j-1). Altogether, these
data indicate that activated, proliferating microglia are crucial for protecting/repairing the

injured spinal cord and that their beneficial effects take place during the first week post-SCI.

2.4.5. A microglial scar forms at the astrocyte—immune cell interface

It was recently proposed that cytokines released by activated microglia in response to CNS
injury or disease determine whether astrocytes will have neurotoxic or pro-survival effects
21 Thus, we next investigated whether microglia play an important role in the formation of
the astrocytic scar that develops during the subacute/chronic phases of SCI and which can
influence axonal regeneration and functional recovery. As neutrophils and MDMs rapidly
accumulate in the injured spinal cord and share common markers with microglia,

Cx3cr1¢eER::R26-TdT::LysM-eGFP reporter mice were initially used to perform an
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immunofluorescence and ultrastructural characterization of glial scar formation over time
(Supplementary Figure 8a). We found that TdT* microglia accumulate mainly around the
lesion site, where they make direct contacts with GFAP™ astrocytes, especially their distal
processes, and also with blood-derived LysM™ cells (Fig. 4a-g, Supplementary Figures 8b-e
& 9). This microglial interaction with GFAP* astrocytes and blood-derived LysM™* cells was
most apparent starting at 14 dpi and persisted until at least day 35. As described above, nearly
half of the microglia detected at the rim of the lesion were actively proliferating at day 7, a
response that returned near baseline by day 14 (Fig. 4h). This translated into an increased
number of TdT" microglia at the lesion epicenter at 14 dpi (Fig. 4i). However, we noted that
the lesion itself was predominantly occupied by LysM* neutrophilssMDMs and PDGFR-R*
pericytes rather than TdT" microglia (Fig. 4j-1). These results indicate that microglia
synergize with reactive astrocytes, and perhaps as well with pericytes, to isolate infiltrating
immune cells at the core of the lesion. We named this phenomenon “microglial scar” as an
analogy to the astroglial-fibrotic scar that develops after SCI and limits the spread of

inflammatory cells, and at the same time influences regeneration of the severed axons 22 23,

Since a residual fraction of peripheral myeloid cells express TdT in Cx3cr1ER::R26-
TdT (Supplementary Figure 1b), we further validated our microglial scar concept in chimeras
resulting from the transplantation of B-actin-eGFP bone marrow cells into lethally irradiated
Cx3cr1¢eER::R26-TdT mice (Fig. 5a). Fourteen days after SCI, the microglial scar was still
prominent and primarily consisted of TdT" microglia, with infiltrating bone marrow-derived
(eGFP™) cells located at the core of the lesion (Fig. 5b-€). In contrast, very few TdT™ cells
were seen at the rim of the lesion when Cx3cri1®®ER::R26-TdT mice were used as bone
marrow donors for recipient C57BL/6 mice (Fig. 5f-h). Indeed, we found ~25 times less TdT*
cells in Cx3cr1®®ER::R26-TdT — WT mice (49.5 + 8.0 cellssfmm?) compared to
Cx3cr1°®ER::R26-TdT mice (1204.61 + 137.8 TdT* cellssmm?, Fig. 1 e, g) at 14 dpi. This
suggests that cells from the periphery contribute minimally (less than 4%) to the total TdT™*
cell number in experiments using inducible Cx3cr1¢ER::R26-TdT mice. Additionally, we
inflicted SCI in Flt3-cre::R26-TdT mice (Supplementary Figure 8f), in which TdT is
expressed in HSCs and their progeny (including MDMs and neutrophils), but not microglia
16, At 14 dpi, a dense layer of CD11b* TdT (FIt3)™¢ cells was clearly detectable at the
interface between GFAP™ astrocytic end-feet on the outside of the lesion and CD11b* TdT
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(FIt3)* blood-derived myeloid cells inside the lesion (Supplementary Figure 8g-j). This once
again indicates a minimal contribution of blood-derived myeloid cells to the microglial scar

that rapidly forms after SCI.

To eliminate the possibility that long-living TdT" perivascular and/or meningeal
macrophages could be at the origin of the microglial scar, immunofluorescence staining was
performed to detect the co-expression of TdT and markers of perivascular and meningeal
macrophages. CNS border-associated macrophages were defined based on expression of
macrophage mannose receptor (CD206) and major histocompatibility complex class Il
(MHCII) 225, Although some TdT* microglia at the rim of the lesion were CD206" at 14
dpi, they weakly expressed CD206 compared to perivascular and meningeal macrophages
(Fig. 5i-0 & Supplementary Figure 10a-c). We failed to detect MHCII expression on TdT"*
microglia (Fig. 5p & Supplementary Figure 10d-e). Instead, the MHCII signal was restricted
to TdT"™ myeloid cells that infiltrated the lesion core, as well as perivascular and meningeal
macrophages. In sum, our results demonstrate that a microglial scar, consisting of primarily

proliferating microglia, forms at the border of the lesion after SCI.

2.4.6. Microglia induce astrocytic scar formation via IGF-1

Adequate astrocyte reactivity and glial scar formation have been shown to be vital for
recovery of neurological functions after SCI 26 27, Strikingly, we observed that astrocytes
located just outside of the lesion core formed a less compact scar when microglia were
depleted using PLX5622 compared to the control treatment at 14 dpi (Fig. 6a-d). Notably,
GFAP* astrocytes were oriented randomly and not aligned in any particular direction in
PLX5622-treated SCI mice. This disorganized astroglial scar was accompanied by an
increased infiltration of blood-derived myeloid cells inside the spinal cord parenchyma,
outside of the primary lesion. Since glial scar borders that surround the site of SCI are
typically formed by newly proliferated astrocytes 28, we next investigated whether microglial
depletion was associated with changes in astrocytic proliferation. To enable accurate
counting of proliferating (BrdU") astrocytes, these cells were identified based on expression
of Sox9, a nuclear protein exclusively expressed by astrocytes in the adult CNS (except for
ependymal cells) 2. As shown in Figure 6e-k, the number Sox9* BrdU* astrocytes at the
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lesion epicenter and in adjacent areas was reduced by ~40-55% in PLX5622-treated mice
compared to the control group at 7 dpi. This suggests that, after SCI, microglia release

molecules that trigger astrocyte proliferation and astrocyte scar formation.

Given the recent demonstration that the astrocyte response is determined by cytokines
released by activated microglia in models of neuroinflammation (LPS) and CNS injury (optic
nerve crush) 2!, we studied the expression of cytokines identified as confirmed or potential
inducers of A1 (TNF, IL-1a, IL-1pB, IL-6) and A2 (TGF-B1, IGF-1) phenotypes using in situ
hybridization (ISH). From 7 to 14 dpi, the period during which we observed the greatest
proliferation of astrocytes and formation of the astroglial scar, mMRNA transcripts for the
proinflammatory cytokines IL-1a, IL-1pB, IL-6, and TNF-a were weakly expressed at the
lesion epicenter (Fig. 7a-d). In contrast, we detected strong expression of TGF-B1 and IGF-
1 mRNAs at these times (Fig. 7e-l). The spatial distribution of TGF-B1- and IGF-1-
expressing cells correlated with the microglial scar, with more ISH signal at the lesion border
than at the lesion center. Accordingly, selective depletion of microglia resulted in a decrease
of TGF-B1 and IGF-1 mRNA signals. To further demonstrate the involvement of microglia-
derived TGF-B1 and IGF-1 in the formation of the astrocytic scar, we treated primary
astrocytes with recombinant forms of these proteins. As shown in Figure 7m-n, treatment
with IGF-1, but not TGF-B1, induced the proliferation of astrocytes (BrdU incorporation)
and their migration towards the site of injury (scratch assay). Immunolabeling for IGF-1 in
tissue sections from Cx3cr1°ER::R26-TdT mice confirmed that scar-forming TdT* microglia
are the principal cellular source of this factor at 7 dpi (Fig. 70-g). Accordingly, in vivo
inhibition of the IGF-1 receptor using an antagonist, OSI-906 *°, resulted in reduced
expression of the astrocyte-specific marker Sox9 in the injured spinal cord of C57BL/6 mice
(Fig. 7r). Thus, microglia-derived IGF-1 triggers astrocyte proliferation and promotes

astrocyte scar formation after SCI.

Since reactive astrocytes were previously shown to exert protective functions after SCI 2,
we next aimed to determine whether microglial depletion affects tissue damage.
Quantification revealed that disrupted glial scar formation in PLX5622-treated mice is
correlated with an increase of the lesion core area at 7 days post-SCI (Fig. 8a-c). Although

no significant differences were observed between groups regarding the lesion core area at 14
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and 35 dpi, we detected the presence of several secondary satellite lesions outside of the
primary lesion in the spinal cord parenchyma of microglia-depleted mice (Fig. 8d-i).
Secondary satellite lesions were devoid of neuronal elements (NF-H*) and instead filled by
blood-derived myeloid cells (CD11b" LysM™) and PDGFRB" pericytes/fibroblasts (Fig. 8j-
k). Together, these results indicate that microglia play an important role in the formation of
the astroglial scar after SCI, which is at least partly mediated by IGF-1, and that failure to
carry out this function results in widespread inflammation and the appearance of satellite

lesions.
2.4.7. Microglia prevent death of neurons and oligodendrocytes after SCI

Having established that the lesion load was increased and functional recovery worse in
microglia-depleted mice at 35 days post-SCI, we next determined whether microglial
elimination would influence the survival of neurons and oligodendrocytes. No differences in
numbers of HUC/HuD™ neurons and Olig2®™ CC1* mature oligodendrocytes were seen
between groups in the absence of injury (Fig. 81, p). However, there were fewer neurons and
oligodendrocytes in spinal cord sections spanning the lesion site in the PLX5622 group
compared with the other groups at 35 dpi (Fig. 8m-o, q). As expected, this difference resolved
at distances >1.0 mm from the lesion site, thus suggesting that microglia are necessary for
the survival of neurons and oligodendrocytes following an insult. Altogether, our results

indicate that microglia play a neuroprotective role during SCI.

2.4.8. Boosting microglial proliferation enhances recovery after SCI

The above results demonstrate the importance of the microglial response in scar formation,
protection of neural tissue and functional recovery after SCI. We therefore asked whether an
increased microglial population would be beneficial on the outcome of SCI. As we observed
that 7 days after the end of PLX5622 regimen the microglial population exceeded the one
observed in homeostatic conditions (Supplementary Figure 11a-c), we subjected microglia-
repopulated C57BL/6 mice to SCI (Supplementary Figure 11d). Although these mice had

~50% more microglia in their spinal cord at the time of injury, they exhibited no motor benefit
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(Supplementary Figure 11e-f). These results suggest that microglial density at the time of

injury is not the limiting factor in recovery.

Since we previously demonstrated that microglia exert their beneficial effects during the first
week post-SCI, coinciding with their maximal proliferation rate (Fig. 1m), we hypothesized
that artificially increasing their proliferative response right after the injury and continuously
during the first week would lead to improvements. Given the importance of CSF1R signaling
in microglia development !, we tested whether M-CSF injection in the cisterna magna would
induce microglial proliferation throughout the spinal cord. As shown in Figure 9a, treatment
with M-CSF induced a dose-dependent effect on microglia proliferation, increasing by ~20-
25% the number of CD11b* P2ry12* microglia in the thoracic spinal cord. Notably, this effect
lasted for at least one week. To target the lesion site rather than the entire spinal cord, we
incorporated M-CSF into a bioresorbable hydrogel that was injected into the intrathecal space
at the site of SCI (Fig. 9b). Previous work has established that the hyaluronan-methyl
cellulose hydrogel can provide sustained drug release for 3-7 days 3% 32 33, Despite the fact
that treating Cx3cr1°®ER::R26-TdT mice with the M-CSF-based hydrogel resulted in a non-
significant trend towards a higher number of TdT* microglia (Fig. 9¢), it was sufficient to
reduce the lesion area rostral to the epicenter at 7 dpi (Fig. 9d). In addition, the M-CSF-
delivering hydrogels improved locomotor recovery from day 7 to day 21 after SCI when
compared with PBS-based hydrogels (Fig. 9e-f). This suggests that enhancing the
proliferation of microglia limits tissue loss and functional deficits following SCI through
regulation of scar tissue formation. Altogether, our results demonstrate the importance of

microglia in protecting the spinal cord after injury.
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2.5. Discussion

The role of microglia in SCI has remained obscure for decades. Here, we took advantage of
newly-developed genetic mouse models, in particular the Cx3cri®ER mouse strain, and
depletion strategies (e.g. the CSF1R inhibitor PLX5622) that allow us to target microglia
specifically to study their role in the context of traumatic SCI. We found that microglia
proliferate extensively and accumulate around the site of contusion at 7 days, forming a dense
scar at the interface between the fibrotic scar and the yet-to-be-formed astrocytic scar.
Notably, the near-complete elimination of spinal cord microglia by PLX5622 treatment led
to a reduction in IGF-1 production, a disorganized astroglial scar and the appearance of
satellite lesions filled with blood-derived inflammatory cells. This was accompanied by an
increased loss of neurons and oligodendrocytes at the site of SCI, as well as greater tissue
damage and impairment in locomotor function. The comparison of two CSF1R inhibitors
with different BSCB permeability (given at various times before and after SCI) provided
strong evidence that the protective function of microglia takes place during the first week
post-SCI, matching the peak of proliferation of microglia. Accordingly, local delivery of the
microglial proliferation factor, M-CSF, at the site of contusion significantly improved

locomotor recovery compared to vehicle controls.

We initially predicted, based on previous SCI studies using radiation bone marrow chimeras,
that MDMs would infiltrate almost exclusively the core of the lesion, while microglia would
be found both within spared CNS tissue and the lesion itself 3* *°. However, genetic fate
mapping using Cx3crl1®®ER::R26-TdT and Cx3cr1®ER::R26-TdT::LysM-eGFP mouse lines
revealed that microglia at the site of trauma rapidly die after SCI. Additionally, we found that
microglia that surround the lesion site rapidly become activated and proliferate extensively,
forming a previously undescribed scar tissue, which we now refer to as the microglial scar.
Our findings also contrast with those of Shecther and colleagues who reported that MDMs
are restricted to the margins of the lesion and excluded from the center of the lesion . Rather,
the margins (borders) of the lesion are entirely occupied by microglia and
pericytes/fibroblasts, whereas MDMs are confined to the center of the lesion. This once again

shows that, although radiation bone marrow chimeras remain a useful tool, data generated
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using them must be interpreted with care because: i) whole-body irradiation harms the blood-
CNS barriers and impairs the proliferative capacity of microglia *’, and ii) HSCs and their
progenitors are artificially introduced in the bloodstream as a result of the bone marrow
transplant, thus creating a bias towards cells of the hematopoietic compartment 3 %, Using
animal models that did not introduce such artifacts, we can conclude that blood-derived
myeloid cells that infiltrate the injured spinal cord remain at the center of the lesion, where
they are confined by surrounding tissue consisting of the microglial, fibrotic, and astrocytic

scars.

As initially observed in the brain °, continuous treatment with the CSF1R inhibitor PLX5622
resulted in the depletion of spinal cord microglia (99.6%), that was in our hands more
efficient than Cx3cri1°®ER::R26-iDTR transgenic mice (77.9%), in which diphtheria toxin
(DT) has to be injected to induce cell death “°. The PLX5622 treatment also avoided the
occurrence of the undesired cytokine storm described by Bruttger and colleagues using the
iDTR model ¥, thus making it a better model to study the role of microglia. We found that
the recruitment of MDMs is delayed in the injured spinal cord of PLX5622-treated mice
during the acute phase. This finding is consistent with our previous observation that
physically injured microglia release damage-associated molecular patterns (DAMPS), such

as IL-1a, that initiate sterile neuroinflammation after SCI .

Historically, microglial activation in the injured CNS was generally perceived as harmful to
both neurons and oligodendrocytes because of the release of high amounts of
proinflammatory cytokines, proteases and reactive oxygen species. Supporting this view is
the recent discovery that cytokines derived from activated microglia, such as IL-10, TNF and
Clq, determine whether astrocytes will have neurotoxic or pro-survival effects in various
neurodegenerative disorders 2. Accordingly, deletion of either of the genes encoding IL-1a,
TNF and C1q in the context of SCI has been associated with an improved locomotor recovery
41,4243 However, the data here show that the elimination of microglia leads to aberrant
growth factor production (e.g. IGF-1) and glial scar formation, increased neuronal and
oligodendrocyte death, as well as reduced locomotor performance. In line with our results is
a recent stroke study, where microglia depletion using PLX3397, a CSF1R inhibitor that also

targets c-KIT and FLT3, increased neuronal death and infarct size in the brain *°. This once
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again reinforces the idea that the overall net effect of microglia after CNS injury is
neuroprotection. Although the early infiltration of blood-derived myeloid cells at sites of SCI
was previously associated with neurotoxicity * 4> 46 we cannot rule out the possibility that
these cells may have contributed to the functional recovery effect seen in PLX5622-treated
mice. If it were to be the case, we argue that it would be under the positive influence of
microglia as evidence here indicates that the reduction in myeloid cell infiltration was a direct
cause of the absence of microglia. In the context of CNS injury, therapies targeting microglia
should therefore be aimed at enhancing their neuroprotective function and/or reducing their

neurotoxicity rather than complete microglia eradication.

We uncovered that microglia regulate the astrocytic response, in part, through IGF-1. The
fact that activated, proliferating microglia are an important source of IGF-1 following a CNS
insult is line with findings of Lalancette-Hébert et al. in a mouse model of ischemic stroke
47 There is also ample in vitro evidence that IGF-1 modulates astrocyte proliferation and the
migratory ability of these cells towards a lesion “®4°, It should be noted, however, that TGF-
B1 at the concentration tested in the present study and elsewhere was found not to be
mitogenic for astrocytes %% 5. Still, a role for microglia-derived TGF-B1 in scar formation
remains plausible because this cytokine was found to influence astrocytes by acting in
synergy with other cytokines and growth factors %%, and as likely to occur in the complex in
vivo setting of CNS injury where TGF-B1 neutralization reduces scarring > %3 %4, It will
therefore be of interest in future work to validate the relevance of these cytokines and their
receptors, individually or in combination, in animal models of SCI using cell-specific

conditional gene targeting strategies.

In the absence of microglia, glial scar formation was perturbed, and this resulted in an
increased presence of infiltrating blood-derived myeloid cells around the site of trauma.
Satellite lesions filled with inflammatory cells have been reported before following depletion
of reactive astrocytes 2, as well as in mice with conditional deletion of the Stat3 gene from
astrocytes after SCI 27 %5, Given the importance of astrocytic Stat3 activation in glial scar
formation, we speculate that cytokines of the I1L-10 families could be additional candidate
upstream mediators of these effects (for review, see ). Taken together with the finding that

75



microglia-derived cytokines, such as IGF-1, regulate astrocyte function in pathological

conditions 2, our results indicate that activated microglia trigger scar formation after SCI.

The identification of the first week post-SCI as the time window for the beneficial effect of
microglia suggests that treatments targeting these cells should be initiated promptly. This
therapeutic time window is in line with clinical trials that focus on immunomodulators as
potential treatments for SCI 57 %8 5960 \We also provide evidence that microglia proliferate
actively during this period, and that boosting their proliferative response during the early
acute phase of SCI using a hydrogel-based M-CSF delivery system further enhances

functional recovery.

In light of the current data, we conclude that activated, proliferating microglia play a key role
in the formation of the scar that develops after SCI, and that these multicellular interactions
serve to sequester blood-derived immune cells in the lesion core, thus protecting non-injured

neurons and oligodendrocytes from inflammation-mediated tissue damage.
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2.6. Materials and methods

2.6.1. Animals

A total of 394 mice were used in this study. C57BL/6N mice were purchased from Charles
River Laboratories at 8-10 weeks of age. Cx3cr1°®ER::Rosa26(R26)-TdT transgenic mice
were generated as before *#, and bred with LysM-eGFP knock-in mice created by Dr. T. Graf
(Center for Genomic Regulation, Barcelona, Spain) to obtain Cx3cr1®ER::R26-TdT::LysM-
eGFP. Breeders for FIt3-cre mice were obtained from Drs. Thomas Boehm and Conrad C.
Bleul, Max Planck Institute, Freiburg, Germany. All mice were bred in-house at the Animal
Research Facility of the Centre de recherche du Centre hospitalier universitaire de Québec—
Université Laval. Mice had free access to food and water at all time. All animal procedures
were approved by the Centre de recherche du CHU de Québec—Université Laval Animal Care
Committee and conducted in compliance with relevant ethical regulations and guidelines of

the Canadian Council on Animal Care.

