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ABSTRACT

Introduction: Spinal cord injury (SCI) is a complex disorder with high impact on the daily life of the patient.
However, no effective treatment currently exists. Axonal regeneration mainly fails because of glial scar
formation and excessive neuroinflammation. Infiltrating macrophages are key players in the complicated
pathophysiology of SCI because of their persistence in high numbers in the lesion. Typically, macrophages are
divided into two phenotypes: 1) the inflammatory M1 phenotype which is predominant during SCI and
correlates with axonal dieback and 2) the transient anti-inflammatory M2 phenotype associated with axonal
regeneration and neuroprotection. A lot of lipids from cellular and myelin debris are present in the lesion
during SCI. They are phagocytosed by M2 macrophages in particular. When there is an overload of
phagocytosed lipids, the macrophages become foamy which is phenotypically associated with the M1
phenotype. The balance of the macrophage polarization has been found to be influenced by histone
deacetylase 3 (HDAC3); targeting HDAC3 can shift the polarization towards the M2 phenotype. Therefore, this
study hypothesizes that inhibition of HDAC3, as a central regulator of macrophage polarization, will improve

functional recovery in a mouse model of SCI.

Material & Methods: First, the phenotype of LPS- and IL-4-primed macrophages after stimulation with HDAC3

specific inhibitor RGFP966 was determined in vitro. Expression levels and functionality of known M1 and M2
markers and phagocytic capacity were analyzed. Next, the effect of systemic administration of RGFP966 in mice
with a T-cut spinal cord hemisection injury was evaluated. The functional recovery was followed using the

Basso Mouse Scale and immunohistological tissue analysis of the spinal cords was performed.

Results: In vitro analysis of several M1 and M2 markers reveals that RGFP966 enhances the expression and
activity of M2 marker Argl by IL-4-primed macrophages. On the contrary, RGFP966 has no effect on the gene
expression of LPS-induced M1 markers. These data indicate that RGFP966 boosts the IL-4-induced M2
phenotype of macrophages. In vitro, LPS- and IL-4-primed macrophages phagocytose spinal cord debris and
become foamy as a result. Administration of RGFP966 reduces the formation of foamy macrophages in vitro
regardless of their state of activation. It is not clear whether RGFP966 enables these macrophages to maintain
their lipid homeostasis or whether it reduces their phagocytic ability. RGFP966 does not improve functional
recovery in the mouse model of SCI nor does it modulate the macrophage polarization on acute or chronic

term in vivo.

Conclusion: HDAC3 specific inhibitor RGFP966 has promising effects in vitro because it boosts the Argl-
correlated M2 phenotype of macrophages. These results strengthen our hypothesis. However, the inhibitor
does not affect the functional recovery or the macrophage polarization in vivo. It is possible that the complex

pathophysiology might overcome the potential effect of RGFP966.

Key words: spinal cord injury, neuroinflammation, macrophage polarization, HDAC3 inhibition, functional
recovery
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SAMENVATTING

Introductie: Dwarslaesie is een complexe aandoening met een hoge impact op het dagelijkse leven van de
patiént. Voorlopig bestaat er nog geen effectieve behandeling. Axon regeneratie faalt onder andere door
vorming van het gliale litteken en neuro-inflammatie. Infiltrerende macrofagen spelen een belangrijke rol in de
pathofysiologie omdat ze voor lange tijd in hoge aantallen voorkomen in het letsel. Macrofagen worden
meestal ingedeeld in twee fenotypes: 1) het inflammatoire M1 fenotype dat dominant is na een dwarslaesie en
correleert met het terugtrekken van de axonen en 2) het kortstondige anti-inflammatoire M2 fenotype
geassocieerd met axon regeneratie. Daarnaast zijn er veel lipide resten van cellen en myeline aanwezig in het
letsel die vooral gefagocyteerd worden door M2 macrofagen. Als er teveel intracellulaire lipiden zijn, kunnen
de macrofagen “foamy” worden. Deze macrofagen hebben een M1l-achtig fenotype. Histon deacetylase 3
(HDAC3) zou de macrofaag polarisatie kunnen beinvloeden; inhibitie van HDAC3 kan de polarisatie naar het M2
fenotype verschuiven. Daarom is de hypothese van deze studie dat inhibitie van HDAC3, met diens controle

over de macrofaag polarisatie, het functioneel herstel zal verbeteren in een muismodel van dwarslaesie.

Materiaal & Methoden: Ten eerste werd het fenotype van LPS- en IL-4-gestimuleerde macrofagen in de

aanwezigheid van de HDAC3-specifieke inhibitor RGFP966 in vitro geidentificeerd. Expressie en functionaliteit
van gekende M1 en M2 markers en capaciteit van fagocytose werden geanalyseerd. Daarnaast werd het effect
van systemische administratie van RGFP966 bekeken in muizen met een T-vormige hemisectie van het
ruggenmerg. Hiervoor werd het functioneel herstel opgevolgd met behulp van de Basso Muis Schaal en werd

het ruggenmerg immunohistologisch geanalyseerd.

Resultaten: In vitro analyse van verschillende M1 en M2 markers onthult dat RGFP966 de expressie en de
activiteit van M2 marker Argl door IL-4-gestimuleerde macrofagen opdrijft. RGFP966 heeft integendeel geen
effect op de gen expressie van LPS-geinduceerde M1 markers. Deze resultaten impliceren dat RGFP966 het IL-
4-geinduceerde M2 fenotype boost. In vitro fagocytoseren LPS- en IL-4-gestimuleerde macrofagen het lipide
afval van het ruggenmerg en worden hierdoor “foamy”. RGFP966 vermindert het vormen van deze “foamy”
macrofagen in vitro onafhankelijk van hun activatie status. Het is niet duidelijk of RGFP966 de macrofagen in
staat stelt hun lipide homeostase te behouden of dat de inhibitor de fagocyterende capaciteit van deze
macrofagen vermindert. Na behandeling met RGFP966 is er echter geen verbetering van het functioneel herstel
in het muismodel van dwarslaesie en ook het macrofaag fenotype blijft onveranderd op zowel acute als

chronische termijn.

Conclusie: De HDAC3-specifieke inhibitor RGFP966 heeft in vitro beloftevolle effecten: het boost het Argl-
gecorreleerde M2 macrofaag fenotype. Deze resultaten versterken onze hypothese. Maar de inhibitor heeft
geen effect op het functioneel herstel of op de macrofaag polarisatie in vivo. Dit is zou het gevolg kunnen zijn

van de complexe pathofysiologie waardoor het potentiéle effect van RGFP966 verloren raakt.

Sleutelwoorden: dwarslaesie, neuro-inflammatie, macrofaag polarisatie, HDAC3 inhibitie, functioneel herstel






1. INTRODUCTION

1.1. Pathophysiology of spinal cord injury

Spinal cord injury (SCI) is a severe condition of the central nervous system (CNS) which can lead to permanent
disability (1). Young, otherwise healthy adult men predominantly suffer from SCI (2). Causes are motor vehicle
accidents, falls, violent crime, sport-related injuries or diseases (2). It results into loss of sensation and failure of
motor and autonomic function at and below the level of injury (3). In addition, SCl is associated with
psychological and socioeconomic impairments and long-term complications such as respiratory, cardiovascular,
urinary, bowel and sexual dysfunction, spasticity and neuropathic pain (3). These complications increase the
morbidity and mortality of these patients while the quality of life decreases (3). Injuries to the spine are very
heterogeneous and complex, explaining the current lack of an effective treatment (1, 2). At present, the
treatment of SCI consists of minimizing secondary injury by anti-inflammatory, pharmacological and surgical
intervention, managing complications and improving quality of life by rehabilitation and adaptation of lifestyle

(2-4).

