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ABSTRACT

Charcot-Marie-Tooth (CMT) neuropathies are among the most frequent forms of
neuromuscular disorders with a common prevalence of 1:2500 and currently no available
treatment (Rossor et al., 2016; Nagappa et al., 2022). CMTs can be primarily classified
in demyelinating or axonal forms based on neurophysiological and clinical criteria.
Among demyelinating forms, CMT4B1 with myelin outfoldings and HNPP (Hereditary
neuropathy with liability to pressure palsies) with tomacula are two clinical forms
characterized by excessive focal myelin.

Axonal Neuregulin 1 (NRG1) type III orchestrates PNS myelination by modulating
Schwann cells (SCs) fate to become myelinating or non-myelinating cells and by
regulating myelin thickness (Taveggia et al., 2005; Salzer, 2015). NRGI1 type III is
negatively processed by the axonal TACE secretase (Tumor necrosis factor-alpha
converting enzyme), which activity can be enhanced by Niacin (nicotinic acid) (Chen et
al., 2007; Chen et al., 2009; La Marca et al., 2011; Fleck et al., 2013).

We thus hypothesized that Niacin, by enhancing TACE activity and reducing
NGR1-mediated myelination signalling, may represent an effective strategy to
ameliorate CMT neuropathies with focal hypermyelination.

We had already demonstrated as proof-of-principle that Niacin/Niaspan® (a FDA-
approved, extended-release formulation of Niacin) is able to increase TACE activity and
to ameliorate CMT4B1 and HNPP phenotypes in both in vitro and in vivo models (Bolino
etal., 2016).

In the perspective of a clinical application of this drug, we aimed at refining the treatment
protocol, particularly in a long-term treatment setting. Both CMT4B1 and HNPP are
chronic diseases which progress to degeneration and fibres loss with age. Thus, we also
tested whether Niacin administration can be beneficial during nerve development, but not
detrimental during disease progression, by interfering with the physiological attempt of
the nerve to remyelinate and regenerate. Finally, we also tried to elucidate niacin
mechanism of action in the PNS by checking GPR109A receptor expression, since it is
known to be the principal mediator of niacin effects in other tissues.

Our data indicate that Niacin can mainly exert a neuroprotective effect both when

chronically given for 6 months and after nerve injury.
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1.INTRODUCTION

1.1 The Peripheral Nervous System (PNS)

1.1.1 General structure and organization
The peripheral nervous system (PNS) is usually defined as the neural tissue branching
out the cranial vault and the vertebral canal, which connects, both structurally and
functionally, the central nervous system (CNS) with all the peripheral body tissues.
Anatomically, it is composed of peripheral nerves and ganglia, which transmit motor and
sensory impulses between the two compartments.
Peripheral nerves are classified into cranial nerves (12 pairs) and spinal nerves (31 pairs)
according to their physical exit from the CNS. Cranial nerves mostly innervate head and
neck regions (except from the vagus which also innervates thoracic and abdominal
organs) and they can be motor, sensory, or mixed. Spinal nerves are clustered in five
different groups (cervical, thoracic, lumbar, sacral, and coccygeal) in relation to their exit
level along the spinal cord.
Each spinal nerve is composed of several rootlets that converge in the anterior and the
posterior root. The anterior one originates from neurons, whose bodies are placed in the
anterior horn of the spinal cord and contains motor fibres (efferent neurons or motor
neurons). The posterior one originates from the posterior horn of the spinal cord and
contains sensory fibres coming from neuronal bodies located in the dorsal root ganglia
(afferent neurons). The anterior and posterior root then merge to form the spinal nerve
(mixed nerve), which eventually carries both motor and sensory fibres (Dyck P.J &
Thomas P.K., 2005). Accordingly, PNS regulates a variety of functions, ranging from
voluntary (e.g., skeletal muscle contraction) and involuntary (e.g., gland secretion) motor

responses to sensorial information (e.g., pain, temperature, smell, vision, etc...).