2.6.2. Tamoxifen treatment

To induce recombination in Cx3cr1°®ER::R26-TdT and Cx3cri1®ER::R26-TdT::LysM-eGFP
mouse lines, mice were treated orally with 10 mg of tamoxifen (dissolved in 1:10
ethanol/corn oil) twice at 2-day intervals starting at postnatal day (P) 30-32. The animals
were then allowed a resting period of 28 days prior to SCI to allow sufficient time for the
turnover of MDMs and near disappearance of TdT" cells in the blood, spleen and bone

marrow.

2.6.3. Spinal cord injury (SCI)

Mice were anesthetized with isoflurane and underwent a laminectomy at vertebral level T9-
10, which corresponds to spinal segment T10-11. Briefly, the vertebral column was stabilized
and a contusion of 50 kdyn was performed using the Infinite Horizon SCI device (Precision
Systems & Instrumentation). Overlying muscular layers were then sutured and cutaneous

layers stapled. Post-operatively, animals received manual bladder evacuation twice daily to
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prevent urinary tract infections. Depending on the experiment performed, SCI mice were

killed by transcardiac perfusion at 1, 4, 7, 14 and 35 days post-contusion.

2.6.4. Microglia depletion

To eliminate microglia, mice were fed PLX5622 (1200 ppm) or PLX73086 (200 ppm)
provided by Plexxikon and formulated into AIN-76A chow from Research Diets Inc. For
gavage experiments, mice received PLX5622 at 90 mg/kg once a day for 7 consecutive days,
starting immediately after SCI. PLX5622 was diluted in 5% DMSO, 0.5 % hydroxypropyl
methyl cellulose and 1% polysorbate 80. An equal volume of vehicle was used as control.

2.6.5. Systemic intravascular lectin injections

To visualize blood-perfused microvessels and determine the time course and magnitude of
BSCB permeability after SCI, mice were injected in the tail vein with FITC-conjugated LEA
lectin (100 pg/100 pl, Sigma-Aldrich Canada Ltd.) 10 minutes prior to transcardial perfusion.

2.6.6. Bromodeoxyuridine (BrdU) injections

To label proliferating cells, mice were intraperitoneally injected once daily with BrdU (50

mg/kg of body weight in 0.9% saline) for 6 consecutive days, starting on day 1 after SCI.

2.6.7. In vivo IGF-1R inhibition

To determine whether IGF-1/IGF-1R signaling is involved in astrocytic scar formation, mice
were orally administered with OSI-906 (also known as Linsitinib, Selleckchem), a CNS-
penetrant pharmacological inhibitor of IGF-1R 2°. OSI-906 was formulated daily at 4 mg/ml
in 25 mM tartaric acid with shaking and sonication for 15 min and then given by gavage once

a day for 7 consecutive days at 40 mg/kg, starting immediately after SCI.

2.6.8. Intra-cisterna magna M-CSF injections

In the experiment in which we studied the effects of central M-CSF treatment on the

proliferation of spinal cord microglia, mice were injected intra-cisterna magna (i.c.m.) with
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recombinant murine M-CSF (PreproTech) at various doses ranging from 25 to 250 ng/ul in
PBS. The i.c.m. treatment consisted of a single injection using a pulled-glass micropipette

connected to a 10-pul Hamilton syringe.

2.6.9. Tissue processing

For the purpose of histology and immunofluorescence experiments, mice were overdosed
with a mixture of ketamine-xylazine and transcardially perfused with PBS followed by 1%
PFA, pH 7.4, in PBS. Spinal cords were dissected out and then immersed for two days in a
PBS solution containing 20% sucrose for cryoprotection. For each animal, a spinal cord
segment of 12 mm centered over the lesion site was cut in 7 series of 14 um-thick coronal
sections using a cryostat. For experiments involving ISH, mice were transcardially perfused
with a 0.9% saline solution followed by 4% PFA, pH 9.5, in borax buffer. Spinal cords were
post-fixed for an additional 2 days in 4% PFA, and then placed overnight in a 4% PFA-
borax/10% sucrose solution. Thirty-um-thick cryostat coronal sections were collected
directly onto slides that have a permanent positive charged surface (Leica Biosystems) and

stored at —20 °C until ISH was performed.

2.6.10. Immunofluorescence and confocal imaging

Immunofluorescence labeling was performed according to our previously published method
61, Primary antibodies used in this study are of the following sources (catalog numbers in
parentheses) and were used at the indicated dilutions: rat anti-BrdU (1:750, Abcam, ab6326),
mouse anti-CC1 (1:500, Abcam, ab16794), rat anti-CD11b (1:250, AbD Serotec, MCAT711),
goat anti-CD13 (1:100, R&D Systems, AF2335), rat anti-CD45 (1:500, BD Biosciences,
553076), rat anti-CD68 (1:2500, AbD Serotec, MCA1957), goat anti-CD206 (1:50, R&D
Systems, AF2535), rabbit anti-cleaved caspase-3 (Aspl75) (1:250, Cell Signaling
Technology, 9661), rat anti-GFAP (1:1000, Invitrogen, 13-0300), rabbit anti-GFAP (1:750,
Dako, Z0334), mouse anti-HuC/HuD (1:80, Thermo Fisher Scientific, A-21271), goat anti-
ibal (1:1000, Novus Biologicals, NB100-1028), goat anti-IGF-1 (1:10, R&D Systems,
AF791), rabbit anti-Ki67 (1:200, Abcam, ab15580), rat anti-Ly6G (1:2000, BD Biosciences,
551459), chicken anti-neurofilament H (NF-H, 1:500, EMD millipore, AB5539), goat anti-
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Olig-2 (1:400, R&D Systems, AF-2418), rabbit anti-P2ry12 (1:500, Anaspec, AS-55043A),
rabbit anti-PDGFRp (1:750, Abcam, ab32570), and rabbit anti-Sox9 (1:1000, Millipore,
AB5535). For Ki67 immunofluorescence, antigen retrieval was performed using sodium
citrate buffer at 95°C for 5 min. For BrdU, tissue sections were treated with HCI (2.0 N) for
30 min at 37 °C followed by 0.1M sodium borate (pH 8.5) for 10 min at room temperature.
Alexa Fluor secondary antibodies from Thermo Fisher Scientific (1:250 dilution) or Vector
Laboratories (1:500) were used for multicolor immunofluorescence imaging, whereas 4', 6-
diamidino-2-phenylindole, dilactate (DAPI; 1 pg/ml, Thermo Fisher Scientific) was used for
nuclear counterstaining. Sections were imaged on a Zeiss LSM 800 confocal microscope
system equipped with 405, 488 nm, 561 nm, and 640 nm lasers. Confocal images were
acquired using a Zeiss Axiocam 506 Mono camera and mosaics created using the Zen 2.3
software (Blue edition).

2.6.11. In situ hybridization (ISH)

ISH was carried out to detect mRNAs coding for IL-1a,, IL-1R, IL-6, TNF, TGF-B1 and IGF-
1, following our previously published method 2. Primer pairs and enzymes used for

riboprobe synthesis are listed in Supplementary Table 1.

2.6.12. Quantitative analyses

For the quantification of microglia (TdT* or CD11b* P2yr12* or CD11b" TdT"), proliferating
microglia (Ki67* TdT"), neutrophils (Ly6G"), blood-derived myeloid cells (LysM*),
astrocytes (Sox9%), neurons (HuC/HuD"), oligodendrocytes (Olig-2%), proliferating
oligodendrocytes/OPCs (Ki67" Olig-2"), proliferating astrocytes (BrdU* Sox9" or Ki67*
GFAPY), proliferating perivascular macrophages (Ki67" CD206"), proliferating pericytes
(Ki67* CD13"), and proliferating leukocytes (Ki67* CD45" TdT"), the total number of
immunolabeled cells per cross section was counted at 20x magnification using mosaics
created from 6-12 overlapping confocal images or images obtained using a Zeiss Slide
Scanner Axio Scan.Z1. A threshold was applied to the resulting images to trace the contour
of the coronal section and a grid of 50 um x 50 um positioned over the spinal cord either
using ImageJ2 (version 1.51d) or BIOQUANT Life Science software (v. 18.5, Bioguant
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Image Analysis Corporation). Immunolabeled cells with a DAPI-stained nucleus were then
manually counted. Results were presented as the total number of positive cells per cross-
section, the average number of positive cells per mm? of tissue section, the percentage of
cells that expressed specific markers (Ki67), or the mean area under the curve (AUC) of the

number of cells per mm? in a predetermined distance range (Sox9).

For the quantification of the BSCB permeability, the proportional area of tissue stained with
the FITC-LEA lectin within the entire coronal section at the lesion epicenter was measured
using images taken at 20x magnification with the Zeiss Slide Scanner Axio Scan.Z1.
Thresholding values in Fiji (version 1.52h, National Institutes of Health, NIH) were chosen
such that only labeled product resulted in measurable pixels on the digitized images. Contrast
between positive signal and background was maximized and held constant between all
images. Data were expressed as the proportional area of the tissue section occupied by FITC
staining. Proportional area of tissue occupied by GFAP (astrocytes), TdT (microglia) and
PDGFRp (pericytes/fibroblasts) immunolabeling was measured in increments of 40 pm
relative to the distance from astrocytic endfeet. The area of tissue occupied by
immunostaining in each sampling region was measured using the BIOQUANT Life Science
software on video images of tissue sections transmitted by a high-resolution Retiga QICAM
fast color 1394 camera (1392 x 1040 pixels, QImaging) installed on a Nikon Eclipse 80i
microscope. Thresholding values in BIOQUANT Life Science were chosen such that only
immunolabeled product resulted in measurable pixels on the digitized image. Contrast
between immunolabeling and background was maximized and held constant between all
specimen. Data were presented as the proportional area of the sampling region occupied by

immunolabeling.

The calculation of areas of tissue damage after SCI was performed on 1 series of adjacent
sections within a predetermined spinal cord segment, including the lesion epicenter and
surrounding sections in both directions (i.e., rostral and caudal). Fourteen-um-thick coronal
sections were first immunostained for GFAP as well as LysM, NF-H and/or PDGFR.
Sections were then counterstained with DAPI and confocal mosaics prepared as described
above. For each section, the outline of the core and satellite lesions were separately traced at

20x magnification and areas measured using ImageJ2. Both types of lesions were surrounded
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by GFAP-positive astrocytic processes. However, satellite lesions were adjacent to the lesion
core and defined as the absence of normal spinal cord architecture and presence of blood-
derived myeloid cells (CD11b") and pericytes (PDGFRB").

The average density of ISH signal was measured within the entire cross-section at the lesion
epicenter. Mean grey values (MGV, ranging from 1 to 256 bits) were measured under dark-
field illumination on video images of tissue sections transmitted by the Retiga camera, using
the BIOQUANT Life Science software. Mean grey values were corrected for the average
background signal, which was measured in three boxes of 50H x 50W pum (80H x 80W
pixels) placed in regions where no positive signal was observed. ISH data were expressed as

an average MGV of the section.

All quantifications were done blind with respect to the identity of the animals.

2.6.13. Biological sample collection and processing for cytometry

Animals were anesthetized with a mixture of 400 mg/kg ketamine and 40 mg/kg xylazine.
Blood was collected via cardiac puncture using a 22-gauge syringe and immediately
transferred into EDTA-coated microtubes (Sarstedt). Blood samples were then put on slow
rotation at room temperature until processing. Prior to collection of the spleen and femurs,
animals were transcardially perfused with cold Hanks’ balanced salt solution (HBSS) to

remove blood from the vasculature.

Spleens were harvested from anesthetized animals and placed in HBSS (without Ca?*/Mg?").
Spleens were homogenized and passed through a 70-um nylon mesh strainer (BD
Biosciences). Erythrocyte lysis was performed using the ACK buffer. The cell suspension

was passed on a second 70-um nylon mesh strainer and the cell count measured.

For the bone marrow, animals were anesthetized and their left femurs isolated and flushed
with HBSS (without Ca?*/Mg?*) + 2% FBS using a 25-gauge needle. Erythrocytes were lysed
using the ACK buffer (NH4Cl 150 mM, potassium bicarbonate 10 mM, EDTA 0.01 mM).

Cells were manually counted with a hemocytometer (Hausser Scientific).
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2.6.14. Flow cytometry

Cells freshly isolated from the blood, spleen and bone marrow of SCI mice were analyzed
using flow cytometry. In brief, red blood cells were first lysed and the remaining cells
incubated with Mouse Fc Block (i.e., purified anti-mouse CD16/CD32; BD Biosciences) for
15 min at 4°C to prevent nonspecific binding. Multicolor immunolabeling was then
performed for 30 min at 4°C using the following fluorescently conjugated primary antibodies:
PerCP-conjugated anti-CD45 (1:50 dilution), Alexa 700-conjugated anti-CD11b (1:50), BD
HorizonTM V450-conjugated anti-Ly6C (1:83), PE-Cy7-conjugated anti-Ly6G (1:50),
APC-conjugated anti-CD3e (1:50) and Alexa 488-conjugated anti-B220 (1:50) (all from BD
Biosciences; for a full description of these primary antibodies, please refer to our published
work ). Cells were analyzed using FlowJo software (v. 9.2; Tree Star Inc.) ona FACS LSRI|
flow cytometer (BD Biosciences). Cells were identified as follows: CD45" CD11b* Ly6C*
Ly6G* cells were considered as neutrophils, CD45" CD11b* Ly6C" Ly6G™ cells as Ly6C"'9"
monocytes (also known as M1 monocytes or monocyte-derived M1 macrophages), CD45"
CD11b* Ly6C" Ly6G™ cells as Ly6C'™" monocytes (or M2 monocytes), CD45" CD11b-
B220" CD3e" cells as B cells, and CD45" CD11b" B220" CD3e* cells as T cells.

2.6.15. Behavioral analysis

Recovery of locomotor function after SCI was quantified in an open field using the Basso
Mouse Scale (BMS), according to the method developed by Basso and colleagues ®*. All
groups of mice exhibited similar parameters in terms of the impact force and spinal cord
tissue displacement prior to BMS testing. All behavioral analyses were done blind with

respect to the identity of the animals.

2.6.16. Immunoelectron microscopy

Mice were anesthetized with sodium pentobarbital (80mg/kg, intraperitoneally) and perfused
with 3.5% acrolein followed by 4% PFA. Fifty-micrometer-thick coronal sections of the
spinal cord were cut in sodium phosphate buffer (50 mM, pH 7.4) using a Leica VT1000S
vibratome (Leica Biosystems) and stored at -20°C in cryoprotectant until use. Spinal cord

sections were rinsed in PBS (50 mM, pH 7.4) and then quenched with 0.3% hydrogen
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peroxide (H202) for 5 min followed by 0.1% sodium borohydride (NaBHa4) for 30 min.
Afterwards, sections were rinsed three times in PBS and incubated for 1h in blocking buffer
(5% fetal bovine serum, 3% bovine serum albumin, 0.01% Triton X-100) and then overnight
with a primary anti-GFAP antibody (1:1000 dilution, Thermo Fisher Scientific). The next
day, sections were rinsed three times in PBS and incubated for 2h with secondary antibody
conjugated to biotin (1:500, Vector Laboratories) and for 1h with Vectastain® Avidin-Biotin
Complex Staining kit (Vector Laboratories). Sections were developed in a Tris buffer
solution (TBS; 0.05M, pH 7.4) containing 0.05% diaminobenzidine and 0.015% H-O> and
then rinsed with PBS and incubated overnight with a primary anti-RFP antibody (1:1000,
Rockland). The next day, sections were rinsed in TBS and incubated overnight with
secondary antibody conjugated to gold (1.4 nm Nanogold goat anti-rabbit, 1:50,
Nanoprobes). Then the sections were washed three times with TBS and twice with 3%
sodium acetate. Using the HQ Silver Enhancement kit (Nanoprobes), the staining was
revealed at room temperature for 1 min and rinsed quickly with sodium acetate followed by
three 5-min washes with PBS. The sections were post-fixed with 1% osmium tetroxide,
dehydrated using sequential alcohol baths followed by propylene oxide. Sections were
embedded in Durcupan resin (Sigma-Aldrich Canada Ltd.) between ACLAR sheets at 55°C
for 3 days. Ultrathin sections were generated at ~65 nm using a Leica UC7 ultramicrotome.
Images were acquired at 1900x or 4800x magnification using a FEI Tecnai Spirit G2
transmission electron microscope (Thermo Fisher Scientific) operating at 80kV and equipped
with a Hamamatsu ORCA-HR digital camera (10 MP).

2.6.17. Production of bone marrow chimeras

Recipient mice (Cx3cr1°ER::R26-TdT or C57BL/6 mice) were exposed to a total body y-
irradiation with a single dose of 7.5 Gy using a cesium-173 source (Gammacell 40 Exactor,
MDS Nordion) to destroy hematopoietic stem cells. Recipients were then injected in the tail
vein with a total of 9 x 10° bone marrow cells freshly isolated from either B-actin-GFP or
Cx3cr1°ER::R26-TdT donors, as described before 4. Briefly, femurs and tibias were
harvested from euthanized donor mice and flushed with HBSS (without Ca?*/Mg?*) + 2%
FBS using a 25-gauge needle. After the bone marrow transplantation, mice were kept in
sterile cages and treated for 2 weeks with antibiotics (2.5 mL of Septra (GlaxoSmithKline)
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in 200 mL of drinking water), and let to recover an additional 8 weeks (for a total of 70 days)

before being subjected to SCI.

2.6.18. Proliferation and scratch wound assays

Primary cultures of mouse astrocytes were prepared from the cortex of PO-P1 pups, as
described in ®°, and used from passages 3 to 4. Cells were grown in complete Dulbecco’s
Modified Eagle Medium (DMEM) either on glass coverslips coated with poly-L-lysine (0.1
mg/ml) in 24-well plates (for the proliferation assay) or directly into 24-well plates (for the
scratch wound assay) at a density of 200,000 cells/well. After 1 day in culture for the
proliferation assay and two days for scratch wound assay, cells were starved for 18 hours
after reaching a confluence level of ~70%. The proliferation assay was initiated by the
addition of either recombinant mouse (rm) TGF-B1 (50 ng/ml, dissolved in PBS containing
4 mM HCI; R&D Systems), rmIGF-1 (760 ng/ml, dissolved in PBS; R&D Systems) or their
respective vehicle. Six hours before the end of the experiment (48 hours after growth factor
addition), a single dose of 10 uM bromodeoxyuridine (BrdU; Sigma-Aldrich Canada Ltd.)
was added to each well. The BrdU labeling solution was then removed and cells washed
several times with PBS. Cells were next fixed with 4% PFA for 15 min, permeabilized in
PBS/0.1% Triton X-100 for 20 min, treated with HCI (2.0 N) for 20 min at 37 °C followed
by 0.1M sodium borate (pH 8.5) for 30 min at room temperature, and then immunostained
for BrdU. The total number of proliferating cells was counted on images taken at 10x
magnification, using the “Co-localization and Analyze Particles” plugin in Fiji. Data were
expressed as number of BrdU* YO-PRO-1* cells per mm?. For the scratch wound assay,
confluent cells were starved for 18 hours and a linear scratch made in the cell monolayer
using a 10-pl sterile pipette tip. Complete DMEM was used to wash the cells three times,
after which the growth factors identified above were added in 0.2% serum medium. The
closure of the wound was monitored using a Zeiss Axio Observer.Z1 Inverted Microscope
equipped with an AxioCam MRm digital camera and an incubation chamber by imaging each
well every 4 hours over 48 hours. The phase-contrast images were analyzed by measuring
the closure percentage of the scratch, relative to the initial width (t = 0), at various times

following exposure to the factors under study.
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2.6.109. Subdural hydrogel implantation

Hydrogels containing particular M-CSF were prepared as in *X. Briefly, methlycellulose (310
kDa, Shin-Etsu) and hyaluronan (1200-1900 kDa, FMC) were dissolved in ddH-O, sterile
filtered, lyophilized (Labconco) under sterile conditions, and stored at 4 °C until use. An
initial particulate dispersion was produced by mixing M-CSF powder into 0.5% wl/v
methlycellulose solution. Drug loaded hydrogels were prepared by physical blending
hyaluronan (HA, 1.6 x 10° g/mol), methylcellulose (3 x 10° g/mol), and methylcellulose
containing M-CSF in artificial cerebrospinal fluid (aCSF: 148 mM NaCl, 3 mM KCI, 0.8
mM MgClz, 1.4 mM CaCl;, 1.5 mM Na;HPO4, 0.2 mM NaH2PO4 in ddH20, pH adjusted to
7.4, filter sterilized at 0.2 pum) for a final composition of 1.4% w/v HA, 3% w/v MC, and 0.5
pg/pl M-CSF. Components were dispersed in aCSF using a dual asymmetric centrifugal
mixer (Flacktek Inc.) and dissolved overnight at 4 °C. On the day of the hydrogel
implantation, a 5-pul Hamilton syringe (32-gauge needle with a pre-bent blunt tip) was filled
with either M-CSF-loaded or PBS-loaded hydrogels. A needle was then used to gently
puncture the dura at the level of the contusion injury and 2 pl of hydrogel injected subdurally
immediately following SCI.