At the onset, mechanical forces lead to primary loss of neurons, oligodendrocytes and other glial cells and
disruption of blood vessels, axons and myelin sheaths (1, 2, 5, 6). These events cause early intrinsic axonal
dieback (7). Immediately after the injury, the distal and proximal part of the interrupted axons separate (8). The
distal part undergoes Wallerian degeneration (9). The proximal part undergoes acute axonal degeneration
during which the microtubules and neurofilaments disassemble causing the axon to break up into fragments
which are phagocytosed (1, 8-10). Next, the membrane seals at the cut end and forms endbulb structures (1,
8). As a result, function at and below the level of injury is immediately lost (2). The axonal interruption is the
largest obstacle that has to be overcome in order to treat SCI. Following the primary injury, multicellular,
cytotoxic processes are triggered (2, 4, 11). These processes, such as neuroinflammation and associated
oxidative stress, ischemia, edema and glutamate excitotoxicity, result in secondary injury to tissue that initially
survived (2, 4, 11). During secondary injury, cells continue to die and more axons become damaged and will
retract (2, 9). Lastly, a fluid-filled cyst surrounded by a glial scar is formed (1, 2). Astrocytes are triggered to
undergo reactive gliosis during which they proliferate, become hypertrophic and accumulate with meningeal
cells, macrophages and microglia to create the glial scar (1, 5, 12, 13). This scar is initially beneficial by
suppressing inflammation and preserving the tissue, but can eventually block axonal regeneration chemically

and physically (2, 12-17). The pathophysiological process is represented in Figure 1.

Eventually, the lesion stabilizes and axonal regeneration occurs, however, without success (2). The
regeneration of axons is a complex process influenced by many intrinsic factors (1, 9). First, the membrane

must completely reseal. Next, the growth cone is formed by rearranging cytoskeletal proteins. Then, the



membrane is elongated by fusion of vesicles. The axon elongates in response to environmental cues and
eventually forms synapses (9). If any step fails, an endbulb is formed. Organelles and fragments of the
membrane accumulate in the bulb and the axon is unable to grow (9). Compared to the peripheral nervous
system, the intrinsic regenerative capacity of the CNS is poor (1, 5). In addition, myelination of newly formed
and spared axons is scarce since oligodendrocyte progenitor cells differentiate into astrocytes at the expense of

mature oligodendrocytes to form the glial scar (5). Both remyelination and regeneration decline with age (1, 5).

Besides the intrinsic factors, axonal regeneration is influenced by extrinsic factors present in the local lesion
environment during SCI as well (1). Myelin debris and the glial scar hinder axonal growth, while other chemical
components of the glial scar and neurotrophic factors can stimulate repair (1, 5, 12, 15-18). Neuroinflammation
has both supportive and detrimental effects on the axonal regeneration which will be discussed in the next

chapter (5, 7, 11, 19-22).
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Figure 1: The pathophysiology of spinal cord injury. At the onset, the primary mechanical forces lead to apoptosis and
necrosis of neurons and glial cells, severing and demyelination of axons and disruption of blood vessels causing
hemorrhages. This primary injury triggers cytotoxic processes such as inflammation and associated oxidative stress,
ischemia, edema and glutamate excitotoxicity. Lastly, a glial scar is formed. (Modified from (23))



1.2. Neuroinflammation

Neuroinflammation can reestablish tissue homeostasis, however, it can cause secondary injury as well (5, 11,
14, 19, 21, 22). Apoptotic and necrotic cells activate resident microglia, the first to respond to the injury (Figure
2), leading to production of chemokines, cytokines and free radicals (20, 24, 25). Permeability of blood vessels
is increased because of the primary disruption and oxidative damage of the endothelial cells while the
expression of cell adhesion molecules is stimulated (2, 11, 24). Altogether, this causes the recruitment of
peripheral leukocytes to the injured spinal cord (11, 25-27). They produce cytokines and chemokines
themselves and a self-sustainable cycle is created (26, 27). Neutrophils infiltrate the lesion site first, followed
by the monocyte-derived macrophages and lymphocytes (Figure 2) (20, 28). Together, macrophages and
neutrophils have a non-specific activity by which they clear cellular and tissue debris which is beneficial since it
creates a suitable environment for regeneration (1, 11, 19, 28-30). In addition, neutrophils release angiogenic
factors (30). But when left uncontrolled, the neutrophils and macrophages can damage the tissue (1, 11, 19,
28-30). During SCl, the attracted macrophages persist in large numbers in the lesion core, making them one of
the most important cell types involved in the pathological process (11, 31, 32). Resident microglia on the
contrary, reside on the edges of the lesion and in the uninjured areas where they seal the lesion and prevent

spreading of damage (32, 33).
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Figure 2: The timing of immune cell infiltration into the injured spinal cord. Resident microglia first respond to the injury
and remain activated. Next, neutrophils infiltrate transiently followed by lymphocytes and high numbers of persistent
monocyte-derived macrophages. (Modified from (20))

Depending on the microenvironment, consistent of cytokines and lesion-related factors, the macrophages
differentiate towards the classically activated, pro-inflammatory M1 phenotype or the alternatively activated,
anti-inflammatory M2 phenotype (19). The M1 macrophages, induced by interferon y (IFNy), tumor necrosis
factor o (TNFa) or activation of toll-like receptors, mediate a pro-inflammatory response which is involved in
host defense and tumor cell killing but collateral damage to healthy tissue is possible (19, 34). During SCI, M1

macrophages cause a chronic inflammatory response and act neurotoxic since they produce cytokines, reactive



oxygen and nitrogen species (ROS and RNS) and proteolytic enzymes (19, 21, 35). Experimental models of SCI
show that the timing of macrophage infiltration correlates with axonal dieback which is independent of the
intrinsic axonal retraction (7, 8). This secondary phase in axonal retraction is caused by cell-cell interactions
between dystrophic axons and M1 macrophages (6, 7, 36). Macrophages secrete proteases which cause the

axons to lose adhesion with the substrate resulting in dieback (7).

On the contrary, the M2 macrophages are induced by interleukin-4 (IL-4), IL-13, IL-10 or tumor growth factor 3
(TGFB) and promote wound healing and angiogenesis while suppressing the immune system (19, 34, 37, 38).
During SCI, the M2 macrophages create a supportive environment for axonal regeneration by phagocytosing
cellular and myelin debris (19, 39). The phagocytosed lipids activate nuclear receptors liver X receptor (LXR)
and peroxisome proliferator-activated receptor y (PPARY) to further trigger the M2 phenotype and promote the
lipid metabolism (40, 41). In co-culture with neurons, the M2 macrophages stimulate unipolar or bipolar
neurite outgrowth even in an inhibitory environment (19). In addition, these macrophages are neuroprotective
and release neurotrophic factors (19, 20, 35, 37, 42). In experimental models of neuroinflammation, M2
macrophages are shown to enhance oligodendrocyte differentiation and preservation and thereby promote

remyelination (39, 43). In general, the M2 macrophages are associated with functional recovery.

These described phenotypes are opposite extremes, however, cells can have mixed phenotypes in vivo and are
able to adapt their phenotype and function in response to the environment (19, 34, 44). At the onset, both M1
and M2 macrophages are present in the lesion during SCI, but the anti-inflammatory M2 macrophages
disappear quickly, while the pro-inflammatory M1 macrophages persist for at least one month (5, 19, 32, 45).
This is due to cues in the lesion environment which favor the differentiation of infiltrated and newly infiltrating
macrophages towards the M1 phenotype and suppress differentiation towards the M2 phenotype (19, 45). In
the injured spinal cord, levels of M1 phenotype-promoting factors IFNy and TNFa are high while levels of M2
phenotype-promoting factors IL-4, IL-13, IL-10 are very low (19, 46). In addition, the presence of foamy, lipid-
laden macrophages correlates with the disappearance of the M2 macrophages (32, 47). M2 macrophages
phagocytose the tissue debris and degrade it into neutral lipids (32). But when there is an overload of debris, it
persists in the lesion site during SCI for a long time, foamy macrophages with a M1-like phenotype and
decreased phagocytic ability are formed (32, 47). The expression of ATP-binding cassette transport A1 (ABCA1)
is decreased in these cells leading to a failure of the lipid homeostasis (32). The lipids are no longer transported

out of the cells and this causes the lipid accumulation (32).

Because of the predominant presence of M1 macrophages, global depletion or functional inhibition of
macrophages has been found to be neuroprotective and to promote functional recovery in different
experimental models of SCI (19, 21, 22, 48). However, the supportive M2 macrophages are also lost. Indeed,
this happens during the anti-inflammatory treatment standardly used after SCI as well (11, 48). Therefore, a
way must be found to decrease detrimental inflammation caused by M1 macrophages while the M2

macrophage response is enhanced regardless of the lesion environment during SCI. Macrophages can switch



between phenotypes and this ability can be used as a therapeutic target (49). Preliminary data from our
research group and previous research have shown that administration of M2-inducing cytokines IL-4, IL-10 and
IL-13 to macrophages in co-culture with neurons, improves neuronal survival and neurite growth (19).
Moreover, these cytokines improve functional recovery in animal models of SCI as demonstrated by our
research group; administration of IL-13-producing mesenchymal stem cells to mice with a T-cut spinal cord
hemisection injury increases the presence of M2 macrophages in vivo and improves the functional recovery
(50). These results suggest that the M2 macrophages indeed stimulate axonal regeneration and thereby

improve functional recovery; however, these cytokines have broad-acting and transient effects.

1.3. Histone deacetylase inhibitors

Another way to induce the M2 phenotype is to make use of epigenetic modulation since the transcriptional
program differs between M1 and M2 macrophages. During this epigenetic modulation, enzymes work together
to change the chromatin in order to control the gene expression for each cell type specifically without changing
the DNA sequences themselves (5, 51). For instance, these enzymes can create histone methylation or
acetylation (51). Histone acetyltransferases (HATs) acetylate lysine residues of N-terminal tails of histones to
induce gene expression (Figure 3A) (5, 51). Histone deacetylases (HDACs) remove the acetyl group; the

chromatin becomes more compact and the gene expression is suppressed (Figure 3A) (5, 51).

HATs and HDACs play an important role during SCI since a global, significant reduction in acetylation levels in
animal models has been observed (5, 52, 53). This could be the result of an increased activity of HDACs and
therefore, inhibition of HDACs could restore this imbalance (Figure 3B). Therefore, many HDAC inhibitors have
already been used in research on neuroinflammation, next to their clinical use in epilepsy, bipolar disorder and
cancer treatment (54, 55). A non-specific HDAC inhibitor, valproic acid, improves functional recovery after SCl
in many experimental models (52, 53, 56). It is found to be neuroprotective by reducing apoptotic cell death,
inflammation and secondary damage (52, 56). However, it is not yet known which HDAC isoform is responsible
for the effect since there exist four classes in the HDAC family (51). In humans, the gene and protein expression
of HDAC3 of peripheral blood mononuclear cells (PBMCs) is increased in patients with SCI (57). Research has
found that HDAC3 plays in important role in inflammation during SCI (5, 58, 59). It has been identified as an
epigenomic brake in alternative activation of macrophages in vitro and in vivo (59). Deletion of HDAC3 impairs
lipopolysaccharide (LPS)-stimulated gene expression of inflammatory genes by M1 macrophages and shifts
gene expression towards that seen in alternative activation (58, 59). In addition, responsivity of HDAC3-
deficient macrophages to IL-4 stimulation is increased (58). Scriptaid, an HDAC1, HDAC3 and HDACS inhibitor,
has already been used in experimental traumatic brain injury, which is characterized by excessive
neuroinflammation like SCI (39). In vivo, Scriptaid shifts the microglial and macrophage polarization towards

the M2 phenotype (39). As a result, inflammation is suppressed and oligodendrocytes are spared which



ultimately leads to preservation of white matter and nerve conduction (39). A mouse model with myeloid cell-

specific knockout of HDAC3 (HDAC3"/1>

;LysMCre) has already been used to study the effect on
atherosclerosis (60). The HDAC3-deficient macrophages are mainly differentiated towards the M2 phenotype
and thereby the outcome is improved in vivo (60). However, specific targeting of HDAC3 in the macrophages

has never been previously studied in any experimental model of SCI.
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Figure 3: Acetylation and deacetylation of histones by HATs and HDACs and the effect of an HDAC inhibitor. (A) Under
normal circumstances, histone acetyltransferases (HATs) acetylate histones, making the chromatin more relaxed (right).
Histone deacetylases (HDACs) remove acetyl groups from histones, making the chromatin more compact (left). (B) Using an
HDAC inhibitor (HDACi), deacetylation of histones is prevented and acetylation levels increase. Thereby, gene expression is
stimulated (right).

1.4. Research aims

Literature shows that inhibition of HDAC3 drives macrophage polarization away from the inflammatory M1
phenotype and towards the anti-inflammatory M2 phenotype. In addition, the M2 phenotype is associated
with axonal regeneration after SCI. Therefore, it is hypothesized that inhibition of HDAC3, as a central regulator

of macrophage polarization, will improve functional recovery in a mouse model of SCI.

To evaluate the effect of HDAC3 specific inhibitor RGFP966 on the macrophages, the phenotype of LPS- and IL-
4-primed macrophages after stimulation with RGFP966 was identified in vitro. Results show that RGFP966
enhances IL-4-induced Argl expression and functionality. No effect of RGFP966 is observed on the gene
expression of LPS-induced factors. In addition, RGFP966 reduces the formation of foamy macrophages
regardless of their state of activation. To validate the effect on the functional recovery, mice with a T-cut spinal
cord hemisection injury were treated with RGFP966. The functional recovery in vivo was followed using Basso
Mouse Scale and spinal cords were histologically analyzed at different time points. Results show that RGFP966
does not improve functional recovery in the experimental model of SCI. The macrophage polarization in vivo is
not changed on acute nor on chronic term. It is likely that the potential effect of RGFP966 gets lost in the

complex pathophysiology of SCI.



2. MATERIALS AND METHODS

2.1. In vitro experiments

2.1.1. Isolation and differentiation of bone marrow-
derived macrophages

Bone marrow was isolated from femurs and tibias from female Balb/c mice (Envigo, Cambridgeshire, U.K.) as
previously described (7). The isolated monocytes were differentiated towards primary macrophages using
RPMI (Lonza, Bazel, Switzerland) supplemented with 15% L929-conditioned medium, 10% fetal calf serum
(Gibco (Thermo Fisher Scientific), Waltham, U.S.A.) and 1% penicillin/streptomycin (Sigma-Aldrich, Saint Louis,
U.S.A.) for ten days. One day before stimulation, the bone marrow-derived macrophages (BMDMs) were

plated.

2.1.2. Treatment of bone marrow-derived
macrophages

The BMDMs were activated with IL-4 (30 ng/ml, Peprotech, Rocky Hill, U.S.A.) to represent M2 macrophages or
LPS (200 ng/ml, EMD Millipore, Billerica, U.S.A.) to represent M1 macrophages. One hour later, BMDMs were
stimulated with only dimethylsulfoxide (DMSO) (Sigma-Aldrich) as a control or HDAC3 specific inhibitor
RGFP966 (5 uM or 10 uM in DMSO, Cayman Chemicals, Ann Arbor, U.S.A) for 24 hours. The macrophages were

handled differently in the following steps.

The BMDM s were directly lysed using 3-mercaptoethanol in RLT-buffer (1:100, RNeasy Mini Kit, Qiagen, Hilden,
Germany) or sodium dodecyl sulphate (SDS) lysis buffer (2% (w/v) in 125 mM Tris) to isolate messenger RNA
(mRNA) or proteins respectively. Cell pellets for the arginase activity assay were obtained using centrifugation

(10 minutes at 1000 g). The timeline is represented in Figure 4.