2.6.20. Statistical Analysis

Statistical evaluations were performed with one- or two-way ANOVA or repeated-measures
ANOVA, as indicated in figure legends. Post-ANOVA comparisons were made using the
Bonferroni correction. All statistical analyses were performed using the GraphPad Prism
software (GraphPad Software Inc.). A p value < 0.05 was considered as statistically

significant.
2.6.21. Data availability

The data that support the findings of this study are available from the corresponding author

upon reasonable request.
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2.10. Figures
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Figure 2.1. Microglia proliferate extensively and accumulate at the lesion border after SCI.

(a-f) Confocal immunofluorescence microscopy of representative spinal cord sections showing the
spatio-temporal distribution of microglia (TdT, red) and astrocytes (GFAP, cyan) in an uninjured
Cx3cr1®ER::R26-TdT transgenic mouse (a), as well as at the lesion epicenter at 1 (b), 4 (c), 7 (d), 14
(e), and 35 (f) days post-injury (dpi). (g) Quantification of the total number of TdT* microglia per
mm? of tissue in spinal cord sections taken both rostral (R) and caudal (C) to the lesion epicenter at 1

(red line), 4 (green), 7 (violet), 14 (orange) and 35 (black) dpi (n=6-8 mice per group/time point).
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Data from uninjured mice are shown with the dotted black line. (h) Percentage of surviving TdT~*
microglia at day 1 post-SCI relative to the uninjured group. (i-k) Confocal immunofluorescence
images showing expression of the apoptotic marker cleaved caspase-3 (Casp3, green) in TdT*
microglia (red) at 1 dpi. Nuclear staining (DAPI) is shown in blue, while white arrowheads indicate
co-localization of cleaved Casp3, TdT and DAPI. (I) Quantification of the number of actively
proliferating microglia (TdT* Ki67* cells) at 1, 4, 7, 14 and 35 dpi (n=7-8 mice per group). (M)
Percentage of TdT* microglia undergoing proliferation after SCI (n=7-8 per group). (n-p) Confocal
immunofluorescence microscopy showing that TdT* microglia (red) are actively proliferating at 7
dpi, as demonstrated by their expression of the proliferation marker Ki67 (green). DAPI is shown in
blue, while white arrowheads indicate co-localization of TdT, Ki67 and DAPI staining. Data are

expressed as mean £ SEM. Scale bars: (a-f, in f) 200 um; (i-k, in k) 20 um; (n-p, in p) 20 um.
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Figure 2.2. The CSF1R inhibitor PLX5622, but not PLX73086, crosses the blood-spinal cord
barrier to deplete virtually all microglia.

(a-c) Representative confocal images of CD11b and P2ry12 immunostainings showing the almost
complete elimination of microglia in the spinal cord of naive (uninjured) C57BL/6 mice after
treatment with the CSF1R inhibitor PLX5622 compared to those fed PLX73086 or the control diet.

Mice were killed after 21 days of treatment. (d-h) Quantification of microglia in the spinal cord of
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uninjured C57BL/6 mice treated with PLX5622, PLX73086 or the control diet (d), as well as at the
lesion epicenter in Cx3cr1®ER::R26-TdT mice killed at 1 (e), 7 (f), and 14 (g) days post-injury (dpi)
(n=4-5 mice per group/time point). (i) Quantification of the proportional area of spinal cord tissue
permeable to FITC-conjugated lectin injected intravenously prior to tissue fixation. (j) Quantification
of Ly6G™ neutrophils at the lesion epicenter at day 1 post-SCI in mice treated with either PLX5622,
PLX73086 or the control chow (n=4-5 per group). (k) Quantification of the number of granulo-
myelomonocytic cells at the lesion epicenter at 7 and 14 dpi in Cx3cr1°ER::R26-TdT::LysM-eGFP
mice treated with either PLX5622, PLX73086 or the control diet (n=4-5 mice per group/time point).
For all injured mice, treatment was initiated 3 weeks before SCI and continued until sacrifice. Data
are expressed as mean = SEM. ** p < 0.01, *** p < 0.001, **** p < 0.0001, PLX5622 or 1 dpi
compared to the control group; and &% p < 0.01, 4&&& p < 0.0001, PLX5622 compared with the
PLX73086 group. Statistical analysis was performed using a one-way (d-g, i-j) or two-way (k)
ANOVA followed by a Bonferroni’s post hoc test. Scale bar: (a-c, in ¢) 200 pm.
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Figure 2.3. Microglia play a key role in recovery of locomotor function during the first week
post-SCI.

(a, d, g, j) Schematics of experimental design showing the timeline of microglia depletion, spinal
cord contusion, behavioral testing using the basso mouse scale (BMS), and sacrifice. CSF1R
inhibitors and vehicle were administered in the diet or by oral gavage, as indicated. (b-c, e-f, h-i, k-
I) Locomotor function was assessed using the BMS score (b, e, h, k) and BMS subscore (c, f, i, I)
over a 35-day period after SCI (n=8 mice per group). Data are expressed as mean + SEM. * p < 0.05,
**p<0.01, ***p<0.001, **** p < 0.0001, PLX5622 versus the control group; # p < 0.05, PLX73086
versus the control group; and & p < 0.05, & p < 0.01, %&&& p < 0.0001, PLX5622 compared to
PLX73086. Statistical analysis was performed using a two-way repeated-measures ANOVA followed

by a Bonferroni’s post hoc test.
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Figure 2.4. A microglial scar forms at the interface between the astrocytic and fibrotic scars.

(a-e) Confocal immunofluorescence microscopy of representative spinal cord sections taken at the
lesion epicenter at 7 (a), 14 (b, d), and 35 (c, e) days post-injury (dpi) showing formation of the
microglial scar, characterized by the accumulation of TdT* microglia (red) at the lesion borders, over
time. The microglial scar is shown in relation to the infiltration of blood-derived myeloid cells (LysM-
eGFP*, green) and formation of the astroglial scar (GFAP-immunoreactive astrocytes, blue). Panels
(d) and (e) are insets of panels (b) and (c), respectively, showing close-ups of the microglial scar in

Cx3cr1ER::R26-TdT::LysM-eGFP mice at 14 and 35 dpi. (f-g) Immunoelectron microscopy images
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showing a gold-labeled microglia (Mi) (dense black dots, highlighted in red) located at the lesion
border making direct contacts with immunolabeled astrocytic endfeet (As) (diffuse black, highlighted
in blue and pointed by arrowheads) and a monocyte-derived macrophage (MDM, highlighted in
green). The intimate relationship between the microglia and distal astrocytic processes is shown at
high magnification in the inset (g). nu = nucleus, my = myelin debris. (h) Percentage of microglia
(TdT") that are actively proliferating (Ki67* TdT") at the lesion epicenter at 7, 14 and 35 dpi. (i)
Counts of microglia (TdT™) at the lesion epicenter at 7, 14 and 35 dpi. (j-k) Confocal images showing
the presence of TdT* microglia (red), PDGFRB" pericytes/fibroblasts (green) and GFAP* astrocytes
(blue) at the lesion epicenter at 14 dpi. The distance from astrocyte endfeet is depicted by the yellow
lines and indicated (k). (I) Percentage area occupied by microglia (TdT™, red bars in the histogram),
pericytes/fibroblasts (PDGFRp, green) and blood-derived myeloid cells (LysM-eGFP*, blue) as a
function of distance from astrocyte endfeet (n= 4-9 mice). Data are expressed as mean = SEM. * p <
0.05, ** p<0.01, *** p < 0.001, compared to the other time points. Statistical analysis was performed
using a one-way ANOVA followed by a Bonferroni’s post hoc test. Scale bars: (a-c) 200 um; (d-e)
20 pm; (f) 5 um; (@) 2 um; (j-k) 100 um.
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Figure 2.5. The microglial scar is mainly composed of microglia, with few scattered blood-
derived myeloid cells and CNS border-associated macrophages.

(a) Schematic diagram showing the protocol used to generate radiation bone marrow chimeras in
which microglia express TdT and bone marrow-derived cells the GFP reporter. (b-e) Representative
confocal images showing the microglial scar formed of TdT* microglia (red), some of which are in
close apposition with GFAP-immunoreactive astrocyte endfeet (blue) on one side and bone marrow-
derived cells (eGFP*, green) on the other side at 14 days post-SCI. (f) Schematic of experimental
procedure and timeline to generate bone marrow chimeras in which Cx3cr1¢®ER::R26-TdT mice were

used as bone marrow donors for irradiated recipient C57BL/6 mice. (g-h) Representative confocal
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images showing the virtual absence of bone marrow-derived TdT* cells (red) medial to the astrocytic
scar (as defined by GFAP* astrocyte endfeet in blue), where the microglial scar normally develops,
at 14 days post-SCI in Cx3cr1eER::R26-TdT — WT chimeric mice. (i-0) Confocal images showing
the absence (or very weak expression) of CD206 (green) in microglia (TdT*, red) forming the
microglial scar at the lesion borders at 14 days post-SCI. In contrast, border-associated macrophages
express high levels of the CD206 protein. (p) Representative confocal image showing the absence of
colocalization between TdT (red) and MHCII (cyan) in the injured spinal cord of a Cx3cr1°ER::R26-
TdT mouse at 14 days. Scale bars: (b-¢, in €) 20 um, (g-h, in h) 200 um, (i, p) 200 um, (j-o, in 0) 10
pm.
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Figure 2.6. The elimination of microglia results in a reduced proliferation of astrocytes and
disorganized astrocytic scar at the lesion border.

(a-d) Confocal immunofluorescence microscopy of astrocytes (GFAP, purple) in spinal cord sections
taken at the lesion epicenter in Cx3crl1¢®ER::R26-TdT::LysM-eGFP mice at 14 days post-injury (dpi).
In mice fed with the control diet (a, c), astrocytes adjacent to the site of SCI exhibit elongated
processes oriented parallel to the lesion border, thus forming a compact scar. This astrocytic response

was compromised in mice depleted of microglia using PLX5622 (b, d), and associated with
clusters of blood-derived myeloid cells (LysM-eGFP*, green cells in d) spreading outside of
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the lesion core. (e) Total counts of Sox9* BrdU* cells at the epicenter and both rostral (R) and caudal
(C) to the lesion at 7 dpi in mice fed the control diet (blue), PLX73086 (red) or PLX5622 (green)
(n=4 mice per group). (f-k) Representative confocal images showing the proliferation of astrocytes
(Sox9*, purple cells), as demonstrated by their incorporation of BrdU (green cells), in mice treated
with PLX5622 (f-h) or the control diet (i-k) and killed at 7 dpi. Data are expressed as mean + SEM.
*p <0.05, ** p<0.01, PLX5622 versus the control group. Statistical analysis was performed using
a two-way ANOVA followed by a Bonferroni’s post hoc test. Scale bars: (a-b, in b) 50 um, (c-d, in
d) 50 um, (f-k, in k) 50 pm.
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Figure 2.7. Microglia-derived IGF-1 is a potent mitogen for astrocytes and inducer of astrocytic
migration towards an injured area.

(a-d) In situ hybridization (ISH) signal for the proinflammatory cytokines IL-1a., IL-18, IL-6 and
TNF in the injured mouse spinal cord (lesion epicenter) at 7 days post-SCI (dpi). (e-g, i-k)
Representative darkfield photomicrographs showing expression of Tgfbl and Igfl mRNAs at the
lesion epicenter at 7 dpi in C57BL/6 mice fed the control diet, PLX73086 or PLX5622. (h, I)
Quantification of ISH signal (in mean grey values, MGV) for TGF-f1 (h) and IGF-1 (l) at the lesion
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epicenter in mice treated with vehicle (Control, blue bars), PLX73086 (red bars) or PLX5622 (green
bars) (n=6 per group). (M) Quantification of the number of BrdU* YO-PRO-1* nuclear profiles
following treatment of primary astrocyte cultures with either TGF-f1, IGF-1 or control solution (n=6
per group). (n) Quantification of the wound closure response in the different groups (n=6 per group).
(0-q) Representative immunofluorescence images showing the expression of IGF-1 (green signal, o-
p) by TdT* microglia (red cells, o and q) accumulating at the lesion border at 7 dpi. White arrowheads
indicate co-localization of IGF-1, TdT, and DAPI (blue). (r) Quantification of Sox9* astrocytes,
expressed as the AUC of the total number of Sox9* cells (x 10° per mm?) from 800 um rostral to 800
pum caudal to the epicenter, in the injured spinal cord of C57BL/6 mice treated with the IGF-1R
antagonist OSI-906 (red bar) or the vehicle solution (Control, blue bar) (n=4 per group). Data are
expressed as mean £ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, compared to the
control group. Statistical analysis was performed using either a one-way (h, I-m) or two-way (n)
ANOVA followed by a Bonferroni’s post hoc test, or a Student’s t-test (r). Scale bars: (a-g & i-k, in
k) 200 pm, (0-q, in q) 20 pm.
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Control Diet

Figure 2.8. Microglial depletion results in an increased loss of neurons and oligodendrocytes
leading to greater tissue damage after SCI.

(a-b, d-e, g-h, j-k) Confocal immunofluorescence of astrocytes (GFAP™, blue), microglia (TdT™, red
cells in a-b, d-e), blood-derived myeloid cells (LysM-eGFP* or CD11b*, green cells in a-b, d-e, k),
neurons/axons (NF-H*, green in g-h, j) and pericytes/fibroblasts (PDGFRp*, red cells in g-h, j) at the
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lesion epicenter at 7 (a-b), 14 (d-e) and 35 (g-h) dpi. Yellow and purple lines respectively delineate
the contours of the primary (core) and satellite lesions, which were surrounded by astrocytic endfeet
and characterized by the absence of neuronal elements and presence of cells of non-CNS origin
(blood-derived myeloid cells, pericytes and fibroblasts). Satellite lesions are shown in a
microglia-depleted mouse at 35 dpi (j-K). (c) Quantification of the total lesion area at 7 dpi in
mice fed the control diet (blue), PLX73086 (red) or PLX5622 (green) (n=5-6 mice/group). (f, i)
Quantification of the total area occupied by satellite lesions at 14 (f) and 35 (i) dpi (n=5-7/group). (I-
m) Quantification of the number of neurons (HUC/HuD*) in the uninjured spinal cord (1), as well as
rostral (R) and caudal (C) to the epicenter (m), in mice treated with PLX5622, PLX73086 or control
at 35 dpi (n=5-8/group). (n-0) Representative confocal images taken at the lesion epicenter at 35 dpi
immunostained for HUC/HuD (red). DAPI is shown in blue. (p, q) Quantification of the number of
oligodendrocytes (Olig2™ CC1*) in the uninjured (p) and injured (q) spinal cord of mice treated with
PLX5622, PLX73086 or control at 35 dpi (n=5-8/group). Data are expressed as mean £ SEM. * p <
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, PLX5622 versus control; * p < 0.05, PLX73086
versus control; and & p < 0.05, % p < 0.01, ¥4 p < 0.001, 44%& p < 0.0001, PLX5622 compared to
PLX73086. Statistical analysis was performed using a two-way ANOVA followed by a Bonferroni’s
post hoc test. Scale bars: (a-b, d-e, g-h in h) 200 um, (j-k) 50 um, (n-o, in 0) 50 pum.
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Figure 2.9. Hydrogel delivery of M-CSF at the site of SCI boosted microglial proliferation and
enhanced functional recovery.

(a) Quantification of the number of microglia (CD11b* P2ry12*) in the thoracic spinal cord following
intra-cisterna magna injection of recombinant murine M-CSF at various doses (n=3 mice per group).
(b) Schematic of the experimental design showing the timeline of spinal cord contusion (SCI),
hydrogel injection, behavioral testing using the basso mouse scale (BMS), and sacrifice. Below the
schematic is a picture showing how much a hydrogel loaded with Evans blue spreads following
subdural injection at the site of SCI. (c) Quantification of the number of microglia (TdT*) at the lesion
epicenter at 7 days post-injury (dpi) in Cx3cr1°ER::R26-TdT mice treated with either M-CSF-based
(orange bar) or PBS-based (blue) hydrogels (n=5 mice per group). (d) Quantitative analysis of the
total lesion area at the lesion epicenter and both rostral (R) and caudal (C) at 7 dpi in mice treated
with M-CSF (orange) or PBS (blue) in hydrogels (n= 9-15 mice per group). (e-f) Assessment of
locomotor recovery using the BMS (e) and BMS subscore (f) showed that hydrogel delivery of M-
CSF increased functional recovery after SCI (n=9-10 mice per group). Data are expressed as mean +
SEM. * p <0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, M-CSF-loaded hydrogel compared
with PBS-loaded hydrogel. Statistical analysis was performed using a one-way (a, ¢), two-way (d) or
two-way repeated-measures (e-f) ANOVA followed by a Bonferroni’s post hoc test.
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2.11. Supplemental Figures
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Supplementary Figure 2.1. Adequate regimen of tamoxifen treatment in inducible
Cx3crlcreER::R26-TdT mice allows to specifically target microglia, while leaving monocytes
and tissue-resident macrophages almost unaffected

(a) Schematic diagram of experimental design showing the timeline of tamoxifen (TAM) treatment
and FACS analysis relative to the age of Cx3crlcreER::R26-TdT mice. Transgenic mice were
administered tamoxifen at postnatal day (P) 30 and 32 and then allowed to recover for 28 days prior
to SCI to allow sufficient time for the turnover of MDMs and near disappearance of TdT+ cells in the

blood, spleen and bone marrow. (b) Percentage of myeloid cells expressing the TdT fluorescent
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reporter 28 days following the last TAM injection. Note that virtually all CNS-resident myeloid cells
are TdT+, while only few (if any) myeloid cells in the blood, spleen and bone marrow express TdT
(n=4 mice). (c) Confocal image showing the colocalization of CD11b (green) and TdT (red) proteins
in the spinal cord of a Cx3crlcreER::R26-TdT mouse at 28 days post-tamoxifen treatment. (d-f)
Gating strategy used to identify immune cell subsets in the blood (d), spleen (e) and bone marrow (f)
of Cx3crlcreER::R26-TdT mice. For each panel from (d) to (f), the second row of plots shows the
gating strategy used to identify TdT+ cells. **** p <0.0001, spinal cord versus peripheral
fluids/tissues. Statistical analysis was performed using a one-way ANOVA followed by a

Bonferroni’s post hoc test. Scale bar: (¢) 200 um.

Uninjured
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Supplementary Figure 2.2. Microglia proliferate extensively and accumulate at the lesion
border after SCI

(a-1) Individual color channels are displayed for the merged confocal images shown in Fig. la-f.
Depicted are representative confocal immunofluorescence photomicrographs of spinal cord sections
showing the spatio-temporal distribution of microglia (TdT, red) and astrocytes (GFAP, cyan) in an
uninjured Cx3crlcreER::R26-TdT transgenic mouse (a-b), as well as at the lesion epicenter at 1 (c-
d), 4 (e-f), 7 (g-h), 14 (i-j), and 35 (k-I) days post-injury (dpi). Scale bars: (a-I, in fand I) 200 pm.