Differentiation (10 days) 24h 1h 24h
_________ | | | |
I- | ] ] 1
Bone marrow Plate BMDMs IL-4 (30 ng/ml)  RGFP966 Collection
isolation LPS (200 ng/ml) (5 M or 10 uM)
DMSO (1 uM)

Figure 4: Timeline of the in vitro experiments. Bone marrow was isolated from female Balb/c mice and differentiated into
bone marrow-derived macrophages (BMDMs) for ten days. BMDMs were plated 24 hours before stimulation with IL-4 or
LPS. One hour later, the cells were stimulated with only DMSO as a control or RGFP966 in two concentrations. After 24
hours, the cells were processed according to the required experiments. Proteins or mRNA were isolated from these cells or
cell pellets were collected. IL-4: interleukin-4; LPS: lipopolysaccharide; DMSO: dimethylsulfoxide



Alternatively, spinal cord debris (50 pg) was added to the stimulated cells two times separated by 24 hours.
Spinal cords were isolated from female Balb/c mice (Envigo) and snap-frozen in liquid nitrogen. Tissue was
grinded using a TissueRuptor (Qiagen) and a 70 um strainer. Debris was resolved in phosphate-buffered saline
(PBS, 1X). Conditions without spinal cord debris were used as controls. The stimulated cells were fixated using
4% paraformaldehyde. To identify foamy macrophages, an Oil Red O staining was performed. The timeline of

this experiment is illustrated in Figure 5.

Differentiation (10 days) 24h 1h 24h 24h 24h
_________ | ] ] ] ] ]
I- I ] ] | | 1
Bone marrow Plate BMDMs IL-4 (30 ng/ml) RGFP966 SC debris SC debris ORO staining
isolation LPS (200 ng/ml) (5 uM or 10 uM) (50 pg) (50 ug)
DMSO (1 uM)

Figure 5: Timeline of the in vitro experiments. Bone marrow was isolated from female Balb/c mice and differentiated into
bone marrow-derived macrophages (BMDMs) for ten days. BMDMs were plated 24 hours before stimulation with IL-4 or
LPS. One hour later, the cells were stimulated with HDAC3 inhibitor RGFP966 or only DMSO as a control. Next, spinal cord
debris (SC debris) was added to the cells two times separated by 24 hours. Lastly, the cells were used for an Oil Red O (ORO)
staining. IL-4: interleukin-4; LPS: lipopolysaccharide; DMSO: dimethylsulfoxide

2.1.3. Quantitative polymerase chain reaction

To measure the gene expression, quantitative polymerase chain reaction (qPCR) was used. Cell lysis was
performed with B-mercaptoethanol in RLT-buffer (1:100, RNeasy Mini Kit, Qiagen) on stimulated cells. mRNA
was isolated using RNeasy Mini Kit (Qiagen) following manufacturer’s instructions and the mRNA concentration
was measured with Nanodrop (Thermo Fisher Scientific). cDNA was created with gScript cDNA Supermix
according to manufacturer’s instructions (Quanta Biosciences, Gaithersburg, U.S.A.). Fast SYBR Green Master
Mix (1X, Life Technologies, Carlsbad, U.S.A.) was used in combination with sample cDNA (12,5 ng), forward and
reverse primers (0,3 uM each, Supplementary Table 1) and RNase free water to make a total reaction volume
of 10 ul on which a quantitative measurement of gene expression with StepOne Software (Thermo Fisher
Scientific) was performed (1 cycle of 20 seconds at 95°, 40 cycles of 3 seconds at 95°C and 30 seconds at 60°C, 1
cycle of 15 seconds at 95°C, 60 seconds at 60°C and 15 seconds at 95°C). Relative quantification of gene
expression was accomplished by using the comparative Ct method. Data were normalized to the most stable

reference genes using geNorm.

2.1.4. Western blot

Stimulated BMDMs were lysed in SDS lysis buffer (2% (w/v) in 125 mM Tris) to isolate proteins. Using Pierce
BCA protein assay (Thermo Fisher Scientific) according to manufacturer’s instructions and iIMARK Microplate

Reader (Bio-Rad Laboratories, Hercules, U.S.A.), protein concentrations were measured. Samples (10 pg) were



separated on 12% SDS gels at 200V in running buffer (25 mM Tris, 192 mM glycine, 0,1% SDS, pH 8,3). Proteins
were transferred by wet transfer to a PVDF membrane (Merck Millipore, Amsterdam, The Netherlands) for 90
minutes at 350mA in transfer buffer (26,4 mM Tris, 197 mM glycine, 10% methanol). Non-specific binding was
blocked using 5% (w/v) milk powder in Tris-buffered saline with Tween 20 (TBS-T) (20 mM Tris, 137 mM NaCl,
0,1% Tween 20, pH 7,6) for one hour and the membrane was incubated with primary antibodies targeting
mouse Argl (1/1000, Santa Cruz Technologies, Dallas, U.S.A.) at 4°C overnight or mouse B-actin (1/2000, Santa
Cruz Technologies) at room temperature for one hour. Next, the membranes were incubated with
corresponding secondary antibodies labeled with horseradish peroxidase (1/2000, Dako, Santa Clara, U.S.A.)
for one hour at room temperature. Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific) was used
following manufacturer’s instructions to develop an image using Image Quant LAS 4000 mini (GE Healthcare

Life Sciences, Little Chalfont, U.K.). The measured values of Argl were normalized to the level of B-actin.

2.1.5. Arginase activity assay

Cell pellets were created by centrifugation for 10 minutes at 1000 g and used to measure arginase activity with
the arginase activity assay kit (Sigma-Aldrich) according to manufacturer’s instructions. This assay colorizes
urea produced by arginase which converses L-arginine into urea and L-ornithine and represents the enzymatic

activity of arginase.

2.1.6. Oil Red O staining

Stimulated cells were fixated using 4% paraformaldehyde. Before and after staining with Oil Red O working
solution (0,30% (w/v) Oil Red O in 60% isopropanol), cells were incubated with 60% isopropanol. The staining
was extracted using 100% isopropanol and measured at 490 nm using iIMARK Microplate Reader (Bio-Rad

Laboratories). The staining intensity was normalized to the number of cells present per well.

2.2. Animal experiments

2.2.1. Animals

Experiments were performed using 10-week old female Balb/c mice (Envigo). The animals were housed in
groups under regular conditions (temperature- and humidity-controlled, 12-hour light/dark cycle and food and
water ad libitum) in a conventional animal facility at Hasselt University. All experiments were performed
according to the guidelines described in Directive 2010/63/EU and were approved by the local ethical

committee of Hasselt University.



2.2.2. T-cut spinal cord hemisection injury

T-cut spinal cord hemisection injury was performed as described before (61, 62). 10-week old female mice
underwent a partial laminectomy at thoracic level T8 under anesthesia. Iridectomy scissors were used to
transect left and right dorsal funiculus, the dorsal horns and the ventral funiculus. This procedure results in a
complete transection of the dorsomedial and ventral corticospinal tract and causes dysfunction of several
other descending and ascending tracts. The muscles were sutured and the back skin was closed with wound
clips. Animals received an injection of buprenorphine hydrochloride (8 ng/mouse) subcutaneously next to the
lesion and glucose (20%) intraperitoneally. Enrofloxacine (2%) was added in the drinking water for the first
week. Bladders were manually emptied daily until autonomic control was restored. Some animals were
sacrificed three days post injury (3 dpi) to analyze the acute effects of the treatment. Other animals are
followed-up using the Basso Mouse Scale for four weeks (4 wpi) to determine the chronic effects. The timeline

of this experiment is illustrated in Figure 6.

Transcardial

perfusion:

chronic (4 wpi)  IHC analysis

4 weeks BMS
| ]
2h 24h 24h - !
L | | -
| ! ! I\
SCl RGFP966 RGFP966 RGFP966  74p i i
surgery (0,2 mg) (0,2 mg) (0,2 mg) .
Vehicle Vehicle Vehicle Transcardial - |HC analysis
perfusion:
acute (3 dpi)

Figure 6: Time line of the in vivo experiments. 10-week old female Balb/c mice underwent a T-cut spinal cord hemisection
injury (SCI surgery). HDAC3 inhibitor RGFP966 (0,2 mg/mouse/day) or vehicle solution (vehicle) was injected intraperitoneal
on three consecutive time points after surgery. Three days after injury (3 dpi), some animals were sacrificed to analyze the
effect of RGFP966 administration on the acute pathology. For four weeks, animals were scored using the Basso Mouse Scale
(BMS). During the first week, animals were scored every day. During the last three weeks, the animals were scored every
other day. Four weeks after injury (4 wpi), animals are sacrificed to analyze the effect of RGFP966 on chronic pathology.
Longitudinal spinal cord cryosections (10 um) were obtained from animals transcardially perfused and used for
immunohistochemical (IHC) analysis.