Uninjured

Uninjured




Supplementary Figure 2.3. Microglia rapidly downregulate P2ryl12 after SCI and regain
expression over time

(a-r) Confocal immunofluorescence microscopy of representative sagittal sections showing the
expression of P2ryl2 (green) by TdT+ microglia (red) in the uninjured spinal cord of
Cx3crlcreER::R26-TdT transgenic mice (a, g¢-i), as well as at the lesion epicenter in
Cx3crlcreER::R26-TdT mice killed at 1 (b, j-1), 4 (c, m-0), 7 (d), 14 (e, p-x), and 35 (f) days post-
injury (dpi). Astrocytes (GFAP+) are shown in blue in panels (a-f), while DAPI (blue) is shown
instead in panels (g-x). Note the re-expression of the P2ry12 protein in some TdT+ microglia at the

lesion epicenter starting at day 14 post-SCI. Scale bars: (a-f, in f) 400 um, (g-X, in X) 10 pm.
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Uninjured

Uninjured

Supplementary Figure 2.4. Microglia rapidly upregulate CD68 after SCI
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(a-0) Confocal immunofluorescence microscopy of representative spinal cord sections showing the
expression of CD68 (green) by TdT+ microglia (red) in the uninjured spinal cord of
Cx3crlcreER::R26-TdT transgenic mice (a, g-i), as well as at the lesion epicenter in
Cx3crlcreER::R26-TdT mice killed at 1 (b, j-k), 4 (c, m-0), 7 (d), 14 (e), and 35 (f) days post-injury
(dpi). Astrocytes (GFAP+) are shown in blue in panels (a-f), while DAPI (blue) is shown instead in
panels (g-0). Scale bars: (a-f, in f) 200 pum, (g-0, in 0) 10 pm.

Control PLX73086 PLX5622

Supplementary Figure 2.5. The CSF1R inhibitor PLX5622, but not PLX73086, crosses the
intact blood-spinal cord barrier to deplete virtually all microglia

(a-¢) Individual color channels are displayed for the merged confocal images shown in Fig. 2a-c.
Depicted are representative confocal images of CD11b and P2ry12 immunostainings showing the
almost complete elimination of microglia in the spinal cord of naive (uninjured) C57BL/6 mice after
treatment with the CSF1R inhibitor PLX5622 compared to those fed PLX73086 or the control diet.
Mice were killed after 21 days of treatment. Scale bar: (a-f, in f) 200 um.
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Supplementary Figure 2.6. Treatment with CSF1R inhibitors barely affects the number of

peripheral immune cells

(a-f) Absolute numbers of immune cells in the blood (a, d-f), spleen (b), and bone marrow (c) of
uninjured (a-c) and spinal cord injured (d-f) mice following 3 weeks of treatment with either
PLX5622, PLX73086 or control diet (n=4-8 mice per group per time point). No changes in cell
numbers were detected, except a small and transient blood neutropenia at day 1 post-SCI in mice fed
CSF1R inhibitors. Note that treatments were continued until the time of sacrifice. Data are expressed
as mean + SEM. * p <0.05, *** p <0.001, compared to the control group. Statistical analysis was

performed using a two-way ANOVA followed by a Bonferroni’s post hoc test.
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Supplementary Figure 2.7. Microglia proliferate extensively and repopulate the entire spinal
cord after one week of cessation of PLX5622 treatment

(a-1) Representative confocal images showing CD11b (blue), Ibal (green), and TdT (red) signals in
the uninjured spinal cord of Cx3crlcreER::R26-TdT mice at 2 (a-d), 3 (e-h), and 7 (i-l) days after
cessation of treatment with PLX5622. Nuclear staining (DAPI) is shown in turquoise. (m)
Quantification of the number of TdT+ microglia in the normal thoracic spinal cord (control, blue bar),
after 1 week of continuous treatment with PLX5622 (referred to as day O in the graph, (red), as well
as 2 (green), 3 (purple) and 7 (orange) days after cessation of PLX5622 treatment (n=3-5 mice per
group and per time point). (n-0) Percentage of spinal cord microglia (TdT+) expressing CD11b (n)
and the proliferation marker Ki67 (0) at various times after cessation of PLX5622 treatment. (p)
Number of microglia (TdT+, red bars), oligodendrocytes/OPCs (Olig2+, blue), astrocytes (GFAP+,
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green), perivascular macrophages (perivascular mg, CD206+; purple), pericytes (CD13+, brown),
and blood-derived leukocytes (CD45+ TdTneg, black) expressing Ki67 at various times after
cessation of PLX5622 treatment. * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001, compared to
the control group. Statistical analysis was performed using a one-way ANOVA followed by a

Bonferroni’s post hoc test. Scale bar: (a-I, in 1) 200 pm.

QA Cx3crf===-R26-TdT: LysM-=GFP T Fit3-cre::R26-TdT

= @
Microgla  WEBCs L.e. MDMs)

LysM-eGFP

Supplementary Figure 2.8. Fate-mapping analysis reveals that microglia form a scar between
reactive astrocytes and infiltrated peripheral immune cells after SCI
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(a) Schematic diagram showing the strategy of breeding to obtain Cx3crlcreER::R26-TdT::LysM-
eGFP mice, and the timeline of tamoxifen treatment, spinal cord contusion (SCI) and sacrifice (SAC).
(b-e) Representative confocal images showing the microglial scar formed of TdT+ microglia (red
cells), some of which are in direct contact with GFAP-immunoreactive astrocyte endfeet (blue) on
one side and LysM-eGFP+ blood-derived myeloid cells (green cells) on the other side at 14 days post-
SCI. (f) Schematic diagram showing the breeding strategy to obtain FIt3-cre::R26-TdT mice, in which
TdT is expressed in hematopoietic stem cells (HSCs) and their progeny (e.g. monocyte-derived
macrophages, MDMs), but not microglia. (g-j) Representative confocal images showing the
microglial scar formed of CD11b+ Flt3neg microglia (green cells), making close contact with
astrocyte endfeet (GFAP+, blue) and infiltrating MDMs (CD11b+ FIt3+, green cells with red nuclei)
at 14 days post-SCI. Scale bars: (b-e, in €) 20 um, (g-j, in j) 20 pm.

117



Supplementary Figure 2.9. A microglial scar forms at the interface between reactive astrocytes
and blood-derived myeloid cells that infiltrate the lesion site

(a-0) Individual color channels are displayed for the merged confocal images shown in Fig. 4a-e.
Depicted are representative confocal immunofluorescence photomicrographs of spinal cord sections
taken at the lesion epicenter at 7 (a-c), 14 (d-f, j-1), and 35 (g-i, m-0) days post-injury (dpi) showing
formation of the microglial scar, characterized by the accumulation of TdT+ microglia (red) at the
lesion borders, over time. The microglial scar is shown in relation to the infiltration of blood-derived
myeloid cells (LysM-eGFP+, green) and formation of the astroglial scar (GFAP-immunoreactive

astrocytes, blue). Panels (j-1) and (m-0) are insets of panels (d-f) and (g-i), respectively, showing
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close-ups of the microglial scar in Cx3crlcreER::R26-TdT::LysM-eGFP mice at 14 and 35 dpi. Scale
bars: (a-i) 200 pum; (j-0) 20 um.

Supplementary Figure 2.10. The microglial scar is mainly composed of microglia with the
presence of only few scattered CNS border-associated macrophages

(a-¢) Individual color channels are displayed for the merged confocal image shown in Fig. 5i.
Depicted are representative confocal immunofluorescence photomicrographs showing the absence
(or very weak expression) of CD206 (green) in microglia (TdT+, red) forming the microglial scar at
the lesion borders at 14 days post-SCI. In contrast, border-associated macrophages express high levels
of the CD206 protein. (d-e) Individual color channels are displayed for the merged confocal image
shown in Fig. 5p. Depicted are representative confocal image showing the absence of colocalization
between TdT (red) and MHCII (cyan) in the injured spinal cord of a Cx3crlcreER::R26-TdT mouse
at 14 days. Scale bars: (a-c, in ¢) 200 um, (d-e, in €) 200 um.
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Supplementary Figure 2.11. Mice with more microglia in their spinal cord at the time of injury
recover locomotor function similar to that of SCI mice on the control diet

(a) Quantification of the number of microglia (P2ry12+) in the uninjured thoracic spinal cord of
C57BL/6 mice (control, blue bar in the histogram), as well as in mice treated with PLX5622 for 1
week and then switched to the control diet for 0 (green) or 7 (yellow) days (h=3-5 mice per group).
(b-c) Representative confocal images of P2ry12 immunostaining showing the increased number of
spinal cord microglia after switching C57BL/6 mice from the PLX5622 diet to control chow for 7
days. (d) Schematic diagram of experimental design showing the timeline of treatment (PLX5622
versus control chow), spinal cord contusion (SCI) and sacrifice (SAC). (e-f) Assessment of locomotor
recovery using the BMS (e) and BMS subscore (f) (n=8 mice per group). ** p <0.01, **** p <0.0001,
compared to the control group. Statistical analysis was performed using a one-way ANOVA (a) or a
two-way repeated-measures ANOVA (e-f) followed by a Bonferroni’s post hoc test. Scale bar: (b-c,
in c) 50 pum.
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2.12. Tables

Lineariza_tion Tran_scription

Genbank Accession

Position Size (bp) Antisense Sense Antisense  Sense
Numbers

Symbol Gene Name

Igf1 Insulin-like growth factor 1 NM_184052 1338-1856 868 Hindlll Xhol 7 SPB
WMa  etewkintabha  NMOWSS 20108 715 Xhel  BamW  SP6 T
e e
T Tumornecross factor  NMOTRSS  azoead 419 xvel Ml s 7

Tgfb1 Transforming growth factor, beta 1 BC013738 315-1487 1173 EcoRI Xhol T3 T7

Table 2.1 List of cDNA used for in situ hybridization
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IL-10 gene deletion protects oligodendrocytes
after spinal cord injury through upregulation

of the survival factor Tox3
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3.1. Résumé

Les Iésions de la moelle épiniere (LME) entrainent la relache de signaux de danger par les
cellules nécrotiques, un processus qui meéne a la neuroinflammation. Des études suggérent
que I’inflammation joue un role dans les dommages mais aussi dans la réparation du tissu
nerveux. Dans notre étude, nous avons étudié la synthése, la relache et les fonctions de I’IL-
la et 'IL-1p dans la neuroinflammation, les dommages tissulaires et la récupération
locomotrice suite a une LME. Nous avons démontré que les microglies situées au site de
lésion expriment rapidement 1I’lL-lo, tandis que les neutrophiles (Ly6G* 7/4%) et les
macrophages dérivés des monocytes infiltrants (Ly6C" 7/4%) produisent I’IL-1p. Bien que
I’infiltration de ces 2 types cellulaires fut également réduite chez les souris ll1a’ et I11b”
comparées aux souris sauvages, les souris 111a” présentaient une plus grande amélioration
locomotrice dés le jour 1 post-LME. Cette récupération a persistée a travers le temps et
corréle avec un volume l1ésionnel plus petit. L’analyse du transcriptome des cellules du tissu
nerveux au 1 jour post-LME a permis d’identifier 18 transcrits différentiellement régulés
chez les souris Il1a” comparativement aux souris Il1b” et sauvages, parmi lesquels se
retrouve le facteur de survie cellulaire TOX3. En absence d’IL-1a, les souris ont présenté des
niveaux plus élevés de TOX3 dans leurs oligodendrocytes et ce dés le jour 10 post-natal, un
effet qui a persisté jusqu’a 1’age adulte. L’analyse de la moelle épiniere en développement
de souris sauvages a révélé que les niveaux d’ARNm de I’IL-10, mais pas ceux de I’IL-1p,
augmentent drastiquement entre les jours P5 et P10, coincidant avec une période critique de
I’activation microgliale et de I’initiation de la myélinisation. Chez les souris I11a’" adultes,
la survie des oligodendrocytes fut significativement plus élevée comparativement aux souris
l11b” et sauvages au jour 1 post-LME. Nous avons donc démontré pour la premiére fois que
I’absence de I’'IL-1a chez la souris réduit I’expression du facteur de survie TOX3 chez les
oligodendrocytes, suggérant que I’inhibition de cette cytokine pourrait réduire la
dégenérescence suite a un traumatisme du systeme nerveux central ou certaines maladies

neurodégéneératives.
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3.2. Abstract

Spinal cord injury (SCI) causes the release of danger signals by stressed and dying cells, a
process that leads to neuroinflammation. Evidence suggests that inflammation plays a role in
both damage and repair of injured neural tissue. We show that microglia at sites of SCI
rapidly express the alarmin IL-1lo, and that infiltrating neutrophils and macrophages
subsequently produce IL-1. Infiltration of these cells is dramatically reduced in both IL-1a
" and IL-18" mice, but only IL-la” mice showed rapid (at day 1) and persistent
improvements in locomotion associated with reduced lesion volume. Similarly, intrathecal
administration of the IL-1 receptor antagonist anakinra restored locomotor function post-SCI.
Transcriptome analysis of SCI tissue at day 1 identified the survival factor Tox3 as being
differentially regulated exclusively in IL-1a”" mice compared with IL-15" and wild-type
mice. Accordingly, IL-la” mice have markedly increased Tox3 levels in their
oligodendrocytes, beginning at postnatal day (P) 10 and persisting through adulthood. At
P10, the spinal cord of IL-1a” mice showed a transient increase in mature oligodendrocyte
numbers, coinciding with increased IL-1a expression in wild-type animals. In adult mice, IL-
lo deletion is accompanied by increased oligodendrocyte survival after SCI. TOX3
overexpression in human oligodendrocytes reduced cellular death under conditions
mimicking SCI. These results suggest that IL-1a-mediated Tox3 suppression during the early
phase of CNS insult plays a crucial role in secondary degeneration.
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3.3. Introduction

Spinal cord injury (SCI) can lead to loss of motor and sensory function in the lower and/or
upper limbs. At the site of injury, the pathology is divided into two major chronological
events: the primary and secondary lesions. The second wave of tissue destruction that follows
the primary mechanical insult is believed to be caused by a complex series of events leading
to apoptosis, including ischemia, vascular damage, glutamate excitotoxicity, ionic
dysregulation, inflammation, free radical generation, and cytokine and protease production
(David and Lacroix, 2005). Damage to the CNS is associated with an almost immediate
response of microglia (Davalos et al., 2005). Astrocytes, the main cellular component of the
glial scar, also react quickly by exhibiting changes in gene expression, hypertrophy, and
process extension (Sofroniew, 2009). The glial scar has been shown to have both protective
and detrimental functions in the context of SCI (Faulkner et al., 2004; Brambilla et al., 2005;
Brambilla et al., 2009).

Innate immune cells such as neutrophils and monocytes are rapidly recruited at sites
of SCI (Fleming et al., 2006; Stirling and Yong, 2008; Pineau et al., 2010; Lee et al., 2011;
Thawer et al., 2013). Evidence suggests that these cells could play a key role in both damage
and repair of neural tissue after an injury or ischemia (Barrette et al., 2008; Kigerl et al.,
2009; Shechter et al., 2009; Stirling et al., 2009; Allen et al., 2012). The apparent
contradictions between these studies may be due to the fact that different subsets of immune
cells have divergent effects causing either neurotoxicity or regeneration in the injured spinal
cord (David and Kroner, 2011; Bastien and Lacroix, 2014; Plemel et al., 2014). A better
understanding of the roles of the various subsets of immune cells and the identification of the
endogenous factors stimulating their recruitment is key for the development of efficient

immunotherapies.

One important family of cytokines playing a key role in neurodegeneration is the
interleukin (I1)-1 family (Allan and Rothwell, 2001; Allan et al., 2005). Two of the members
of this large family, IL-1a and IL-1B, exert similar proinflammatory actions by binding to the
IL-1 type 1 receptor (IL-1r1). Both IL-1a and IL-1f produced by tissue resident macrophages

are required for neutrophil recruitment during cell death-induced sterile inflammation (Chen
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et al., 2007) (Kono et al., 2010). However, the function of IL-1p has been studied more
thoroughly because of its importance in the development and progression of a number of
autoinflammatory and CNS diseases (Allan et al., 2005; Dinarello, 2011). Apart from its role
in the initiation of gliosis and inflammation (Basu et al., 2002), studies have linked IL-1f to
the production of growth factors by CNS resident cells in various disease and injury models
(Herx et al., 2000; Albrecht et al., 2002; Albrecht et al., 2003; Amankulor et al., 2009). Other
evidence indicates that IL-1f likely plays an important role in CNS remyelination by
regulating multiple stages of oligodendrocyte development (Mason et al., 2001).

Here, we sought to determine whether cytokines of the IL-1 family are an endogenous
signal initiating neuroinflammation after traumatic SCI. We uncovered a dual role for IL-1a
not only in triggering inflammation in the injured spinal cord, but also in suppressing the
expression of the survival factor TOX high mobility group box family member 3 (Tox3) in
oligodendrocytes. Overexpression of this transcription factor gave remarkable protection
against cell death. Thus, blocking this cytokine may be a promising therapeutic avenue to

prevent loss of CNS cells following SCI and other neurodegenerative conditions.

3.4. Materials and methods

3.4.1. Animals

A total of 308 mice of either sex were used in this study. C57BL/6 mice, used as controls,
were purchased from Charles River Laboratories. IL-1a-, IL-1B-, and IL-1o/B-knockout
(KO) were obtained from Dr. Yoichiro Iwakura (Institute of Medical Science, University of
Tokyo, Japan) and have been previously described (Horai et al., 1998). Breeders for the
pll1b-DsRed transgenic mouse line were obtained from Dr. Akira Takashima (University of
Toledo College of Medicine, Toledo, OH) and bred in-house at the Animal Research Facility

of the CHUL Research Center and genotyped according to the method published by
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Matsushima et al. (Matsushima et al., 2010). Finally, Cx3crl-eGFP transgenic mice were

purchased from The Jackson Laboratory. All mice had free access to food and water.

3.4.2. Spinal cord injury and animal treatment

C57BL/6 (n = 75), IL-10-KO (n = 64), IL-1B-KO (n = 60), IL-10/B-KO (n = 13), pll1b-
DsRed (n = 6) and Cx3crl-eGFP (n = 18) adult mice were anesthetized with isoflurane and
underwent a laminectomy at vertebral level T9-10, which corresponds to spinal segment T10-
11. Briefly, the vertebral column was stabilized and a contusion of 50 kdyn was performed
using the Infinite Horizon SCI device (Precision Systems & Instrumentation). Animals used
for quantification of immune cells, either by immunofluorescence (IF) or flow cytometry,
received a 70-kdyn injury. Overlying muscular layers were then sutured and cutaneous layers
stapled. Post-operatively, animals received manual bladder evacuation twice daily to prevent
urinary tract infections. Depending on the experiment performed, SCI mice were killed by
transcardiac perfusion at 1, 3, 4, 6, 12 and 24 hours, and 3, 4 and 38 days post-contusion.
C57BL/6 (n =37), IL-10-KO (n = 12) and IL-1B-KO (n = 12) neonatal mice were killed by
either decapitation under ice anesthesia for pups of 1, 3, 7, 10 and 14 days of age, or
transcardiac perfusion under deep anesthesia induced with ketamine-xylazine for mice at

postnatal day (P) 18 and 30.

In the experiment in which we studied the effects of treatment with the IL-1rl
antagonist anakinra (Kineret®, 100 mg/0.67 ml in prefilled syringes; Swedish Orphan
Biovitrum AB) on functional recovery after SCI, mice were injected either intravenously
(i.v.; anakinra diluted to a final concentration of 20 pg/puL in PBS, for a dose of 100 mg/kg

per injection) or intrathecally (i.t.; 33 mg/kg in 5 pl PBS). The 3-day i.v. treatment consisted
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of injections at 6, 24 and 48 hours post-SCI, whereas the 7-day i.v. treatment consisted of
injections made at the time of injury, 2 hours after and then every day until day 7. The i.t.
treatment consisted of a single injection into the cisterna magna performed 15 minutes after
SCI using a pulled-glass micropipette connected to a 10-ul Hamilton syringe. All surgical
procedures and treatments were approved by the Laval University Animal Care Committee

and conducted in accordance with guidelines of the Canadian Council on Animal Care.