2.2.3. Administration of HDAC3 inhibitor RGFP966

HDACS3 specific inhibitor RGFP966 (Cayman Chemical) was dissolved in DMSO (Sigma-Aldrich) and 10% diluted
in 30% (w/v) hydroxypropyl-beta-cyclodextrin (SanBio, Uden, The Netherlands) in sodium acetate (100mM, pH
8) by adding it dropwise while vortexing. Animals received an intraperitoneal injection of RGFP966 (0,2
mg/mouse/day) on three consecutive time points starting two hours after surgery (Figure 6). Control animals

were only treated with vehicle solution.
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2.2.4. Locomotion test

Functional recovery of mice with SCI was evaluated using to the Basso Mouse Scale starting one day after injury
for four weeks (Figure 6) (63). In the first week, mice were scored daily and in the last three weeks every other
day. The Basso Mouse Scale is a 10-point scale (0: complete hind limb paralysis; 9: normal locomotion) of the
locomotion of the hind limb movements. The mice were scored by two blinded investigators in an open field

during a four minute interval.

2.2.5. Immunohistochemical analysis of spinal
cords

Three days or four weeks after injury, animals were anesthetized by intraperitoneal injection of pentobarbitone
sodium (8 mg/animal) followed by transcardial perfusion with ringer-heparin and 4% paraformaldehyde (Figure
6). Spinal cords were dissected and stored in sucrose (5% (w/v) in 4% paraformaldehyde) overnight at 4°C
followed by several days of cryoprotection at 4°C in sucrose (30% (w/v) in 1X PBS). Spinal cords were frozen in
optimal cutting temperature compound on liquid nitrogen. Longitudinal spinal cord cryosections (10 um) were

obtained.

The cryosections were blocked in corresponding serum (10%) or protein block (10%, Dako). Optionally,
permeabilization was performed using 0,1% Triton-X100. The cryosections were incubated overnight at 4°C
with following primary antibodies: goat anti-Argl (1/50, Santa Cruz Technologies), rabbit anti-TMEM119
(1/100, Abcam, Cambridge, U.K.), rat anti-MHC-Il (1/200, Santa Cruz Technologies), rabbit anti-lbal (1/350,
Wako Chemicals GmbH, Neuss, Germany), goat anti-lbal (1/1000, Abcam), rat anti-CD4 (1/25, BD Biosciences,
San Jose, U.S.A.), mouse anti-GFAP (1/500, Sigma-Aldrich) and rat anti-MBP (1/250, EMD Millipore). Next,
cryosections were incubated for one hour at room temperature with the corresponding secondary antibodies:
donkey anti-goat I1gG Alexa Fluor 555 and 488 (1/400, Invitrogen, Carlsbad, U.S.A.), donkey anti-rabbit I1gG Alexa
Fluor 555, (1/400, Invitrogen), rabbit anti-rat biotin (1/400, Dako) and streptavidin 488 (1/2000, Invitrogen),
goat anti-rabbit Alexa Fluor 488 (1/250, Invitrogen), goat anti-rat IgG Alexa Fluor 568 and 488 (1/250,
Invitrogen) and goat anti-mouse Alexa Fluor 568 (1/250, Invitrogen). All slides were mounted with fluorescent
mounting medium (Dako). Fluorescent images were taken using a Leica fluorescence microscope (Wetzlar,

Germany).

2.3. Statistical analysis

Data were reported as mean + standard error of the mean (SEM) and statistically analyzed using GraphPad

Prism (GraphPad Software, La Jolla, U.S.A.). D’Agistino and Pearson omnibus normality test was used to test

11



normal distribution. Two-way ANOVA combined with Tukey’s multiple comparison were used if data were
normally distributed. Kruskal-Wallis with Dunn’s multiple comparison was used if normality was not achieved.

Student’s t-test was used to compare two groups. Tests were two-tailed and differences were considered

significant at p < 0,05 (*) and p < 0,01 (**).
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3. RESULTS

In this study, it is hypothesized that inhibition of HDAC3, as a central regulator of macrophage polarization, will

improve functional recovery in a mouse model of SCI.

First, the macrophage phenotype of LPS- and IL-4-primed BMDMs after stimulation with HDAC3 specific
inhibitor RGFP966 was determined in vitro. Results show that the IL-4-induced expression and activity of Argl is
enhanced by RGFP966. In contrast, the LPS-induced gene expression of M1 markers is not affected by
RGFP966. Next, the phagocytic capacity of the macrophages after stimulation with RGFP966 was evaluated.
The HDAC3 inhibitor reduces the formation of foamy macrophages in the presence of spinal cord debris

regardless of their state of activation.

Lastly, the effect of systemic administration of RGFP966 in mice with a T-cut spinal cord hemisection injury was
studied. The functional recovery was followed using the Basso Mouse Scale and spinal cords were
immunohistologically analyzed. The functional recovery is not improved by treatment with RGFP966. The

macrophage polarization in vivo is unchanged after treatment with RGFP966 on the acute and long term.

3.1. RGFP966 enhances Argl expression by IL-4-
primed macrophages in vitro

To evaluate the effect of HDAC3 specific inhibitor RGFP966 on the macrophage phenotype in specific, in vitro
experiments were performed. In this study, BMDMs were stimulated with either IL-4 or LPS to prime the

macrophages as M2 or M1 respectively, followed by stimulation with RGFP966 (Figure 4).

Gene expression of known M1 and M2 markers by the macrophages was analyzed. The gene expression of M2
genes Argl and Ym1la significantly increases by IL-4-primed macrophages after stimulation with RGFP966
compared to stimulation with IL-4 alone (Figure 7A+B). M2 marker FIZZ and M1 markers CD38, iNOS, GPR18S,

FPR2, IL-1f and IL-6 do not show significant differences in the presence of RGFP966 (Figure 7C-l).
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Figure 7: Stimulation of primed M1 and M2 macrophages with RGFP966 significantly increases IL-4-induced gene
expression of M2 markers Argl and Ym1la but does not change expression of other M2 markers or LPS-induced M1
markers in vitro. Macrophages were primed with IL-4 or LPS before stimulation with RGFP966 and analyzed for gene
expression of M2 markers Argl (A), Ym1la (B), FIZZ (C) and M1 markers CD38 (D), iNOS (E), GPR18 (F), FPR2 (G), IL-1B (H) and
IL-6 (). Fold change is based on only IL-4 stimulation for the M2 genes or only LPS stimulation for the M1 genes. (n=3,
Kruskal-Wallis with multiple comparison, * p<0,05). IL-4: interleukin-4; LPS: lipopolysaccharide; Argl: arginase 1; FIZZ: found
in inflammatory zone; CD38: cluster of differentiation 38; iNOS: inducible nitric oxide synthase; GPR18: G-protein coupled
receptor 18; FPR2: formyl peptide receptor 2; IL-1B: interleukin-1f3; IL-6: interleukin-6
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In addition to the gene expression of Argl, the protein expression and functional activity of Argl were studied
as well. RGFP966 stimulation of IL-4-primed BMDMs significantly increases protein expression of Argl (Figure
8A and Supplementary Figure 1). Cell pellets of IL-4-stimulated macrophages in the presence of RGFP966 were
used in an arginase activity assay. RGFP966 tends to increase Argl activity compared to stimulation with IL-4
alone (Figure 8B). This result is preliminary and therefore, needs to be repeated to verify the result. Together,

these in vitro results indicate that RGFP966 boosts the M2 phenotype of macrophages characterized by Argl.
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Figure 8: RGFP966 significantly increases Argl protein expression and tends to increase Argl activity of IL-4-primed
macrophages in vitro. Macrophages were primed with IL-4 before stimulation with RGFP966. (A) The cells were analyzed
for protein expression of M2 marker Argl. Relative expression is based on only IL-4 stimulation. Expression is normalized to
B-actin expression (see Supplementary Figure 1). (n=4, Kruskal-Wallis with multiple comparison, * p<0,05). (B) The activity
of Argl was measured using an arginase activity assay. Relative activity is based on activity of only IL-4 stimulation. (n=2). IL-
4: interleukin-4; Argl: arginase 1

3.2. RGFP966 reduces the formation of foamy
macrophages in vitro

To represent macrophages of the lesion environment during SCI, the BMDMs were stimulated with spinal cord

debris for 48 hours next to the treatment with cytokines IL-4 and LPS and HDAC3 inhibitor RGFP966 (Figure 5).

Both M1 and M2 macrophages are turned into foamy macrophages in the presence of spinal cord debris for 48
hours (Figure 9A+B and Supplementary Figure 2A-F). Stimulation with RGFP966 at the highest concentration
significantly decreases the presence of foamy macrophages of both IL-4- and LPS-primed BMDMs (Figure 9A+B
and Supplementary Figure 2A-F). Spinal cord debris itself is an activator of the macrophages since naive
macrophages become foamy as well (Figure 9A-C and Supplementary Figure 2A+D+G). Therefore, macrophages
were only stimulated with RGFP966 in combination with spinal cord debris for 48 hours. Again, RGFP966
significantly decreases the formation of foamy macrophages (Figure 9C and Supplementary Figure 2G-l).

Consequently, RGFP966 reduces the formation of foamy macrophages independently of their activation state.
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Figure 9: RGFP966 reduces the formation of naive, LPS- and IL-4-primed macrophages into foamy macrophages in the
presence of spinal cord debris for 48 hours in vitro. Macrophages were primed with IL-4 (A) or LPS (B) or left unstimulated
(C) before stimulation with RGFP966. Next, cells were stimulated with spinal cord debris (SC debris) for two days followed
by an Oil Red O (ORO) staining. Relative intensity of absorbance of the ORO staining is based on only IL-4 stimulation.
Staining intensity is normalized to number of cells (represented in Supplementary Figure 2). (n=4 (IL-4), n=4 (LPS) and n=3
(unstimulated), Kruskal-Wallis with multiple comparison, * p<0,05, ** p<0,01). IL-4: interleukin-4; LPS: lipopolysaccharide

3.3. Functional recovery after spinal cord injury is not
affected by treatment with RGFP966

This study investigates the effect of systemic administration of HDAC3 specific inhibitor RGFP966 on the

recovery four weeks after T-cut spinal cord hemisection injury in 10-week old female Balb/c mice (Figure 6).

The functional recovery, analyzed using the Basso Mouse Scale, does not significantly increase after treatment

with RGFP966 compared to the control group (Figure 10A). On histological level, the results are similar. The
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lesion size, lineated by GFAP-positive perilesional astrocytes, does not significantly differ after treatment with
RGFP966 (Figure 10B). The demyelinated area, a MBP-negative area, is the same in both groups (Figure 10C).
Infiltration of the immune cells is represented by CD4-positive T cells and macrophages (see section 3.4). The T
cell infiltration into the lesion is comparable between the groups (Figure 10D). These in vivo results suggest

that treatment with RGFP966 is unable to improve the functional recovery of mice with SCI.
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Figure 10: Four weeks after injury, treatment with RGFP966 does not change functional recovery or lesion properties. (A)
Functional recovery is measured using the Basso Mouse Scale (BMS). (n=35 (control), n=36 (RGFP966), 2-way ANOVA with
multiple comparison). (B) The lesion site is represented by the area lineated by GFAP-positive perilesional astrocytes. (n=6
(control), n=7 (RGFP966), student’s t-test). (C) The MBP-negative area embodies demyelination of the lesion. (n=6 (control),
n=7 (RGFP966), student’s t-test). (D) CD4-positive cells represent the infiltrated T cells. (n=5 (control), n=5 (RGFP966),
student’s t-test). GFAP: glial fibrillary acidic protein; MBP: myelin basic protein; CD4: cluster of differentiation 4

3.4. RGFP966 does not modulate macrophage
polarization in vivo

The effect of RGFP966 administration on the macrophage population in vivo is studied at different time points
by immunohistochemical tissue analysis. Ibal staining is used to identify the macrophages and microglia. The
microglia can be distinguished from the macrophages using TMEM119. M1 and M2 macrophages are
discriminated using Argl/MHC-II double staining. Argl-positive cells represent M2 macrophages while MHC-II-

positive cells represent M1 macrophages.
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Three days after the injury (3 dpi), the acute pathophysiology of SCI is represented. The microglia are already
present while the macrophages are infiltrating. The presence of both cell types is unchanged by treatment of
RGFP966 at rostral or caudal regions of the epicenter or at the lesion epicenter itself (Figure 11A+B). The
intensity of Ibal-positive macrophages and microglia is comparable between the groups (Figure 11A), just like
the TMEM119-positive microglia (Figure 11B). The number of Argl-positive M2 macrophages does not
significantly increase after treatment with RGFP966 compared to control animals (Figure 11C). Likewise, MHC-

Il-positive M1 macrophages do not differ in number between the groups (Figure 11D).
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Figure 11: The presence of macrophages and microglia and their polarization is unchanged after treatment with RGFP966
three days post injury. (A) The intensity of Ibal-positive cells represents the macrophages and microglia at different sites of
the lesion. (n=3 (control), n=4 (RGFP966), 2-way ANOVA with multiple comparison). (B) The intensity of TMEM119-positive
cells embodies the microglia at different sites of the lesion. (n=3 (control), n=4 (RGFP966), 2-way ANOVA with multiple
comparison). Analyses (A+B) were quantified within square areas of 100 x 100 mm just below the lesion site, extending 600
mm rostral to 600 mm caudal from the lesion epicenter. (C) The number of Argl-positive cells at the lesion site represents
the M2 macrophages. (n=3 (control), n=6 (RGFP966), student’s t-test). (D) The number of MHC-II-positive cells at the lesion
site embodies the M1 macrophages. (n=3 (control), n=6 (RGFP966), student’s t-test). Ibal: ionized calcium binding adaptor
molecule 1; TMEM119: transmembrane protein 119; Argl: arginase 1; MHC-II: major histocompatibility complex class II;
dpi: days post injury; AU: arbitrary unit
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Next, the effect of RGFP966 on the chronic pathology, four weeks post injury (4 wpi), was evaluated. The
presence of macrophages and microglia, Ibal-positive cells, does not differ between groups (Figure 12A).
RGFP966 does not modulate the macrophage polarization in vivo. The number of Argl-positive M2 and MHC-II-
positive M1 macrophages is not affected by treatment with RGFP966 (Figure 12B+C). These results imply that

RGFP966 does not control the macrophage polarization during the acute or the chronic pathology in vivo.
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Figure 12: The presence of phagocytes neither the macrophage polarization is changed after treatment with RGFP966
four weeks after injury. (A) The intensity of Ibal-positive cells represents the macrophages and microglia at different sites
of the lesion. (n=5 (control), n=7 (RGFP966), 2-way ANOVA with multiple comparison). Analyses were quantified within
square areas of 100 x 100 mm just below the lesion site, extending 600 mm rostral to 600 mm caudal from the lesion
epicenter. (B) The number of Argl-positive cells at the lesion site embodies the M2 macrophages. (n=7 (control), n=6
(RGFP966), student’s t-test). (C) The number of MHC-II-positive cells at the lesion site represents the M1 macrophages. (n=7
(control), n=8 (RGFP966), student’s t-test). Iba-1: ionized calcium binding adaptor molecule 1; Argl: arginase 1; MHC-II:
major histocompatibility complex class Il; wpi: weeks post injury; AU: arbitrary unit
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4. DISCUSSION & OUTLOOK

Neuroinflammation plays a role in the pathological process of SCI. Hence, it is an important target to control in
order to find an effective treatment for SCI (5, 7, 11, 19-22). Broad anti-inflammatory mediators are currently
used to alleviate the symptoms and dampen secondary damage but they lack specificity, are associated with
many side effects and are unable to cure the condition (2). Macrophages play an important part in the
damaging neuroinflammatory response (11, 31, 32). M1 macrophages are described to block axonal
regeneration, act neurotoxic and are highly present in the lesion while M2 macrophages, which are considered
to be neuroprotective and promote axonal regeneration, are only transiently present (7, 19-21, 35, 37, 39, 42).
Modulating the macrophage polarization has therefore been considered as an attractive option to improve
outcome after SCI. This strategy has already been proven feasible in an animal model by our research group
(50). HDAC3 has been identified as an epigenomic brake of the alternative M2 phenotype (59). Therefore, it is
hypothesized in this study that inhibition of HDAC3, as a central regulator of macrophage polarization, will

improve functional recovery in a mouse model of T-cut spinal cord hemisection injury.