3.4.3. Flow cytometry

Cells freshly isolated from the spinal cord of injured mice were analyzed using flow
cytometry following our previously published method (de Rivero Vaccari et al., 2012).
Briefly, animals were transcardially perfused with cold Hanks’ balanced salt solution (HBSS)
to remove blood from the vasculature, their spinal cords dissected out, and a 1-cm segment
centered at the site of the lesion isolated and mechanically homogenized with a small tissue
grinder. Cells were filtered through a 40-um nylon mesh cell strainer (BD Biosciences),
centrifuged at 200g for 10 minutes, washed once with HBSS, and resuspended with HBSS
containing 20% fetal bovine serum (FBS; Sigma-Aldrich Canada Ltd.). For multicolor
immunofluorescent labeling, cells were incubated with Mouse Fc Block (i.e., purified anti-
mouse CD16/CD32; BD Biosciences) for 5 minutes in order to prevent nonspecific binding,
followed by labeling for 30 min at room temperature with the following fluorescently
conjugated primary antibodies: PerCP-conjugated anti-CD45 (1:33 dilution, BD
Biosciences), BD HorizonTM V450-conjugated anti-CD11b (1:66, BD Biosciences), FITC-
conjugated anti-Ly6C (1:100, BD Biosciences), PE-Cy7-conjugated anti-Ly6G (1:100, BD
Biosciences), and APC-conjugated anti-F4/80 (1:20, AbD Serotec) (for a full description of

these primary antibodies, please refer to our published work (Nadeau et al., 2011)). Cells
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were analyzed using FlowJo software (v. 9.2; Tree Star Inc.) on a FACS LSRII flow
cytometer (BD Biosciences). Blood-derived myeloid cells were identified based on their
expression of CD45, CD11b, Ly6C, Ly6G and F4/80, as follows: CD45" CD11b" Ly6C*
Ly6G™ F4/80" cells were considered as neutrophils and CD45" CD11b" Ly6CM Ly6G™ F4/80"

cells as monocyte-derived M1 macrophages (de Rivero Vaccari et al., 2012).

3.4.4. Tissue processing and histology

Spinal cords were collected and prepared as previously described (Pineau and Lacroix, 2007).
Briefly, mice were overdosed with a mixture of ketamine-xylazine and transcardiacally
perfused with 4% paraformaldehyde (PFA), pH 7.4, in PBS. Spinal cords were dissected out
and placed overnight in a PBS/30% sucrose solution. For each animal, a spinal cord segment
of 12 mm centered over the lesion site was cut in 7 series of 14-um-thick coronal sections
using a cryostat. For immunohistochemistry against 7/4 (also referred to as Ly6B, see (Rosas
et al., 2010)) and Ly6G, mice were perfused with 0.9% saline solution followed by 4% PFA,
pH 9.5, in borax buffer. Spinal cords were dissected out, post-fixed for 2 days, and placed
overnight in a 4% PFA-borax/10% sucrose solution until processing using a cryostat set at
30 um thickness. All sections were collected directly onto Surgipath X-tra® slides having a
permanent positive charged surface (Leica Microsystems Canada) and stored at -20 °C until
use. To identify the lesion epicenter and quantify lesion volume, one series of adjacent
sections was immunostained using a rabbit anti-GFAP (mouse) antibody (1:750 dilution,
Dako Canada Inc.) and then counterstained with 4', 6-diamidino-2-phenylindole, dilactate
(DAPI; 1 pg/ml, Life Technologies Inc.) and FluoroMyelin™ red fluorescent myelin stain

(1:300, Life Technologies Inc.).
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3.4.5. Immunohistochemistry and quantification

Cells expressing IL-1a were identified by confocal IF labeling using a goat anti-mouse IL-
la polyclonal antibody (1:100 dilution, R&D Systems Inc.), and co-localized with the
myeloid cell marker CD11b (1:250, AbD Serotec) or markers of microglia such as ionized
calcium-binding adaptor molecule 1 (Ibal; 1:750, Wako Chemicals USA) and the GFP
reporter expressed under the control of the Cx3cr ! promoter (Cx3crl-eGFP transgenic mice).
The astroglial scar was visualized using the anti-GFAP antibody described above. Alexa
Fluor® secondary antibody conjugates (1:250, Life Technologies Inc.) were used as
secondary antibodies, whereas DAPI was used for nuclear counterstaining.

Immunofluorescence labeling was performed according to our previously published
methods (de Rivero Vaccari et al., 2012). Sections were observed and imaged on an Olympus
IX81 Fluoview FV1000 confocal microscope system equipped with 488 nm, 543 nm, and
633 nm lasers (Olympus Canada Inc.). Quantification of double-labeled cells was performed
manually at 40x using the Olympus confocal microscope. Results were presented as the total
number of IL-la-positive (+) cells per cross-section or the percent of IL-1a" cells that

expressed each of the two microglial markers (Ibal, GFP).

Tox3 protein expression was visualized by confocal IF microscopy using a rabbit
polyclonal anti-Tox3 antibody (1:100 dilution, Novus Biologicals Canada ULC).
Colocalization of Tox3 in neurons, oligodendrocytes and endothelial cells was performed
using the neuron-specific markers NeuN (1:250, EMD Millipore) and HuC/HuD (1:80, Life

Technologies Inc.), the oligodendrocyte marker CC1 (also referred to as anti-APC; 1:500,

130



Abcam) and the endothelial cell marker CD31 (also referred to as PECAM-1; 1:750, BD
Biosciences), respectively. For the quantification of NeuN' neurons and CC1*
oligodendrocytes expressing or not Tox3, the number of labeled cells was estimated by the
optical fractionator method using the Bioquant Nova Prime software (Bioquant Image
Analysis Corporation) on video images transmitted by a high-resolution Retiga QICAM fast
color 1394 camera (1392 x 1040 pixels, QImaging) installed on a Nikon Eclipse 80i
microscope. For this, the outline of the spinal cord gray matter (for the quantification of
neurons) or white matter (for the quantification of oligodendrocytes) was traced at 10x and
then sampled at 40x magnification. The counting parameters were as follows: sampling grid
size, 150 x 150 um (except for P3 mice, for which a sampling grid of 100 x 100 pm was used
instead); counting frame size, 50 x 50 um, and; dissector height, 14 pm. Cells were counted
only if their nuclei laid within the dissector area, did not intersect forbidden lines, and came
into the focus as the optical plane moved through the height of the dissector. Quantification
was performed on a total of 9 equally spaced sections (294 um apart) spanning 3 mm centered
at the lesion epicenter, since we noted in our previous work that the lesion normally extends
over approximately 3 mm in mice that received a 50-kdyn SCI contusion. For each section,
the total number of positively-stained cells was calculated by multiplying the total volume of
the spinal cord gray or white matter, as measured using the Bioquant Nova Prime software,
by the average number of cells per mm®. A relative number of cells that survived the trauma
was then estimated by adding the total number of positively-stained cells counted in each of

the 9 sections encompassing the lesion.

Immunoperoxidase labeling using the anti-7/4 antibody (1:800 dilution, AbD Serotec)

was performed to detect both neutrophils and proinflammatory M1 macrophages in the spinal
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cord of injured mice, as this antibody was recently shown to be specific for detecting these
two cell types in SCI tissue (de Rivero Vaccari et al., 2012). Immunoperoxidase labeling was
performed on spinal cord tissue sections directly mounted onto slides using CoverWell
incubation chambers (Life Technologies Inc.) and our previously published protocol (Pineau
and Lacroix, 2007), with the only difference that sections were pre-treated for 15 minutes
with proteinase K to improve immunolabeling efficiency. Following immunoperoxidase
labeling, tissue sections were counterstained with Luxol Fast blue (LFB) to visualize
damaged areas. For the quantification of neutrophils and M1 macrophages, the outline of the
coronal section was traced at 10x magnification, as described above, and a grid of 50 pm x
50 um positioned over the spinal cord using the Bioquant Nova Prime software. All 7/4" cells
were then counted at 20x magnification. Results were expressed as an average number of

positive cells per coronal section.

All quantifications were done blind with respect to the identity of the animals and the

epineurial layer excluded from analyses.

3.4.6. Lesion volume analysis

The calculation of areas of tissue damage and lesion volume after SCI was performed on 1
series of adjacent sections within a predetermined spinal cord segment, including the lesion
epicenter and sections located up to approximately 1.5 mm distal to the center of the lesion
in both directions (i.e., rostral and caudal). Fourteen-um-thick coronal sections were first
immunostained for GFAP and then counterstained with DAPI and FluoroMyelin™ to

visualize the glial scar and identify gray and white matter sparing, respectively. The analysis

was performed using the BioQuant Nova Prime computerized image analysis system
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(Bioquant Topographer XP plug-in). In each section, the total area of the coronal section was
first determined by manually tracing the contour at low magnification. Next, the outline of
necrotic and damaged tissue was traced at higher magnifications. Areas where normal spinal
cord architecture was absent and areas containing cellular and myelin debris surrounded by
the astroglial scar were considered as areas of tissue damage. The Bioquant Topographer

program was then used to reconstruct the injured spinal cord and measure lesion volume.

3.4.7. Toluidine blue staining and g-ratio analysis

The method used was previously described by Tremblay et al. (Tremblay et al., 2010). Mice
were perfused with a solution of 3.5% acrolein followed by 4% PFA in 0.1 M phosphate
buffer (pH 7.4). Two-mm-thick cross-sections of the thoracic spinal cord were left to post-
fix for 2 hours at 4°C in 4% PFA and then cut at a thickness of 50 um using a vibratome
(VT1000S; Leica Microsystems). Fifty-um-thick sections were next treated with 1% osmium
tetroxide and dehydrated into ascending concentrations of ethanol followed by propylene
oxide. The tissue was embedded into Durcupan resin and sections cut at a thickness of 1 pm
using an ultramicrotome (UC7; Leica Microsystems) and histology diamond knife. Semi-thin
sections were collected directly onto slides, stained with 0.1% toludine blue in sodium borate
and coverslipped. G-ratios were determined by dividing the axon diameter by the axon +
myelin diameter. Quantification was performed on a total of 200 myelinated axons per
animal. Half of the axons were imaged at 100x magnification in the ascending sensory tract
(AST) of the dorsal column and the other half in the lateral descending rubrospinal tract

(RST).
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3.4.8. Microarray analysis

Spinal cord segments of 6 mm-long centered over the lesion were rapidly dissected, frozen
in liquid nitrogen, and stored at -80°C until RNA extraction. Total RNA was isolated by TRI
Reagent and purified with the GenElute mammalian total RNA miniprep kit (Sigma-Aldrich
Canada Ltd.). Two hundred nanograms of total RNA was labeled using the Ambion® WT
Expression Kit protocol, as described by the manufacturer (Affymetrix, Santa Clara, CA).
The quality of total RNA, cDNA synthesis, cCRNA amplification, and cDNA fragmentation
was monitored by microcapillary electrophoresis (Bioanalyzer 2100, Agilent Technologies).
Five png of fragmented single-stranded cDNA was hybridized for 16 hours at 45°C with
constant rotation on a GeneChip® Mouse Gene 1.0 ST Array (Affymetrix). After
hybridization, microarrays (n = 12) were processed using the Affymetrix GeneChip Fluidic
Station 450 (protocol FS450 0007). In brief, staining was made with streptavidin-conjugated
phycoerythrin (SAPE; Affymetrix), followed by amplification with a biotinylated anti-
streptavidin antibody (Affymetrix), and by a second round of SAPE staining. Microarrays
were scanned using a GeneChip Scanner 3000 7G (Affymetrix) enabled for high-resolution
scanning. Images were extracted with the GeneChip Operating Software (Affymetrix GCOS
v1.4). Quality control of microarrays was performed using the AffyQCReport software

(Gautier et al., 2004).

Background subtraction and normalization of probe set intensities was performed
using the method of Robust Multiarray Analysis (RMA) described by Irizarry et al. (Irizarry
et al., 2003). To identify differentially expressed genes, gene expression intensity was
compared using an ANOVA test with a significance threshold < 0.001 and fold change of >

1.5, and a Bayes smoothing approach developed for a low number of replicates (Smyth,
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2004). False discovery rate (FDR) < 0.2 was used to adjust for multiple testing. This analysis
was performed using the AffylmGUI Graphical User Interface for the LIMMA microarray
package (Wettenhall et al., 2006), and Partek Genomics Suite (Partek Incorporated). All

microarray data compliant with the MIAME guidelines (http://www.mged.org/) were

deposited in the Gene Expression Omnibus (GEO) database

(http://www.ncbi.nlm.nih.gov/geo/), Accession Number (to be determined after publication

acceptance).

3.4.9. Real time quantitative RT-PCR (gRT-PCR)

Total RNA was isolated from spinal cords (exsanguinated) using the TRIzol method
following the manufacturer’s protocol (Life Technologies Inc.). RNA quantity and quality
were assessed using the RNA 6000 Nano LabChip and Agilent Bioanalyzer 2100. First-
strand cDNA synthesis was accomplished using 5 pg of isolated RNA in a reaction
containing 200 U of SuperScript™ III RNase H-Reverse Transcriptase (Life Technologies
Inc.), 300 ng of oligo-dT18, 50 ng of random hexamers, 50 mM Tris-HCI pH 8.3, 75 mM
KCI, 3 mM MgCI2, 500 uM deoxynucleotides triphosphate, 5 mM dithiothreitol, and 40 U
of Protector RNase inhibitor (Roche Diagnostics) in a final volume of 50 pl. The reaction
was incubated at 25°C for 10 min and then at 50°C for 1 h, and a PCR purification kit
(Qiagen) was used to purify cDNA (Life Technologies Inc.). Equal amounts of cDNA were
amplified in duplicate in a final volume of 10 pl containing 5 pL of 2X LightCycler 480
SYBRGreen I Master (Roche Diagnostics), 0.5 uM of forward and reverse primers and 2 pL
of cDNA (10 ng/ul). The primer pairs were: I//a, 5’-acctgcaacaggaagtaaaatttga-3’ and 5°-
actgaacctgaccgtacactcctcccgacgagtagge-3’; 111b, 5’-

actgaacctgaccgtacaaaatgccaccttttgacagtgat-3’ and 5’-cgtcaacttcaaagaacaggtcat-3’; Tox3, 5°-
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cctttcagactctcagcgatce-3’ and 5’-ctggeggtactgtgacacttgt-3°; 188, 5’-
actgaacctgaccgtacacggtacagtgaaactgcgaatg-3’ and 5°-ccaaaggaaccataactgatttaatga-3’; and
Gapdh, 5’-acgggaagctcactggcatgg-3° and 5’-atgcectgcettcaccaccttcttg-3’. The sequences
chosen were selected to match only the intended gene using the GeneTools software
(BioTools Inc.), and verified by BLAST analysis in GenBank. Amplification was performed
using the LightCycler 480 (Roche Diagnostics) and the following conditions: 2 minutes at
50°C, 4 minutes at 95°C, followed by 45 cycles of 10 seconds at 95°C (denaturation), 10
seconds at 60°C (annealing), 12 seconds at 72°C (elongation), and 5 seconds at 74°C
(reading). Amplification efficiencies were validated and normalized to /8S or Gapdh and

relative amounts of mRNA levels calculated using the standard curve method.

3.4.10. Behavioral analysis

Recovery of locomotor function after SCI was quantified in an open field using the Basso
Mouse Scale (BMS), according to the method developed by Basso et al. (Basso et al., 2006).

All behavioral analyses were done blind with respect to the identity of the animals.

3.4.11. Cell culture and transfection

The human oligodendrocyte cell line MO3.13 was obtained from Dr. Nathalie Arbour
(Centre hospitalier de I’Universit¢é de Montréal, Montréal, QC, Canada). Cells were
maintained in Dubelcco’s modified Eagle’s medium (DMEM) without sodium pyruvate (Life
Technologies Inc.) supplemented with 10% fetal bovine serum (FBS), 1X penicillin-
streptomycin (Pen-Srep) and L-glutamine (2mM). The pCMV 6 vector into which was cloned
the open reading frame of the human Tox3 transcript variant 1 fused to C-terminal c-Myc

and DDK tags was purchased from OriGene (Cat. No. RC218824; OriGene Technologies
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Inc.). Cells were plated 1 day prior to transfection at 30,000 cells/well (24-well plate) and
transfected with 0.5 pg of DNA using lipofectamine 3000 (Life Technologies Inc.),
according to the manufacturer’s instructions. Cells were trypsinized 48h post-transfection
and 750 pg/ml of G418 (Geneticin®; Life Technologies Inc.) was added to the media for
selection. After 2 weeks of selection, cells were passaged and cultured in medium containing

a reduced concentration of G418 (500 pg/ml).

3.4.12. Hypoxia and in vitro cytotoxic assay

To study the effect of TOX3 overexpression on cell survival, MO3.13 and TOX3-transfected
MO3.13 cells were cultured in hypoxic conditions and cell viability measured using the XTT
colorimetric assay (Roche Diagnostics), according to the manufacturer’s instructions. In
brief, cells were plated at a density of 25,000 cells per well in a 24-well-plate 1 day prior to
the experiment. For normoxic conditions, cells were maintained in DMEM with FBS, Pen-
Strep and L-glutamine, as previously described. For hypoxic conditions, cells were cultured
in DMEM, without glucose, supplemented with FBS, Pen-Strep and L-glutamine. Hypoxic
culture was performed in a sealed anaerobic chamber under vacuum to remove oxygen (5%
COz). Normoxic and hypoxic conditions were maintained for 24 hours, after which cells were
incubated for another 4 hours with the XTT reagent at culture conditions and absorbances
measured at 490 and 690 nm (reference wavelenght) using the Infinite® 200 Pro multimode

reader (Tecan Group Ltd.).

3.4.13. Immunoblotting

For quantification of protein levels, cells were plated at a density of 10,000 cells per cm? and

grown for 2 days prior to protein extraction. Cells were then harvested, rinsed in PBS and
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lysed for 30 minutes on ice in lysis buffer (20 mM HEPES pH 7.9, 300 mM KCI, 10%
Glycerol, 0.1% NP-40, 1 mM DTT) containing a protease inhibitor cocktail (Sigma-Aldrich
Canada Ltd.). The cell lysate was then centrifuged and the supernatant collected. Ten pg of
proteins were boiled and electrophoresed on SDS-polyacrylamide gel, followed by blotting
on PVDF membranes (PerkinElmer). Membranes were blocked for 1 hour with 5% dry milk
in TBST buffer (50mM Tris-HCL pH 8.0, 150mM NaCl, 0.05% Tween-20) and then
incubated overnight in 5% milk/TBST solution containing the rabbit anti-TOX3 antibody
(1:500 dilution, Novus Biologicals Canada ULC). A mouse monoclonal anti-GAPDH
antibody (1:5,000, Applied Biological Materials Inc.) was used as a protein loading control
and internal standard. Membranes were incubated with secondary antibodies conjugated to
horseradish peroxidase (1:2,500, Vector Laboratories Inc.) and cross-reactive bands

visualized by chemiluminescence (PerkinElmer).

3.4.14. Statistical Analysis

Statistical evaluations were performed with one- or two-way ANOVA or repeated-measures
ANOVA. Post-ANOVA comparisons were made using the Bonferroni correction. A
student’s t-test was performed for the statistical analysis of g-ratios and cell viability assay.
All statistical analyses were performed using the GraphPad Prism software (GraphPad

Software Inc.). A p value < 0.05 was considered as statistically significant.
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3.5. Results

3.5.1. IL-1a protein expression in the injured spinal cord precedes IL-1P

and is localized in microglia at the site of injury

Previous work has suggested that IL-1a released by cells undergoing necrosis could induce
sterile inflammation (Chen et al., 2007; Cohen et al., 2010; Rider et al., 2011). We thus
investigated whether IL-1a protein expression could be detected early in the injured mouse
spinal cord by confocal IF microscopy. While no IL-1a expression was observed in the spinal
cord of adult naive (uninjured) mice, IL-1o immunostaining became detectable in cells of the
spinal cord as early as 4 hours post-SCI, with the presence of 38 + 6 cells at the lesion
epicenter (Fig. 1a-b). This number had decreased to 15 + 1 cells by 24 hours (Fig. 1a-b). At
4 hours post-SCI, IL-1a™ cells were mainly found at the lesion epicenter and surrounding
damaged areas. On very rare occasions, a few IL-1a" cells were found proximal or distal to
the lesion site, while at 24 hours all IL-1a" cells were physically contained within the
contusion site. It should be noted that most of them had a ramified morphology reminiscent
of microglia (Fig. 1c-e). No IL-1a.-positive (+) cells were seen at 1 hour or 3 days after injury
(data not shown). In these experiments, immunostaining was performed using a polyclonal
anti-1L-1o antibody directed against the N-terminal (AA 6-166) part of murine IL-1a, thus
recognizing both the mature and precursor forms of the cytokine. This analysis revealed that

the IL-1a protein was detected in the cell nucleus as well as in the cytoplasm (Fig. 1c-e).