To analyze the effect of the HDAC3 specific inhibitor RGFP966 on primary BMDMs, the macrophage phenotype
was identified in vitro. Stimulation with RGFP966 enhances the gene expression of M2 markers Argl and Ym1la
by IL-4-primed BMDMs. In addition, RGFP966 in combination with IL-4 significantly augments the protein
expression of Argl. The functionality of the enzyme, evaluated with the ability to convert L-arginine into L-
ornithine and urea, tends to increase after stimulation with RGFP966. Nonetheless, this experiment needs to
be repeated to verify the result. On the contrary, RGFP966 has no effect on the gene expression of selected
LPS-induced M1 markers. Protein expression or functionality of these factors still needs to be analyzed to make
a correct conclusion about the effect of RGFP966 on the M1 phenotype. Consequently, these results indicate
that RGFP966 boosts the M2 phenotype in the presence of M2-inducing cytokine IL-4 in vitro. The Argl
expression of these macrophages is increased and this suggests that RGFP966 enhances the ability of the
macrophages to consume L-arginine. Literature describes that depletion of L-arginine by the persistence of
Argl-expressing M2 macrophages causes T cell anergy and thereby dampens the T cell response and associated
tissue damage (38). M2 macrophages will deplete the L-arginine used by M1 macrophages as well and this
competition can balance the macrophage polarization even more towards the M2 phenotype (38). To find out
whether RGFP966 works through other M2-inducing cytokines as well, the experiments need to be repeated.
One could use IL-13-primed macrophages in a similar in vitro set-up. Although both cytokines induce the M2a
subdivision of the M2 phenotype and work through the same receptor component; IL-4 and IL-13 have

different downstream signaling pathways (38, 64).

Phagocytosis by the macrophages is very important during SCI. Therefore, the effect of RGFP966 on the

phagocytic ability of spinal cord debris by BMDMs was determined in vitro. It has already been shown that
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persistent presence of myelin debris skews macrophage polarization towards the M1 phenotype represented
by foamy macrophages (32). Results from the present study show that IL-4- and LPS-primed macrophages are
able to phagocytose spinal cord debris. These macrophages become foamy after being exposed to the debris
for 48 hours. Unstimulated macrophages phagocytose spinal cord debris as well to a comparable level as the IL-
4- or LPS-primed macrophages. Therefore, one can assume that the spinal cord debris is the largest trigger of
these cells to become activated and phagocytose the lipids. Administration of RGFP966 significantly reduces
the formation of foamy macrophages, regardless of whether they are unstimulated or LPS or IL-4 primed. This
result suggests that RGFP966 enables the macrophages to better handle the lipids after phagocytosis. By these
means, formation of lipid-laden macrophages, which are associated with persistent inflammation and tissue
damage in vivo (32, 38), could be reduced. The lipid homeostasis of macrophages largely depends on the
expression of ABCA1 which transports the processed lipids out of the cell (65). RGFP966 could enhance the
ABCA1 expression directly or indirectly via nuclear receptors PPARy and LXR (65). Therefore, it is interesting to
investigate the expression of ABCA1, PPARy and LXR by BMDMs after stimulation with RGFP966. Especially
PPARYy and LXR can give valuable insights since they are associated with immunomodulation next to their ability
to directly induce transcription of ABCA1 (40, 41, 65-67). In addition, if the macrophages phagocytose and
process the spinal cord debris and successfully transport lipids out of the cell, more free cholesterol is available
for remyelination (32). On the other hand, it is possible that the macrophages no longer phagocytose the spinal
cord debris after stimulation with RGFP966. Macrophages take up tissue debris through scavenger receptors
and endocytosis (68). RGFP966 could interfere with these processes leading to a decrease in phagocytic ability.
Again, looking at the expression levels of these receptors after stimulation with RGFP966 could give more

insight into the effect of the inhibitor on the phagocytic ability of the macrophages.

Preliminary data indicates that RGFP966 significantly increases the acetylation levels of histone 3. Nevertheless,
it is possible that the described in vitro results are not achieved by histone modification; HDACs can affect
other proteins as well. The PPARy receptor can be regulated by posttranslational modifications and HDAC3 has
found to have a direct effect on the PPARYy protein in mature adipocytes (69). Inhibition of HDAC3, resulting in
acetylation of PPARYy, induces the transcription of PPARY target genes without interaction of a ligand (69). It is
possible that the same happens in macrophages as well. To investigate this, the acetylation level of PPARy
protein could be studied. Consequently, HDAC3 could control the M2 phenotype via direct, ligand-independent
activation of PPARy and transcription of its anti-inflammatory target genes or as the previously described

epigenomic brake.

In this study we show that RGFP966 stimulates the M2 polarization in vitro at the cellular level. However, in
vivo in the mouse model of SCI, RGFP966 does not affect functional recovery nor does it affect the
histopathological processes. Using the Basso Mouse Scale, no functional improvements are detected after
treatment with RGFP966. To investigate what happened on histological level, immunohistochemical analyses

have been performed on representative cryosections of the spinal cords. Both the lesion size and demyelinated
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area, important characteristics of the lesion and associated damage, are similar in the treatment and control
group. The infiltration of immune cells does not differ after treatment with RGFP966. The number of infiltrated
T cells, represented by the CD4-positive cells, is the same in both groups. The presence of phagocytic cells,
including macrophages and microglia, does not differ at rostral or caudal regions of the epicenter or at the
lesion epicenter itself after treatment with RGFP966 during the acute (3 dpi) or chronic (4 wpi) pathology of
SCI. Moreover, the macrophage polarization is not altered under influence of RGFP966, neither when
macrophages are infiltrating at 3 dpi nor during the chronic phase when they are already present in the lesion.

Both the Argl-positive M2 and MHC-II-positive M1 macrophages are unaffected by the HDAC3 inhibitor in vivo.

From the in vitro results and literature, it was expected that RGFP966 would improve functional recovery in the
mouse model of SCI by modulating the macrophage polarization. However, no improvement has been
observed in this study in vivo. An explanation for this is that the potential effect of RGFP966 might be overruled
by the complexity of the pathophysiology of SCI. Especially pro-inflammatory cytokines are present in the
lesion (19, 46). RGFP966, however, seems to be unable to decrease the gene expression of pro-inflammatory
M1 markers by LPS-primed BMDMs in our in vitro results whereas the IL-4-induced M2 phenotype is boosted.
Therefore, it is plausible that the beneficial effects of RGFP966 on the M2 polarization only occur in the
presence of M2-inducing cytokines. However, the presence of M2-inducing cytokines IL-4, IL-13 and IL-10 is
very low in the lesion environment during SCI (19). In addition, RGFP966 reduces the formation of foamy
macrophages in vitro. However, it is not yet known whether this is caused by an increase in the lipid
homeostasis or a decrease in the phagocytic ability of these macrophages. When less tissue debris is
phagocytosed by the macrophages, the debris could persist in the lesion and block axonal regeneration to a
higher extend. Another explanation is the administration route. In the current experimental set-up, RGFP966
was intraperitoneally administered. It is possible that the inhibitor does not reach the lesion or the
concentration is too low to elicit a biological relevant effect. To test this, the potency of the inhibitor needs to
be determined by looking at the acetylation levels of histones of the spinal cord. Besides, intravenous or
intralesional injections could be alternative options but are more difficult to perform in mice. To sidestep the
problems of the administration route and the potential of an inhibitor, the genetic knockout of HDAC3 in the

myeloid cells (HDAC3"/™"

;LysMCre) could be used (60). Repeating the experiments in this model would be
interesting to further elucidate the potential effects of HDAC3 in SCI in a more specific way. Unfortunately, this
model has its own setbacks since the knockout is not specifically in macrophages but in all myeloid cells
including neutrophils. Furthermore, female mice were used in this experiment and they have an advantage
during SCI: activation of G-protein coupled estrogen receptor 1 is described to be neuroprotective (70). It is

possible that the effect of RGFP966 is undetectable due to the initial smaller lesions causing a limited effect

size. To rule this factor out, the in vivo experiments should be repeated using males.