Taking advantage of transgenic Cx3crl-eGFP*" mice in which the GFP reporter
coding sequence is inserted in place of coding exons of the Cx3crl gene and is highly
transcribed in microglia, we confirmed that the vast majority of IL-1a" cells colocalized with
GFP-expressing cells following SCI, with an average colocalization percentage of 95 + 1%
at 4 hours (Fig. 1c-e). IL-1a" cells also colocalized with the myeloid cell marker CD11b and
the microglia/macrophage marker Ibal. At 4 hours post-SCI, a time that precedes the entry

of blood-derived macrophages, colocalization of the IL-1a protein with the Ibal marker was
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estimated to be 96 + 1%, indicating that microglia is the main source of IL-1a early after the
SCI.

To examine IL-1p production, we took advantage of pll1b-DsRed transgenic mice in
which the DsRed fluorescent protein gene is expressed under the control of the 111b gene
promoter (pll1lb). No DsRed expression was detected in the spinal cord of uninjured mice
(data not shown). Time-course experiments showed that DsRed marker expression was
almost completely absent at 4 hours, but increased thereafter to reach a peak at 24 hours post-
SCI (Fig. 1f). As for IL-1a" cells, IL-1B-DsRed" cells localized almost exclusively within the
lesion site. However, the morphological characteristics of these cells differed drastically, as
IL-1a" cells were typically ramified and arborized, whereas IL-1B-DsRed" cells were round.
As seen in Fig. 1g, DsRed" cells colocalized with 7/4-expressing cells (i.e. neutrophils and
monocyte-derived M1 macrophages), but only in rare occasions with Ibal-expressing
microglia. Taken together, these results indicate that microglia located as sites of SCI rapidly
(< 4 hours) respond to injury by expressing IL-1a, and that neutrophils and M1 monocytes
that infiltrate the lesion site starting at 6 hours further contribute to the IL-1 response by

producing IL-1.
3.5.2. Infiltration of neutrophils and proinflammatory “M1” macrophages

Is equally reduced in the injured spinal cord of IL-1a- and IL-1p-KO mice

To determine to what extent these cytokines are responsible for the early recruitment of innate
immune cells at sites of injury, we quantified the number of neutrophils and monocyte-
derived macrophages expressing the 7/4 antigen, which is specifically expressed at the
surface of both cell populations, but not in resident microglia (de Rivero Vaccari et al., 2012).

At 12 h after SCI, 1123 + 72 cells immunopositive for 7/4 were counted at the lesion
epicenter in wild-type (WT) mice (Fig. 2a). This number was reduced by 69%, 58% and 79%
in IL-1a-, IL-1B- and IL-1a/B-KO mice, respectively, with an average of 347 £ 79, 470 £ 45
and 237 + 114 cells at the lesion epicenter. Similarly, the number of Ly6G* neutrophils was
reduced by ~65%, 48% and 78% in IL-1la-, IL-1B- and IL-1o/B-KO mice, respectively,

compared with WT animals (Fig. 2b). To validate immunohistochemical data, cells were
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isolated from the spinal cord of contused mice at 12 hours and then characterized and
quantified by flow cytometry based on their expression of the following cell-surface markers:
CD45, CD11b, Ly6C, Ly6G, and F4/80. As shown in Fig. 2c-e, flow cytometry data
confirmed the significantly reduced presence of neutrophils (CD45" CD11b* Ly6C* Ly6G*
F4/807) and monocyte-derived M1 macrophages (CD45" CD11b* Ly6C" Ly6G™ F4/80%) in
SCI mice lacking IL-1o and/or IL-1p. The number of microglia (CD45%™ CD11b* Ly6C
Ly6G™ F4/80") did not significantly differ between groups (data not shown).

Altogether, these results suggest that cytokines of the IL-1 family are important
regulators of the infiltration of innate immune cells of the granulomonocytic lineage after
SCI.

3.5.3. Improved functional recovery and histopathological outcome in mice

harboring deletion of the Il1a gene after SCI

Neuroinflammation is considered as one of the leading causes of secondary bystander
damage in the injured spinal cord. Therefore, we next investigated whether the absence of
the I11a or 111b gene affects neuropathology in SCI. Evaluation was performed in an open
field using the 9-point BMS scale and the 11-point BMS subscore (Basso et al., 2006). Naive
IL-1a-KO, IL-1B-KO and WT mice all performed flawlessly and received perfect scores on
the BMS and BMS subscore scales. The situation was however different after a moderate (50
kdyn) traumatic SCI. As shown in Fig. 3a, IL-1a- and IL-1p3-KO mice recovered significantly
better than WT mice at 1 and 3 days post-SCI. Unlike IL-1p-KO mice, IL-1a-KO performed
significantly better than WT mice at 7 and 14 days as well. At day 14, more than 90% of IL-
1a-KO were mostly coordinated and had parallel paw position at initial contact (score > 7 on
the BMS), compared to 0% and 10% in WT and IL-1p3-KO mice, respectively. The average
BMS subscore of IL-1a-KO mice was 8.3 + 0.4 compared with 5.4 £ 0.3 for WT and 4.7 £
0.6 for IL-1B-KO mice at 14 days post-SCI (Fig. 3b). The extent and reproducibility of the
early locomotor recovery seen at day 1 post-SCI in IL-1a-KO mice compared with the other
two groups is best demonstrated by a dot plot showing individual BMS scores of all mice
included in the experiments (n=27 mice per group) (Fig. 3c). Importantly, we found that

deficiency in IL-1p attenuates production of IL-1a, but not the opposite, in the normal and
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injured spinal cord (Fig. 4). This raises the possibility that some of the effects seen in IL-1p-

KO mice compared to WT may be due to a reduction in IL-1a production.

Strikingly, lesion volume was also reduced in IL-1a-KO mice compared to IL-13-KO
and WT mice at day 35 post-SCI as judged by GFAP immunostaining which delimits the
lesion frontier (Fig. 3d). Together, these results suggest that deletion of the Illa gene

contributes to better functional recovery by reducing lesion volume after SCI.

3.5.4. Intrathecal antagonism of IL-1 receptor promotes early locomotor

recovery after SCI

We postulated that blockade of the signaling receptor for IL-1a, IL-1r1, early after SCI would
improve recovery and locomotor function. We therefore compared the effectiveness of the
most widely used inhibitor of IL-1 signaling, anakinra (a recombinant formulation of the
natural IL-1rl antagonist), given through two different routes of administration (i.v. vs. i.t.).
Remarkably, a single i.t. injection of anakinra given approximately 15 minutes after the
injury was effective at reducing behavioural dysfunction (Fig. 3e-f). In contrast, repeated i.v.
injections of anakinra post-SCI in C57BL/6 mice failed to improve functional recovery.
These data support our evidence that IL-1a is centrally produced and exerts its effects in the
vicinity of the SCI lesion. Furthermore, it strongly suggests that continuous i.t. infusion or
repeated i.t. injections of anti-1L-1a therapies could be an efficient way to prevent cell death

and functional loss after CNS insult.

3.5.5. Increased expression of Tox3 during spinal cord development and

after adult SCI in IL-1a-KO mice

To investigate the mechanism by which IL-1a mediates its detrimental effect after traumatic
SCI, we analyzed the transcriptome of the injured spinal cord of IL-1a-KO, IL-13-KO and
WT mice at 24 hours after injury using GeneChip microarrays. This time point was selected
because it corresponds to the earliest time at which functional recovery was detected in IL-
1a-KO mice compared to the other mouse lines. As expected, transcripts from genes involved
in neuroinflammation were found to be differentially regulated in the two IL-1-KO mouse
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lines compared to WT after SCI (data not shown). Surprisingly, this analysis also identified
18 genes differentially regulated in IL-1a-KO compared with IL-13-KO and WT mice with
no reported role in neuroinflammation (Table 1). Among those genes, the neuronal survival
factor Tox3, a member of the high-mobility group box (HMGB) family of transcription
factors that protects neurons from apoptotic cell death when overexpressed in vitro (Dittmer

et al., 2011), figured prominently and was studied in greater detail.

We first confirmed using gRT-PCR that Tox3 is significantly upregulated in IL-1a-
KO mice compared with IL-1B-KO and WT mice at 24 hours post-SCI, consistent with our
microarray data (Fig. 5a-b). Using IF confocal microscopy, we observed that the Tox3
protein is weakly expressed in the spinal cord of WT mice under normal conditions.
Nevertheless, co-staining of Tox3 with various makers of CNS cells, such as the neuronal
marker NeuN and the mature oligodendrocyte marker CC1, revealed that the Tox3 signal is
mainly localized in the nucleus of neurons and oligodendrocytes (Fig. 5¢c-d). Tox3 staining
was also associated with CD31" endothelial cells, but the contribution of this cell population
to the beneficial effect of IL-1a deficiency was ruled out by showing that endothelial cell
survival and spinal microvascular perfusion are unaltered in IL-1a-KO mice after SCI (data
not shown). Importantly, quantification of Tox3 immunostaining revealed that protein levels
of the survival factor were markedly increased in the spinal cord of adult naive IL-1a-KO
mice compared with IL-13-KO and WT mice (Fig. 5e). The overexpression concerned
mainly neurons and oligodendrocytes, with an approximate 130% and 200% increase in
signal intensity in these two cell types, respectively. This also translated into higher numbers
of neurons and oligodendrocytes expressing Tox3 in the adult spinal cord of naive IL-1a-KO
mice (Fig. 5f). On average, we counted 151 + 15 NeuN" Tox3" cells per section in the gray
matter of IL-1a-KO mice compared to 59 + 8 and 74 + 8 in IL-13-KO and WT mice,
respectively. The same also applied to oligodendrocytes, for which we counted 242 + 8 CC1*
Tox3" cells per section in the white matter of naive IL-1a-KO mice compared to 110 + 16
and 98 + 7 in IL-1B-KO and WT mice, respectively. The total numbers of NeuN™ neurons
and mature CC1" oligodendrocytes were similar between the three mouse strains under
normal, uninjured conditions (data not shown). Importantly, deletion of IL-1 genes did not

result in any differences in myelin thickness or axon calibre, as demonstrated by
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measurements of g-ratios in the spinal cord AST and RST (Fig. 5g-j). As expected, g-ratios
were positively correlated with axon diameter in both IL-1a/B-KO and C57BL/6 mice (Fig.
5i-J). Axons in the AST of IL-10/B-KO mice had an average g-ratio of 0.67 compared to 0.65
in C57BL/6 mice, while axons in the RST had g-ratios of 0.69 and 0.68 in I1L-1a/pB-KO and
C57BL/6 mice, respectively. Together, these results suggest that the absence of IL-1a could
mediate protection of spinal cord neurons and/or oligodendrocytes by a mechanism distinct

from its known inflammatory activities, potentially involving Tox3.

To determine whether Tox3 overexpression occurs during a specific period of CNS
development or later during adulthood, we performed immunostaining for Tox3 and
measured protein levels in the developing spinal cord of naive IL-1a-KO, IL-13-KO and WT
mice. As shown in Fig. 6, Tox3 protein levels were increased in the spinal cord of IL-1a-KO
mice compared with IL-1p-KO and WT mice during the postnatal period. Importantly, this
overexpression translated into much higher numbers of CC1* oligodendrocytes expressing
Tox3 in the spinal cord of naive IL-1a-KO mice than the other two groups of mice from P10
up to P30 (Fig. 6a-b). At P10, we counted as many as 102 + 30 CC1* Tox3" oligodendrocytes
per cross-section in the spinal cord white matter of IL-1a-KO mice compared to only 4 + 4
and 6 £ 4 in IL-1B-KO and WT mice, respectively. This represents a ~20- to 30-fold increase
in the number of oligodendrocytes expressing Tox3 in response to deletion of the I11a gene.
Interestingly, IL-la null spinal cords also contained increased numbers of mature
oligodendrocytes at P10 (Fig. 6¢). However, numbers of white matter CC1* cells returned to
control levels by P18. In contrast, the total number of NeuN™ neurons per cross-section
remained similar in all three mouse lines at all time points investigated postnatally, despite
seeing an increased number of NeuN* Tox3* neurons in IL-1a-KO mice compared to IL-1p-
KO and C57BL/6 mice at P10 and a trend toward significance at P18 (data not shown).
Together, these results suggest that IL-1a represses Tox3 in spinal cord oligodendrocytes
during early postnatal development, at around P10, which corresponds to the beginning of

the myelination process in the mouse spinal cord.

To confirm that IL-1a is normally produced during this developmental phase, we next
measured mMRNA levels for Il1a and 111b in the spinal cord of C57BL/6 mice at various times
postnatally (between P1 and P30) by real-time gRT-PCR. mRNA levels for Il1a, and to a
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much lower extent 111b, were found to be robustly increased between P10 and P18 (Fig. 6d).
Taken together, our findings indicate that deletion of the I11a gene promotes oligodendrocyte
survival in the developing mouse spinal cord. It also raises the possibility that IL-la
inhibition may protect oligodendrocytes from secondary cell death after traumatic SCI in

adult mice through upregulation of Tox3.

3.5.6. Oligodendrocytes from mice lacking IL-1a upregulate the survival

factor Tox3 and are protected from SCI-induced death

To investigate whether Tox3 overexpression persists in adult spinal cord neurons and
oligodendrocytes following injury, we next performed dual immunostaining for Tox3 and
neuron- or oligodendrocyte-specific markers (Fig. 7a). Intriguingly, Tox3 overexpression in
IL-10-KO mice was maintained in oligodendrocytes but completely lost in neurons at 24
hours after SCI, thus suggesting that the former cell type is more likely to be protected from
injury. To determine whether more neurons and oligodendrocytes were protected from SCI
in IL-1a-KO mice, and whether Tox3-expressing neurons/oligodendrocytes were more likely
to be protected from injury-induced death, we counted these cells in spinal cord sections
spanning the entire rostro-caudal extent of the lesion (i.e., ~3 mm centered at the lesion
epicenter). As expected, fewer NeuN™ neurons and CC1* oligodendrocytes were detected in
the injured compared with uninjured spinal cord, independently of the mouse line (data not
shown). On average, the neuronal and oligodendroglial cell loss in IL-13-KO and WT
(C57BL/6) mice was estimated to be around 50% at 24 hours post-SCI. Importantly, the total
numbers of CC1" oligodendrocytes, but not NeuN™ neurons, were significantly higher (by
more than 20%) in the injured spinal cord of IL-1a-KO mice at this time (Fig. 7b). In IL-10-
KO mice, a total of 2656 + 210 neurons and 3283 + 209 oligodendrocytes survived the injury
compared to 2746 + 186 and 2680 + 135 in IL-13-KO mice and 2759 £ 167 and 2707 + 133
in WT mice. Another important observation is that 75% of the CC1" oligodendrocytes that
overexpress Tox3 survived the injury in IL-1a-KO mice (Fig. 7c), while the survival rate of
CC1" Tox3" oligodendrocytes was around 40% in these same animals (Fig. 7c). CC1* Tox3"
oligodendrocytes normally account for 35% of the total number of CC1* oligodendrocytes in

the uninjured spinal cord of IL-1a-KO mice. Importantly, the acute protection response of
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oligodendrocytes resulting from Il1la gene deletion was maintained up to at least 14 days
post-SCI, with a trend toward significance at day 35 (Fig. 7d). Collectively, these data suggest
that Tox3 overexpression is protective in SCI and that CC1" Tox3" oligodendrocytes have a
greater capacity to survive the hypoxic, ischemic and inflammatory conditions of the lesion.

3.5.7. TOX3 overexpression protects human oligodendrocytes from

hypoxia-induced apoptotic cell death

Oligodendrocytes are essential to axon myelination as well as neuronal support in the CNS
(Oluich et al., 2012). After SCI, a considerable amount of oligodendrocytes located close to
the trauma are lost through apoptosis, in part due to the hypoxic-ischemic conditions
(McTigue and Tripathi, 2008). The consequences of that cell death are the demyelination of
multiple axons accompanied by the loss of axonal conduction, thus resulting in severe
functional impairments in the acute phase of SCI. To further explore the role of Tox3 in
oligodendrocyte survival, we next examined the effect of TOX3 overexpression in the human
oligodendroglial cell line MO3.13. First, we established that human MO3.13
oligodendrocytes constitutively express the endogenous TOX3 protein (67.5 kDa) (Fig. 8a),
and are therefore endowed with the necessary machinery to respond to this potential
protective factor. TOX3 was then overexpressed in MO3.13 cells by transfection of a vector
encoding human TOX3 fused to a Myc-DDK tag. Immunoblotting using the anti-TOX3
antibody confirmed overexpression of tagged-TOX3 (98 kDa) in the cell line and the
unchanged expression of endogenous TOX3 (Fig. 8a-b). The molecular weights of the
endogenous and tagged forms of the TOX3 protein are in agreement with those reported by
Dittmer et al. (Dittmer et al., 2011). The oligodendrocyte cultures were next subjected to 24
hours of hypoxia and cell viability was evaluated using the XTT assay. Importantly, MO3.13
oligodendrocytes overexpressing TOX3 survived in greater numbers (63 £ 4%) than either
GFP-transfected (44 + 5%) or untransfected cells (41 £ 2%) (Fig. 8c), thus supporting again

a protective effect of TOX3 overexpression against cell death.

Taken all together, our results indicate that IL-1a blockade protects oligodendrocytes
against cell death after injury through a mechanism involving overexpression of the nuclear

survival factor Tox3.
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3.6. Discussion

In this study, we show that deletion of the Il1a gene in mice results in decreased lesion
volume and improved functional outcome after SCI, an effect that we ascribe to an increased
survival of oligodendrocytes in damaged areas. Our data indicate that IL-1o is rapidly
produced by resident microglia after SCI, in line with a recent report from Luheshi et al.
using an ischemic brain injury model in mice (Luheshi et al., 2011). Specifically, we found
that IL-1o is produced and/or released at sites of trauma, and that IL-1o production by
microglia precedes both the infiltration of blood-derived innate immune cells, which we
found are the main cellular source of IL-1pB, and secondary damage to oligodendrocytes.
Importantly, the infiltration of neutrophils and monocyte-derived macrophages is severely
compromised in the injured spinal cord of IL-1a-KO mice. Our results thus support the
growing body of evidence that IL-1a is a damage-associated molecular pattern (DAMP)
molecule released by stressed or dying cells, thus enabling the recruitment of innate immune
cells (Chen et al., 2007; Eigenbrod et al., 2008). However, the loss of oligodendrocytes at
sites of SCI appears to be independent of the infiltration of neutrophils and macrophages, as
the recruitment of these two cell populations was equally reduced in both IL-1a- and IL-1p-
KO mice despite the fact that IL-la null mutants exhibited better locomotor recovery.
Another key new finding of this study is the discovery that the survival factor Tox3 is
overexpressed in oligodendrocytes as a result of deletion of the Il1a gene, and that this
overexpression occurs during the early postnatal period and lasts for the lifetime of the IL-
1a-KO mouse. Furthermore, oligodendrocytes overexpressing Tox3 in the spinal cord of IL-
1a-KO mice survived better than those not expressing Tox3 (in these same animals), as well
as those of IL-1B-KO and WT mice after SCI in vivo. Accordingly, in vitro data suggest that
overexpression of the TOX3 gene in human oligodendrocytes enhances cell survival under

hypoxic conditions.

Cohen et al. have recently reported that IL-1o associates with the chromatin and is
released with the cytoplasmic content as a result of necrotic cell death, but not apoptotic cell
death, following which it stimulates myeloid cell recruitment (Cohen et al., 2010). Although

our results indicate that IL-1a is released by microglia and initiates inflammation after SCI,
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we do not know whether this inflammatory response mediates secondary (bystander)
damage. Interestingly, the Allan group has recently shown that neutrophils acquire
potentially neurotoxic properties upon transmigration across IL-1-stimulated blood-brain
barrier (Allen et al., 2012). This particular study suggested that neurotoxicity could be
mediated by the action of neutrophil-derived proteases that are released in association with
decondensed DNA, referred to as neutrophil extracellular traps (NETSs). In addition,
monocyte-derived M1 macrophages identified by their production of proinflammatory
mediators are present in the injured spinal cord and neurotoxic when co-cultured with
primary neurons (Kigerl et al., 2009). A recent cell depletion study in SCI mice has further
revealed that preventing the recruitment of both neutrophils and monocytes is beneficial for
functional recovery (Lee et al., 2011). The evidence provided here, however, suggests that
microglia rather than neutrophils and M1 macrophages are involved in the death of
oligodendrocytes. Future studies will therefore be required to determine whether microglia
or other immune cells which rapidly infiltrate sites of SCI in response to IL-1a are those that

contribute to secondary tissue damage.

Pro-IL-1a and pro-IL-1B are expressed as 31-kDa polypeptides. Despite long-
standing evidence that the precursor form of IL-1a is biologically active, in contrast to pro-
IL-1PB, recent studies have challenged this view by showing that pro-IL-1o has minimal
activity, but its cleavage into a 17-kDa fragment by proteases such as calpain or granzyme B
enhanced biological activity by up to 10-50 fold in vitro and in vivo (Afonina et al., 2011,
Zheng et al., 2013). The processing and secretion of IL-1p is regulated by inflammasomes
(Lamkanfi and Dixit, 2012), and we now know that this is also partially the case for IL-1a,
at least in the context of exposition to microbial pathogen-associated molecular pattern
(PAMP) molecules (Gross et al., 2012). Here, we show that IL-1a is rapidly (within 4 hours)
produced by resident microglia after SCI, and that innate immune cells that are subsequently
recruited from the blood into sites of injury further amplify inflammation by producing IL-
1B. It remains unknown whether the effects of IL-la. on inflammation and secondary
degeneration are mediated by the proform or mature form of the cytokine. Assuming the
latter, it would of great interest to identify the mechanism involved in IL-1o maturation in
the context of CNS injury, especially since inhibitors of specific inflammasomes, caspase-1

and calpain are currently being developed and tested in the clinic for other
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indications/disorders (Pietsch et al., 2010; Dinarello, 2011; Lopez-Castejon and Pelegrin,
2012).

It is important to keep in mind that the IL-1p reporter mouse line has some limitations
despite being a powerful tool to study IL-1p protein expression in vivo. One of these
limitations is the slightly delayed kinetics of DsRed expression compared to IL-1B protein
expression, with a lag time reported to be between 3-12 hours depending on the model
(Matsushima et al., 2010). Another limitation is that the assessment of IL-1B protein
production through visualization of DsRed can only be done during the induction phase of
inflammation, because a certain level of fluorescence must be reached for cell detection and
because the half-life and clearance of the two molecules could slightly differ. This and the
fact that different species were used (rats versus mice) may explain why a previous study has
shown that neurons are the earliest source of IL-1f (de Rivero Vaccari et al., 2008), whereas

we failed to detect DsRed expression (i.e., IL-1B promoter activation) in these cells after SCI.

The most important conclusion that can be drawn from the comparison of IL-1a- and
IL-1B-KO mice is that despite showing a similarly reduced inflammatory response after SCI,
IL-10-KO mice exhibited better recovery of locomotor abilities and had reduced lesion
volume. This, combined with the early functional recovery seen at day 1 in IL-1a-KO mice,
suggests that these mutant animals are protected from SCI-induced neurodegeneration rather
than benefiting from improved regenerative abilities. It also suggests that the improved
functional recovery in injured IL-1a-KO mice is unlikely to be mediated by innate immune
cells recruited from the blood. Still, we cannot completely rule out the possibility that the
absence of IL-1a or IL-1B could have differentially affected the expression of specific
proinflammatory and cytotoxic effectors by the remaining immune cells recruited at the
lesion site. However, it must be pointed out that our microarray study failed to detect
significant changes in expression levels of inflammatory genes between the two IL-1 mouse

strains at day 1 post-SCI.

We found that a single i.t., but not i.v., injection of anakinra given immediately after
SCI improved locomotor recovery during the first week post-treatment. This suggests that

the drug either does not cross the blood-spinal cord barrier after SCI, or does so only weakly.
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Galea and colleagues have reported a slow passive penetration of anakinra into the CNS and
a large variability in concentrations measured in cerebrospinal fluid (CSF) when injected i.v.
at experimentally therapeutic concentrations (Galea et al., 2011). They estimated that only
1.6 £ 0.4% of i.v. administered anakinra crossed into the CSF of patients with subarachnoid
haemorrhage. Anakinra levels were found to rapidly decrease in plasma following cessation
of i.v. treatment (half-life of 33 £ 9 minutes). In contrast, anakinra was more stable in the
CSF, with an estimated half-life of 238 minutes (Galea et al., 2011). Similarly, a rat imaging
study reported a low uptake of radiolabelled IL-1ra in the normal brain because of the rapid
metabolism and excretion of anakinra (Cawthorne et al.,, 2011). As our data imply,
administering anakinra directly into the CSF, which irrigates the spinal cord parenchyma,
rather than systemically, may prove to be more efficient therapeutically. Intrathecal drug
delivery in patients with SCI is an achievable goal, as demonstrated by the anti-Nogo clinical
trial (Zorner and Schwab, 2010). Another alternative to achieve experimentally therapeutic
CSF concentrations might be to systemically inject a high loading dose followed by
maintenance therapy. A randomized phase Il study conducted in acute stroke patients showed
that an i.v. bolus dose of 100 mg of recombinant human IL-1RA followed by continuous i.v.
infusion at 2 mg/kg/h over 72 hours is safe and exhibited improved clinical outcome (Emsley
et al., 2005). Whether a similar i.v. regimen in SCI mice would result in superior outcomes

compared with the i.t. route remains to be investigated.

In contrast to the function of IL-1a, which remains uncertain, the role of IL-1p has
been relatively well studied in the context of CNS injury (Allan and Rothwell, 2001; Allan
et al., 2005). It has been proposed that IL-1 proteins have identical biological functions given
that both cytokines bind and activate the same cell surface receptor, IL-1r1, although a role
for IL-1r2 in the regulation of IL-1a activity post-necrosis has recently been highlighted
(Zheng et al., 2013). Thus, it may come as a surprise that IL-13-KO mice did not recover
locomotor function to the extent of IL-1a-KO mice after SCI. This could suggest that IL-1a
mediates CNS cell loss independently of IL-1rl, through a yet unidentified receptor.
Interestingly, a novel isoform of the IL-1r1 accessory protein, IL-1racpb, containing a variant
TIR domain and whose expression is restricted to CNS neurons has recently been implicated
in neuroprotection in animal models of neuroinflammation (Smith et al., 2009). Nguyen et

al. later reported that IL-lo-induced, but not IL-1B-induced, p38 phosphorylation is
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significantly reduced in primary neuronal cultures from IL-1racpb-KO mice (Nguyen et al.,
2011). This is convincing evidence that supports the idea that IL-1a has specific effects
within the CNS. Here, we have extended this work by identifying 18 genes that are regulated
by IL-la, but not by IL-1B, and through the demonstration that IL-la regulates
oligodendrocyte survival after SCI. It is important to note that the study by Smith et al.
assessed Il1racpb mRNA expression in purified neurons, microglia and astrocytes, but not
in oligodendrocytes. It is therefore possible that IL-la may exert its effects on

oligodendrocytes through a receptor other than IL-1r1, such as IL-1racpb.

Our genome-wide transcriptome analysis identified 18 genes as significantly up- or
down-regulated in IL-1a-KO mice compared with IL-13-KO and WT mice, among which is
the transcript coding for Tox3. Tox3 was recently shown to regulate Ca?*-dependent
transcription in neurons through interaction with the cAMP-response-element-binding
protein (CREB) (Yuan et al., 2009). Dittmer et al. have since established that Tox3 is
predominantly expressed in the CNS where it acts as a neuronal survival factor (Dittmer et
al., 2011). It was demonstrated that Tox3 overexpression in vitro protects neurons from cell
death via the upregulation of anti-apoptotic genes and downregulation of pro-apoptotic
genes. Here, our data show the presence of almost 3 times more neurons and
oligodendrocytes expressing Tox3 in the spinal cord of naive IL-1a-KO mice compared to
IL-1B-KO and WT mice, but this difference did not translate into an increased neuronal
survival in IL-1a-KO mice at day 1 post-SCI. Instead, deletion of the I11a gene distinctively
induced the survival of mature oligodendrocytes after SCI. Recently, Miron et al. unveiled
that alternatively-activated M2 microglia/macrophages are important for oligodendrocyte
differentiation and CNS remyelination (Miron et al., 2013). It will be of interest in future
work to determine whether the absence of IL-la could induce a phenotypic switch in
microglial polarization during the early developmental period, thus leading to gene

expression changes in oligodendrocytes.

In summary, we have established that deletion of the Il1a gene provides protection of
oligodendrocytes from SCI via a mechanism that involves overexpression of the survival
factor Tox3. Therefore, we propose that central inhibition of IL-1a or overexpression of Tox3

during the early acute phase of a CNS insult may be an effective means for preventing loss
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of neurological function in SCI, and may be extended to a variety of other acute injuries such

as ischemia and traumatic brain injuries.
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Figure 3.1. IL-1o protein expression in the injured spinal cord precedes IL-1p and is localized
in microglia at the site of injury.

(a) Representative confocal photomicrographs showing IL-1o immunostaining (red) in the spinal cord
of naive and injured C57BL/6 mice at 4 and 24 hours (h) post-SCI (n=6-9 mice/time). Note that no
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IL-1a signal was detected in the injured spinal cord of IL-1a-KO mice, thus confirming antibody
specificity. (b) Quantification of IL-1o+ cells in spinal cord sections taken both rostral (R) and caudal
(C) to the lesion epicenter at 4 and 24 h post-SCI. (c-e) Confocal photomicrographs showing co-
localization of the IL-1a protein (red) with the myeloid cell marker CD11b (c-d, purple) and the
microglial/macrophage markers Ibal (e, purple) and Cx3crl-eGFP (eGFP, green cells in panels c-e).
The nuclear staining DAPI is shown in blue. Also shown is the percentage of IL-1o+ cells that express
the microglia/macrophage markers Ibal and Cx3cr1-eGFP. (f) Imaging of IL-1B-producing cells (red
cells) in the injured spinal cord of plllb-DsRed transgenic mice at 4 and 24 h post-SCI. In these
transgenic mice, the DsRed fluorescent reporter is expressed under the control of the Il1b gene
promoter. (g) Confocal photomicrographs showing the co-localization of DsRed+ cells (red) with
7/4-expressing cells (green). (h) Quantification of DsRed+ cells in spinal cord sections taken both
rostral (R) and caudal (C) to the lesion epicenter at 4 and 24 h post-SCI (n=3 mice/time). Scale bars:

a, 100 ym; c-e (in e), 10 um; f, 100 um; g, 20 pm.
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Figure 3.2. IL-1 deficiency reduces neutrophil and M1 monocyte infiltration in the injured
spinal cord

(a-b) Quantification of the number of neutrophils and proinflammatory M1 macrophages, as
visualized by 7/4 (a) and Ly6G (b) immunostaining, at various rostral (R) and caudal (C) distances
from the lesion epicenter at 12 h after SCI (n=4-12 mice/group). (c-d) Quantification of the
proportions of M1 macrophages (c) and neutrophils (d) relative to total events in KO and WT
(C57BL/6) mice at 12 h after SCI. (e) Representative flow cytometry profiles showing the presence
of neutrophils (black dots; CD45" CD11b* Ly6C* Ly6G*) and monocyte-derived M1 macrophages
(dark gray dots; CD45" CD11b* Ly6C" Ly6G") in the spinal cord of a C57BL/6 and IL-1a/B-KO
mouse at 12 h after SCI (date are representative of n=4 mice). *, +, # p < 0.05; **, +, ## p < 0.01;
and *** 1%, ## p < 0.001, significant difference between KO and WT mice. Two-way repeated-

measures ANOVA with Bonferroni’s post-hoc test.
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Figure 3.3. Recovery of locomotor function and spinal cord lesion volume are improved as a
result of genetic or pharmacological IL-1e inhibition

(a-b) Locomotor function was assessed using the Basso mouse scale (BMS) (a) and BMS

subscore (b) over a 35-day period after SCI (n= 8-10 mice per group). (c) Dot plot showing

BMS scores assigned to individual mice of each mouse line at 1 day post-SCI (dpi) across all

experiments performed (n = 27 mice per group). Males are shown in black filled circles and

females in empty white circles. (d) IL-1a-KO mice had reduced spinal cord tissue damage at

35 days after injury (n= 8-10 per group). (e-f) Assessment of functional recovery using the
BMS (e) and BMS subscore (f) showed that intrathecal (i.t.), but not intravenous (i.v.),

anakinra treatment improves locomotion after SCI. Mice that received a single i.t. infusion
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of the IL-1 receptor antagonist anakinra (33 mg/kg) had significantly higher BMS scores and
subscores than those treated with anakinra i.v. (100 mg/kg) or PBS. Data are expressed as
means £ SEM. *, § p <0.05; **, 1 p<0.01; and ***, ¥F1 p <0.001. The analysis of variance
was performed using two-way repeated-measures (a-b, e-f) or one-way (c-d) ANOVA

followed by Bonferroni’s post-hoc test.
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Figure 3.4. IL-1p-KO mice have reduced ll-1a levels in their spinal cord compared to WT mice,
whereas IL-1a-KO mice express IL-1 normally
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Analyses were performed on IL-1a and IL-1p single knockout animals to ascertain whether
each of these genes could compensate for loss of the other under both naive and injury
conditions. (a-b) Quantitative real time RT-PCR (gqRT-PCR) analysis shows decreased
expression of I11a mRNA in IL-1B-KO mice, while no changes in 111b mRNA levels were
detected in IL-1B-KO mice at day 1 post-SCI. The results were normalized to 18S mRNA
levels. (c) Quantification of IL-1a" cells in spinal cord sections taken both rostral (R) and
caudal (C) to the lesion epicenter at 4 hours post-SCI in WT and 1L-1B-KO mice. Data are
expressed as means = SEM. ***p < 0.001, *p < 0.05; one-way ANOVA with Bonferroni’s

post-hoc test.
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Figure 3.5. Expression of the survival factor Tox3 is increased in the injured spinal cord of IL-
lo-KO mice

(a) Microarray analysis of gene expression shows that Tox3 mRNA is differentially expressed (i.e.
upregulated) in the spinal cord of IL-1a-KO mice compared with 1L-13-KO and C57BL/6 mice at
day 1 post-SCI. Data are expressed as an average microarray hybridization signal (n = 4 mice per
group). Normalization of probe set intensities was performed using the method of Robust Multiarray
Analysis (RMA). (b) Quantitative real time RT-PCR (qRT-PCR) analysis confirms increased

expression of Tox3 in the injured spinal cord of IL-1a-KO at day 1 post-SCI. Data are expressed as a
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ratio to Gapdh mRNA levels. (c-d) Confocal photomicrographs showing Tox3 immunostaining (red)
in the spinal cord of a naive C57BL/6 mouse. Note that the Tox3 protein is weakly expressed and
localized specifically in the nucleus of oligodendrocytes (CC1, green cells in the upper right panel)
and neurons (NeuN", green cells in the lower right panel) in adult C57BL/6 mice. The nuclear staining
DAPI is shown in blue and the right-most panels are an overlay of the three colors. (e) Quantification
of Tox3 immunostaining intensity in spinal cord oligodendrocytes and neurons of adult naive mice
from the three strains. (f) Quantification of the total number of CC1* oligodendrocytes and NeuN*
neurons expressing Tox3 in the spinal cord white and gray matter, respectively, of naive mice. (g-h)
Representative high-magnification photomicrographs showing toluidine blue-stained semi-thin
sections prepared from the spinal cord of adult naive IL-1a/B-KO and C57BL/6 mice. The dorsal
ascending sensory tract is shown in both images. (i-j) Scatter plots showing g-ratios as a function of
axon diameter for naive IL-1o/B-KO and C57BL/6 mice. G-ratios measurements were performed in
the ascending sensory tract (AST) of the dorsal column (i) and lateral descending rubrospinal tract
(RST, j) (200 axons/mouse; n = 5 mice per group). All data are expressed as means £ SEM. ***p <
0.001, **p < 0.01, *p < 0.05; one-way ANOVA with Bonferroni’s post-hoc test. Scale bars: c-d, 10
pm; g-h (in h), 10 pm.
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Figure 3.6. Tox3 overexpression in oligodendrocytes of IL-1a-KO mice occurs during spinal
cord development

(a) Confocal photomicrographs showing the presence of Tox3 immunostaining (red) in spinal
cord white matter oligodendrocytes (CC1* cells, green) of neonatal naive IL-1a-KO mice,
but not C57BL/6 mice, at postnatal day (P) 10. The nuclear staining DAPI is shown in blue.
(b-c) Quantification of the total numbers of CC1* Tox3"* (b) and CC1" (c) oligodendrocytes
in the spinal cord white matter of IL-1a-KO, IL-13-KO and C57BL/6 mice at P3, P10, P18
and P30. (d) Quantitative real time RT-PCR analysis confirms increased expression of Il1la
MRNA, and to a lower degree [11b mRNA, in the spinal cord of WT mice during the postnatal
development period, at times that coincide with Tox3 overexpression in IL-1a-KO mice.
Quantitative RT-PCR data are expressed as a ratio to Gapdh mRNA levels. ***p < 0.001,
**p < 0.01, *p < 0.05; compared to both C57BL/6 and IL-1B-KO mice (b-c) or P1 mice (d),
two-way ANOVA with Bonferroni’s post-hoc test. Scale bar: a, 25 pm.
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Figure 3.7. IL-la deficiency upregulates expression of the survival factor Tox3 in
oligodendrocytes and protects these cells from death after SCI

(a) Representative confocal photomicrographs showing CC1 (green) and Tox3 (red)
immunostainings in the injured spinal cord of C57BL/6 mice as well as IL-1a- and IL-1B-
KO mice at 1 day post-injury (dpi). (b) Quantification of the total number of CC1*
oligodendrocytes and NeuN* neurons in spinal cord sections spanning the entire rostro-
caudal extent of the lesion (i.e. ~3 mm centered at the lesion epicenter) at 1 dpi. (c) Percentage
of spinal cord white matter CC1" oligodendrocytes that survived the injury in relation to their
expression of Tox3 for the three strains at 1 dpi. (d) Quantification of the total number of
CC1" oligodendrocytes in the white matter of the spinal cord cross-section located at the
lesion epicenter for all three mouse lines at 1, 14 and 35 dpi. Data in b-d are expressed as
means = SEM. ***p < 0.001, **p < 0.01, *p < 0.05. The analysis of variance was performed
using a one-way (b-c) or two-way (d) ANOVA followed by Bonferroni’s post-hoc test. Scale
bar: a, 10 um.
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Figure 3.8. TOX3 overexpression protects human oligodendrocytes from hypoxia-induced cell
death

(@) Immunoblotting using the anti-TOX3 antibody confirmed the presence of endogenous TOX3
(67.5 kDa) in untransfected and transfected human oligodendrocytes (MO3.13 cell line), as well as
overexpression of TOX3-Myc-DDK (98 kDa) in stably transfected cells only. (b) Quantification of
relative density of endogenous and tagged-TOX3 in untransfected and transfected M0O3.13 cells. (c)
Oligodendrocyte cultures were subjected to 24 hours of hypoxia and cell viability quantified using
the XTT assay. Note that MO3.13 oligodendrocytes overexpressing TOX3 survived in greater
numbers than untransfected cells. Data are expressed as means + SEM. ** p < 0.01, *p < 0.05,

compared with untransfected cells using a Student’s t-test.
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3.10. Tables

(57BL/6 Il-Lee-KO II-LB3-KO
Gene name Gene symbol Mean SD Mean SD FC Mean SD FC
Short coiled-coil protein Scoc 432.25 37.66 120.40 1133 —3.59 408.36 1452 —1.06
WD repeat and FYVE domain containing 1 Wdfy1 370.99 14.16 21017 11.39 —1.77 37091 2173 —1.00
Phosphatidylserine decarboxylase, pseudogene 1 Pisd-ps1 883.29 12276 556.31 39.28 —1.59 754.47 79.99 —1.17
RIKEN cDNA 493343620 gene 4933436C20Rik 163.97 11.31 108.85 6.72 —1.51 162.18 18.34 —1.01
INRD1T antisense RNA Inrdlas 167.69 537 112.35 26,74 —1.49 190.08 1497 113
ELMO domain containing 2 Elmod2 397.21 27.63 28137 21.82 —1.41 395.99 15.78 —1.00
tRNA methyltransferase 6 homolog Trmt6 342.95 17.67 244.66 18.48 —1.40 33138 33.56 —1.03
(Saccharomyees cerevisiae)
Methylthioribose-1-phosphate isomerase Mril 343.01 2414 258.44 6.92 -133 358.50 21.88 1.05
homolog (S. cerevisiae)
Growth arrest and DNA damage-inducible, Gadd45gip1 618.37 2173 468.26 19.69 —132 630.84 15.87 1.02
interaction
G-protein-coupled receptor 34 Gpr34 61.08 7.96 76.42 5.80 1.25 60.86 434 —1.00
Coenzyme Q9 homolog (yeast) Coq9 791.47 54.76 1089.57 55.82 138 802.91 43.05 1.01
Hydroxysteroid 11-3 dehydrogenase 1 Hsd11b1 189.43 738 261.01 21.76 138 211.42 17.90 1.12
X-linked lymphocyte-requlated 3A XIr3a 60.63 9.09 89.50 10.82 1.48 61.51 6.70 101
X-linked lymphacyte-requlated 3C Xir3c 51.28 489 76.46 10.82 1.49 54.50 4.49 1.06
TOX high-mobility group box family member 3 Tox3 277.95 10.26 419.95 32.27 1.51 294.00 13.58 1.06
Ectonucleoside triphosphate diphosphohydrolase Entpd4 1088.09 36.67 1770.74 37.56 1.63 1151.26 5117 1.06
X-linked lymphocyte-regulated 3B Xir3b 4224 392 70.96 12.43 1.68 46.81 5.98 1.1
Predicted gene 10002 Gm10002 23.45 0.45 102.69 8.83 438 2335 1.24 —1.00

Affymetrix GeneChip microarrays were used to generate gene expression profiles of I-1a-K0, II-13-KO, and (57BL/6 mice at day 1 post-5CI. FC, Fold change compared to the C57BL/6 control group. All mice in this analysis received a spinal
cord injury.