In this study, we focus on the neuroinflammatory reaction. The immune response starts within the first day

after the injury. As previously described, the macrophages play an important role in the detrimental
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inflammatory process (5, 7, 11, 19-22). In the present set-up, the macrophages were histologically analyzed
during infiltration (3 dpi) or during the chronic phase. However, looking at a time point in between, for example
during the subacute phase lasting up to two weeks, could be valuable since the immune response is at point
and actively affecting the tissue. Before macrophages infiltrate, neutrophils are already present in the lesion
starting from the first day. It is possible that RGFP966 influences these cells as well since it is administrated two
hours after the surgery. It has been described that global HDAC inhibitors induce apoptosis of humane
neutrophils (71). It is possible that inhibition of HDAC3 affects the neutrophils in the used mouse model in the
same way. Therefore, one could look at the neutrophil infiltration three days post injury. It is known that
macrophages eliminate apoptotic neutrophils, thereby preventing the toxic contents of neutrophils to leak into
the lesion which would otherwise cause an exaggerated and persistent inflammatory response (32). However,
when the apoptotic neutrophils precede and overwhelm the macrophage response, this could counteract the
beneficial effect of RGFP966 on the macrophages explaining why no improved functionality has been observed.
As seen in SCI, HDAC3 expression is elevated in the PBMCs of patients suffering from multiple sclerosis (MS)
(57, 72). It has been shown that these autoreactive lymphocytes are resistant to induced apoptosis (72).
Inhibition of HDAC3 could control the inflammatory response of lymphocytes in the used mouse model of SCI

as well. However, there is no effect of RGFP966 on the CD4-positive T cell infiltration in vivo.

HDAC3 has already been suggested to control the macrophage polarization and this finding has been
strengthened by our own in vitro results. However, RGFP966 has no effect in vivo in this study. It does not
improve the recovery after SCl and does not modulate the macrophage polarization in vivo. These results raise
the question whether RGFP966 is potent and reaches the lesion and whether HDAC3 is the specific HDAC
isoform that is involved in the process affecting the functional recovery, as shown by previous studies using a
wide HDAC inhibitor (52, 53, 56). Other HDAC isoforms are involved in the inflammatory response of
macrophages as well. Research has found that HDAC5 and HDAC7 promote the LPS-induced inflammatory
response (73, 74). HDAC11 is described to suppress the LPS-induced expression of IL-10 (75). Therefore,

targeting these HDACs could be an alternative to HDAC3, however, more research is needed.

The hypothesis of the study is not yet confirmed nor rejected. The proposed adaptations and future
experiments could further elucidate the effect of HDAC3 on the macrophage polarization and thereby on the

functional recovery.
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5. CONCLUSION

This study aimed to elucidate the effect of HDAC3 on the macrophage polarization in the context of functional
recovery after SCl. Therefore, it was hypothesized that inhibition of HDAC3, as a central regulator of
macrophage polarization, would improve functional recovery in a mouse model of T-cut spinal cord
hemisection injury. First, the macrophage phenotype and phagocytic capacity of M1- or M2-primed BMDMs
after stimulation with RGFP966 was evaluated in vitro. Results show that RGFP966 boosts the IL-4-induced M2
phenotype characterized by Argl expression. These data are promising for the in vivo experiments since the
M2 macrophages are correlated with axonal regeneration, neuroprotection and immunomodulation. In
contrast, RGFP966 has no effect on the LPS-induced gene expression of selected M1-associated markers in
vitro. In addition, RGFP966 reduces the formation of foamy, lipid-laden macrophages in the presence of spinal
cord debris in vitro, regardless of their state of activation. However, it needs to be further unraveled whether
RGFP966 enables these macrophages to maintain their lipid homeostasis or whether it reduces the phagocytic

ability of the macrophages.

Unfortunately, RGFP966 does not improve functional recovery in a mouse model of T-cut spinal cord
hemisection injury. Evaluation of the spinal cords reveals that neither the phagocytic population nor their
polarization is changed by treatment with RGFP966 on acute or long term in vivo. Since RGFP966 is unable to
affect expression of inflammatory genes associated with M1 phenotype in vitro, it is likely that, if the inhibitor
reaches the lesion in appropriate concentrations, it cannot decrease the M1 polarization in vivo. Likewise, in
vitro data indicates that RGFP966 can boost the IL-4-induced phenotype but low amounts of M2-promoting
cytokines are present in the lesion during SCI. Therefore, the potential effect of RGFP966 could get lost in the

complicated pathology of SCI and thus could not be strong enough to induce a functional recovery in vivo.

In conclusion, the achieved results in this study cannot confirm the stated hypothesis, however, it cannot yet
be rejected either because of the promising in vitro results on the macrophage polarization. Therefore, further
research is needed and especially repeating the in vivo experiments using myeloid cell-specific HDAC3 knockout
mice could give valuable insight in the role of HDAC3 on the macrophage polarization and thereby on the

functional recovery.
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SUPPLEMENTS

Supplementary tables

Supplementary Table 1: The sequences of the primers used for gPCR.

Gene Forward primer Reverse primer

Argl GTGAAGAACCCACGGTCTGT GCCAGAGATGCTTCCAACTG
CD38 ACTGGAGAGCCTACCACGAA TGGGCCAGGTGTTTGGATTT
FIzz TCCAGCTAACTATCCCTCCACTGT GGCCCATCTGTTCATAGTCTTGA
FPR2 TCTACCATCTCCAGAGTTCTGTGG TTACATCTACCACAATGTGAACTA
GPR18 CAGACAGGAGGTTCTACATACCA AGCGAGGCTTGGGTAAAACA
HMBS GATGGGCAACTGTACCTGACTG CTGGGCTCCTCTTGGAATG

IL-1B ACCCTGCAGCTGGAGAGTGT TTGACTTCTATCTTGTTGAAGACAAACC
IL-6 TGTCTATACCACTTCACAAGTCGGAG GCACAACTCTTTTCTCATTTCCAC
iNOS GGCAGCCTGTGAGACCTTTG GCATTGGAAGTGAAGCGTTTC
Ymla GGGCATACCTTTATCCTGAG CCACTGAAGTCATCCATGTC

YWHAZ GCAACGATGTACTGTCTCTTTTGG

GTCCACAATTCCTTTCTTGTCATC
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Supplementary figures

Supplementary Figure 1: The protein expression of Argl by IL-4-primed macrophages is enhanced by RGFP966. BMDMs
were primed with IL-4 before stimulation with RGFP966. Proteins were isolated and analyzed using western blot for B-actin
(42 kDa) and Argl (40 kDa) expression. Graph is represented in Figure 8. IL-4: interleukin-4, Argl: arginase 1

Supplementary Figure 2: RGFP966 reduces the formation of naive, LPS- and IL-4-primed BMDMs into foamy macrophages
in the presence of spinal cord debris for 48 hours in vitro. (A-C) Microscopy image of the Oil Red O staining after treatment
with IL-4 (A) combined with 5 uM (B) or 10 uM (C) RGFP966 in the presence of spinal cord debris. (D-F) Microscopy image of
the Oil Red O staining after treatment with LPS (D) combined with 5 uM (E) or 10 uM (F) RGFP966 in the presence of spinal
cord debris. (G-1) Microscopy image of the Oil Red O staining in the presence of spinal cord debris alone (G) or combined
with 5 uM (H) or 10 uM (1) RGFP966. Intracellular lipids are stained in red and nuclei in purple. Graph is represented in
Figure 9. Scale bar: 50 um. IL-4: interleukin-4, LPS: lipopolysaccharide
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