Table 3.1. Transcripts differentially regulated in the spinal cords of l111a-KO mice compared
with 111b-KO and C57BL/6 mice after SCI
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Discussion & Conclusion

During the work of my thesis, we first tried to identify the dynamics of microglia following
SCI, since the vast majority of the literature to date did not distinguish microglia cells from
MDMs, and even merged both cell types under the name of microglia/macrophages. We first
traced the dynamics of microglia after SCI, using the best transgenic mouse model
available/described at the time that the project started. We described phenotypic changes
occurring in microglia and MDMs based on their respective of cell-specific fluorescent
markers. Multiple immunofluorescence staining suggested that microglia participate in the
formation of the glial scar and sequestered MDMs at the core of the lesion. Microglia formed
what we now referred to as the “microglial scar”, based on my original idea, which consists
in a layers of tightly-connected microglia at the rim of the lesion, at the interface between

infiltrated MDMs and reactive astrocyte endfeet.

Furthermore, we uncovered some of the functions of microglia after SCI. For this, we used
pharmacological approaches and transgenic mouse models to selectively deplete microglia.
Pharmacological blockade of CSF-1R with a molecule that crosses the BBB, compared to a
similar molecule that did not, revealed that microglia facilitate locomotor recovery following
SCI. The first week post-SCI was identified as the time window when microglia exert most

of their beneficial effects following SCI.

Lastly, we tried to modulate the microglial response in an attempt to identify the molecular
mechanisms by which microglia mediate their beneficial effects. As a recent study (below)
revealed that the astrocytic response is determined by cytokines released by activated
microglia in models of neuroinflammation (LPS) and CNS injury (optic nerve crush), we also
aimed at investigating the role of the cytokine IL-1a in SCI. Liddelow and colleagues have
shown that proinflammatory cytokines IL-l1o and TNF both induce a neurotoxic Al
phenotype, whereas anti-inflammatory cytokines such as TGF-B1 induced a neuroprotective

A2 phenotype’*®. Along these lines, we first demonstrated that microglia are the main cellular
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source of IL-1a following SCI. Importantly, we demonstrated that Il1a-KO mice are
protected early on from SCI and found that oligodendrocytes have the tendency to survive
better in these mice, via an anti-apoptotic mechanism that involves TOX3. Accordingly, the
acute injection of anakinra, an IL-1R1 antagonist, directly into the CSF, protected mice from
SCI. Thus, blocking signaling by proinflammatory cytokines such as IL-1a is promising
therapy that may help reduce tissue loss and functional deficits after SCI. Based on studies
involving microglia depletion strategies, in which we found that activated microglia release
growth factors (e.g. IGF-1) and anti-inflammatory cytokines (e.g. TGF-1) susceptible of
helping tissue repair, we also tried to favor the beneficial effects of microglia. Although we
failed to induce astrocyte proliferation, migration and scarring using recombinant TGF-f1,
we found that IGF-1 promoted all of these responses, which may perhaps explain why
microglia are beneficial after SCI. Although we identified IGF-1 as neuroprotective
candidate, this growth factor could not be incorporated into an hydrogel to be locally
delivered in a sustained manner at the site of SCI. We thus opted for a more general treatment
(i.e. delivery of recombinant MCSF) known to induce microglia proliferation and targeted
the first week post-SCI as therapeutic time window. MCSF incorporated into an hydrogel,
which can provide a sustained release for at least 1 week®, was placed at subdural level at
the site of injury right after the contusion. Importantly, data showed improved locomotor
recovery in SCI mice treated with MCSF. Therefore, modulating the microglial response, by
favoring the release of pro-repair factors or blocking the release of neurotoxic molecules,

appears to be a promising target,

In the following sections, | will discuss our most recent discoveries and put our work in
perspective with the literature existing on the role of microglia in SCI. Finally, I will discuss

the future directions and conclude.

4.1. The early microglial response following SCI

After SCI, many cells that reside in the spinal cord die as a consequence of the impact. Over
the years, the microglial response has often been under- or over-estimated because of the
confusion that exists with the response of MDMs®®2. Here, we found that the number of

microglia is reduced between 20% to 60% along the entire rostro-caudal spinal cord axis by

176



24 hours post-injury®. The death of microglia is partially mediated by apoptosis, as
demonstrated by the presence of cleaved caspase-3 in some of these cells. Although we
cannot discard other mechanisms of cell death (e.g. necroptosis), we failed to detect the
presence of markers such as RIKP3 and MLKL in microglia. Following the impact, activated
microglia retract their cell processes and profoundly change their behavior®. Prior to our
work, it was generally accepted that microglia rapidly migrate towards the site of injury, as
it occurs following a laser-induced CNS lesion, following which microglia typically send
their ramifications within literally minutes in direction of the gradient of ATP that is
extracellularly released around the lesion?’**®, However, a recent study suggested that
excessive amounts of ATP in the tissue environment, as it occurs in the spinal cord
parenchyma after injury, may impair the microglial response®®. In this thesis, we clarified
this ambiguity by showing that microglia undergo profound functional and phenotypic
changes (e.g. loss of P2Y12 expression, gain of CD68 expression, switch from ramified to
an ameboid morphology), and migrate towards the core of the lesion in a stepwise manner

over the first week post-SCI®°.

During this early response, dead and dying microglia initiate the inflammatory response by
releasing DAMPs. Indeed, we demonstrated that microglia release alarmins such as IL-1a as
early as 4 hours post-SCI’°. Among the functions of this early release of cytokines by
activated microglia is the recruitment of blood-derived myeloid cells®®. Accordingly, 111a-
KO showed reduced infiltration of myeloid cells (i.e. neutrophils and M1 monocytes) at 24h
post-SCI compared to wild-type mice®®. Thus, our findings confirm prior observation made
in peripheral tissues, where the release of pro-1L-1a from necrotic cells was found to promote
sterile inflammation and myeloid cell recruitment’®. IL-1a also favored neutrophil
recruitment in ischemic condition’. Thus, based on our finding that CNS blood vessels
express IL-1R17%3%7 we hypothesize that IL-1o may activate endothelial cells to recruit
myeloid cells. Interestingly, we showed a reduction in monocyte recruitment after SCI in
microglia depletion experiments, highlighting the importance of these cells as well in

myeloid cell recruitment®,
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4.2. The late microglial response

During my thesis work, we took advantage of the Cx3cr1°"::Rosa26-TdT mouse line to
better understand the spatial and temporal distribution of microglia following SCI. We
reveled that microglia surrounding the lesion epicenter adopt an ameboid phenotype starting
at 4 days post-SCI, which is in drastic contrast to their ramified morphology at day 1%.
Notably, not only the phenotype of microglia had changed at 4 days post-SCI, but also the
microglial cell counts with numbers 4 times higher than at day 1. This accumulation of
microglia around the primary site of contusion may be explained by the migration and/or
proliferation of these cells. Supporting the latter, about 50% of all microglia were actively
proliferating at 4 days post-SCI8. Further accumulation occurred during the following days,
with a peak at 14 days post-SCI. At 35 days post-SCI, microgliosis had partially resolved and
total microglia cell numbers were reduced by half compared to day 14. Although most cells
still had an ameboid shape, some microglia had returned to a homeostatic phenotype, as

defined by an increased in ramifications and an upregulation of P2y12 expression®®.

Importantly, we also revealed the spatio-temporal distribution of MDMs following SCI.
Coinciding with the accumulation of microglia around the lesion site at 4 days post-SCl,
myeloid cells were recruited from the blood at roughly the same time, as revealed by the
presence of CD68* TdT  cells®®. At 7 days post-SClI, total cell counts for microglia and
infiltrated myeloid cells were similar at the epicenter®®. Afterward, myeloid cells started to
accumulate at the lesion core, while microglia accumulated in the penumbra. With the help
of astrocytes and pericytes/fibroblasts, microglia formed a dense scar tissue that kept MDMs
at the lesion core®. We determined that the mature microglial scar was fully formed by 14
days post-SCI, and maintained until at least day 35%°. The identification of the microglial scar
contrasts with the results of Shecther and colleagues who reported using radiation bone
marrow chimeras that MDMs are restricted to the margins of the lesion and excluded from
the center of the lesion?®. Rather, we found that the margins (borders) of the lesion are
entirely occupied by microglia and pericytes/fibroblasts, whereas MDMs are confined to the
center of the lesion. This once again shows that, although radiation bone marrow chimeras

remain a useful tool, data generated using them must be interpreted with care because: 1)
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whole-body irradiation harms the blood-CNS barriers and impairs the proliferative capacity

of microglia®!

, and ii) HSCs and their progenitors are artificially introduced in the
bloodstream as a result of the bone marrow transplant, thus creating a bias towards cells of

the hematopoietic compartment?1-6,
4.2.1. Microglia promote adequate glial scar formation

The formation of the glial scar is a key element in the prognosis of SCI. The interruption of
astrocyte reactivity, using various genetic and pharmacological approaches, has been
associated with enhanced myeloid cell infiltration and inflammatory events, increased
neuronal death, and impaired locomotor recovery (please see the Introduction section on the

role of the glial scar)®87112,

During my thesis work, we identified microglia as one of the key regulators of the formation
of the glial scar. Not only microglia directly interacted with astrocytes, but also released
several factors, such as IGF-1, which regulated astrocyte proliferation/migration. The lack of
microglia or inhibition of IGF-1 using a pharmacological inhibitor both impaired astrocyte
proliferation and glial scar formation®. Interestingly, microglia depletion resulted in an
increased presence of satellite lesion consisting of non-parenchymal tissue filled with
infiltrating myeloid cells. Recently, Hong and collaborators showed that the injection of
imidazole-poly(organophosphazenes) hydrogels reduced the number of cystic cavities and
improved locomotor performance in SCI rats®®?. They associated the reduced cavitation to
the interaction between the imidazole moiety and histamine receptors at the surface of
microglia/macrophages. Our findings suggest that microglia rather than macrophages may
account for these beneficial effects. Nonetheless, it will be of interest in future work to further
investigate how signals derived from the microglial scar influence formation of the astroglial

scar.
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4.3. Future directions

4.3.1. Il11a gene deletion protects oligodendrocytes after spinal cord injury

through upregulation of the survival factor Tox3

In the study presented in Chapter 3, we described the differences between Il1a- and 111b-KO
mice after SCI. Both cytokines were highly upregulated following SCI. Although IL-10 was
mainly produced by microglia, IL-1p was expressed by infiltrated myeloid cells, peaking at
day 1 post-SCI. 111b-KO mice showed a reduction in myeloid cell infiltration, but the long-
lasting locomotor recovery observed in 111a-KO mice could not be seen in 111b-KO mice™.
We determined that the protective effect observed in the absence of the Illa gene was
associated with an upregulation of the survival factor TOX3 in oligodendrocytes. It was
previously demonstrated that the upregulation of TOX3 in transfected neurons, namely the
Neuro2a cell line, protected these cells from death upon tunicamycine exposure, a drug that
causes reticulum endoplasmic stress**®. Neurons were protected by the upregulation of anti-
apoptotic genes, including Bcl2 and BclxI*®®. In the same vein, we also demonstrated that
TOX3 overexpression in transfected oligodendrocytes, namely the MO3.13 cell line,
protected these cells from ischemia’™. However, we do not know at this point whether
microglia-derived IL-1a has a direct or indirect effect on oligodendrocytes. Additional
experiments will be required to investigate the effects of IL-1a on oligodendrocytes. In a
recent study, Liddelow and collaborators demonstrated that IL-1a induced a neurotoxic Al
astrocyte phenotype!®®. Maybe those primed astrocytes induced oligodendrocyte cell death
after SCI?

The fact that TOX3 was upregulated in oligodendrocytes of 111a-KO mice during the
postnatal developmental period suggests that microglia regulate oligodendrocyte functions
during development. The IL-1 system has been proposed to modulate microglial cell
dynamics within the CNS. Indeed, the IL-1o/IL1R1 interaction regulates microglial
proliferation following microglia depletion®3t. Matcovich and collaborators revealed that the
I11a gene is significantly regulated by microglia during embryogenesis and postnatal brain
development!®. Therefore, many questions remain open regarding the role of the IL-1 system
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in CNS development. One of these questions is whether microglia from Il11a-KO mice
enhance their production of growth factors, such as IGF-1, during CNS development, thus
affecting oligodendrocyte development? Another key question is whether IL-1a influences
other cell types, such as astrocytes, which then regulate oligodendrocyte maturation and

development?

During our investigations, we were also able to promote functional recovery after SCI
through an acute injection of anakinra in the cisterna magna, but not intravenously. Another
group also showed beneficial effects of chronic anakinra treatment after SCI7%47, The
beneficial effects were associated with a reduction in cellular apoptosis at the lesion site’®4',
The incorporation of anakinra in a gelatin sponge placed at the surface of the injured spinal
cord promoted locomotor recovery in rats**. Although we considered that the beneficial
effects observed were related to the protection of oligodendrocytes, further studies will be
needed to confirm this hypothesis. During my thesis’ work, we tried to achieve a sustained
release of anakinra to increase its beneficial effects, but without any success. Although we
found that delivery of anakinra in vitro using hydrogels blocked IL-1R1 signaling, we could
not reproduce these findings in an in vivo SCI setting. Thus, many questions remain
unanswered with regard to hydrogel drug delivery. Is the drug concentration released in vitro
sufficient to block IL-1R1 signaling in vivo? If yes, is anakinra released fast enough from the
hydrogels to interfere with IL-10/IL-1R1 signaling before the 4-hour time point (i.e. peak of
IL-10 production)? Does anakinra penetrate to deeper spinal cord levels (e.g. gray matter)?

4.3.2. Microglia are an essential component of the neuroprotective scar

that forms after spinal cord injury

In the study presented in Chapter 2, we described the spatio-temporal distribution of
microglia. Importantly, we identified several microglia phenotypes, which varied from the
classical ramified microglia, which expressed P2Y12, to the ameboid microglia, which
upregulated CD68. Recently, at least 3 different phenotypes have been described using single
cell RNA-seq in Alzheimer’s disease®'®. First, homeostatic microglia expressing markers
such as P2y12, Cx3crl and Tmem119. Second, damage-associated microglia (DAM) which
downregulated homeostatic markers and upregulated markers such as Axl, Apoe, Lyz2, Csf,
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Trem2, Itgax, Cd63, and which were associated to B-amyloid plaques. Lastly, a third
phenotype found in between the two previous populations. The authors also suggested that
DAM could be observed in many different CNS disorders. During my thesis work, we found
that ameboid microglia downregulate TMEM119 at the protein level and upregulate markers
suchas CD11c, AXL and TREM2. Instead, MHCII was restricted to infiltrating myeloid cells
and border-associated macrophages®®2%, thus suggesting that DAM are also present
following SCI. What is the function of DAM after SCI? Are there more subsets of DAM after
SCI? Are DAM in the proliferation phase? Are DAM found at 3 days similar to the ones
detected at 14 days post-SCI, which correspond to the beginning of the chronic phase? Can

we modulate these cells for beneficial purposes after SCI?

We showed that microglia rapidly proliferate during the first week post-SCI. As well, as other
authors found before us, we demonstrated that microglia rapidly repopulate the CNS
following cessation of exposure to the CSF1R antagonist PLX5622178%21% Bruttger and
collaborators previously identified the IL-1a/IL1R1 interaction as a key signal for mediating
microglia proliferation following prior cell depletion experiments®l. As demonstrated in a
model of peripheral nerve injury, MCSF/CSF1R signaling may also promote spinal cord
microgliosis®*®. Thus, microglia proliferation is probably regulated by several different
pathways. Several questions remain in that regard. What are these other signals that regulate
microglia proliferation? Are the signals identified following pharmacologically-induced
microglial cell depletion-repopulation similar to those that regulate repopulation in the
context of CNS injury? Can these signalling pathways be harnessed to favor spinal cord repair

and functional recovery?

During the microglia repopulation experiments using the CSF1R antagonist, we identified
another cell type that proliferated along with microglia, i.e. oligodendrocytes.
Oligodendrocytes are known to proliferate and differentiate into myelinating
oligodendrocytes in the injured adult CNS. The myelinating capacity of newly-generated
oligodendrocytes promotes motor learning during training®. Interestingly, several reports
associated a poor prognosis of recovery after SCI to a reduced number of oligodendrocytes
and extended areas of demyelination’®8%127:563 Therefore, enhancing the survival of

oligodendrocytes and/or the production of OPCs seems to be a promising therapeutic avenue
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for SCI. We demonstrated in Chapter 3 that microglia may affect oligodendrocyte survival
by releasing 1L-1a’®. However, in the absence of microglia, oligodendrocyte numbers are
reduced. Therefore, one may ask whether the reduction in oligodendrocyte numbers
following microglia depletion is related to the exacerbation of tissue damage after SCI?
Instead, could it be that the reduction was caused by a deficiency in the proliferative
capacities of oligodendrocytes due to the absence of a key microglia-derived growth factor?
In line with the second option, the identification of factors that influence oligodendrocyte cell

proliferation in microglia repopulation experiments may be of great relevance for SCI.

We identified IGF-1 as one of the main microglia-derived factors that influence glial scar
formation. Indeed, the stimulation of primary astrocytes in vitro with recombinant IGF-1
enhanced their proliferative capacity. On the contrary, the administration of OSI-906, an IGF-
1R antagonist that crosses the BBB®®, inhibited astrocyte proliferation, but failed at
influencing functional recovery. Importantly, the administration of IGF-1 either by the
central or peripheral route protected neurons from apoptosis and reduced infarct volumes
after stroke>>*>°, Genetic overexpression of IGF-1 in astrocytes enhanced neuronal survival
and improved cognitive function following TBI*’. Collectively, these findings suggest that
the administration of IGF-1 could be an envisageable therapy after SCI. However, in our
previous studies in which attempted to deliver IGF-1 in a sustained-fashion to the site of SCI,
we failed to incorporate IGF-1 in hydrogels due to the electrostatic incompatibility between
IGF-1 and the hydrogel. In future work, we propose to inject IGF-1 directly into mice, either

by a central or peripheral route, in an attempt to promote functional recovery after SCI.

4.4. Conclusion

The overall work described in this thesis focuses on better understanding the role of microglia
in SCI. We described several of the changes occurring in microglia following SCI. We
uncovered a dual function of these cells with both beneficial and detrimental effects of
microglia-derived factors. But overall, microglia appear to be beneficial. We identified
microglia as key regulators of glial scar formation, which resulted in improved survival of

neurons and oligodendrocytes after SCI. Finally, we identified new therapeutical avenues
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that may help modulate the microglial response during the first week post-SCI, which was

identified as the ideal therapeutic time window to target these cells.
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