1.1.2 Anatomy of a peripheral nerve
Peripheral nerves are composed of motor and/or sensory fibres trough which they send
impulses and information from the CNS towards the periphery and vice versa.
They are externally surrounded by a layer of fibrous connective tissue called epinerium
and internally organized into fascicles containing multiple axons. Axons can be

myelinated by multiple Schwann cells or can be clustered with non-myelinating Schwann
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cells to form Remak bundles. Each fascicle is in turn surrounded by another layer of
fibrous connective tissue called perineurium and, finally, each axon, is surrounded by

loose connective tissue called endoneurium (Figure 1).
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Figure 1. Anatomy of a peripheral nerve.
Internal organization of a peripheral nerve highlighting structural differences between
myelinated and unmyelinated fibres (Ilfeld B.M., et al., 2016).

The epinerium contains type 1 collagen, fibroblasts, adipose tissue, and a vascular
network called vasa nervorum, which is the main vascular support of the nerve. These
vessels enter the epinerium and reach the endoneurium after crossing the perineurium. At
the epinerium level, vessels are quite permeable whereas starting from the perineurium,
endothelial cells of arterioles and capillaries interconnect through tight junctions. These
complexes create the blood-nerve barrier, which is essential to regulate the homeostasis
of the endoneural fluid. The maintenance of the ionic composition and pressure of the
fluid allows axons to efficiently conduct the action potential and to have good nerve fibres
perfusion. The perineurium is composed of multiple layers of perineural cells which
mutually interconnect through gap junctions (external layers) and tight junctions (internal
layers). Finally, the endoneurium mainly consists of longitudinally oriented type I and
type II collagen fibres immersed in the endoneural fluid, together with fibroblasts,

macrophages, mast cells and small anastomosed capillaries. This fine network of collagen
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fibres interacts with both myelinating and non-myelinating Schwann basal lamina, which,
in turn, is composed of type IV collagen, fibronectin, laminin and heparan sulfate (Dyck

P.J & Thomas P.K., 2005).

1.1.3 Structural and functional domains of myelinated axons
Motor fibres are composed of myelinated axons which are essential for the rapid
propagation of action potentials by means of saltatory conduction (Salzer, 2015).
Myelin is a multilamellar membrane, which provides electrical insulation around the
axon, while communicating with both neurons and the environment (Bolis et al., 2009).
Different structural and functional domains can be defined along a myelinated axon: the

internode, the paranode, the juxtaparanode and the node of Ranvier (Figure 2).
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Figure 2. Microanatomy of a myelinated axon.

Schematic representation showing internal compartments formed by Schwann cells wrapping
around an axon. On the left: Schwann cell longitudinal section; On the right: unwrapped
Schwann cell (Salzer , 2015).

The myelin internode is on average 0.5mm long and it physically separates two nodes of
Ranvier. It can be divided into two domains: 1) non-compact myelin and 2) compact
myelin.

Non-compact myelin includes all the subdomains containing cytoplasm such as: the
inner and outer mesaxon, the microvilli, the Schmidt-Lanterman incisures (SLI), the
paranodal loops and the Cajal bands (Figure 2). These structures allow communication

and cytoplasmic continuity between the outer and the inner portion of the myelin
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internode. Specifically, SLI are cytoplasmic channels which traverse compact myelin
with a 9 degrees angle from the abaxonal to the adaxonal surface. They are abundant at
the perinuclear and paranodal regions and their number is directly proportional to myelin
sheath thickness. They mediate ions radial diffusion across the internode through Gap
Junctions (Connexin-32, -26, -43), and they probably contribute to myelin formation
during early stages because of their role in protein and lipids transport (Salzer, 2003;
Trapp & Kidd, 2004).

The paranodal regions constitute the lateral extremities of the myelin internode. They are
made up of Schwann cells cytoplasm loops longitudinally disposed and spirally wrapped
around the axon (Figure 2). Adjacent paranodal loops mutually interact through adherens
junctions (E-cadherin, B-catenin, and MAG-Myelin Associated Glycoprotein), and
contact the axolemma through specific junctional complexes named septate-like
junctions. These structures are composed of axonal Contactin and Caspr, which bind glial
Neurofascin 155, thereby becoming the major adhesion points between myelin and axon
(Salzer, 2003; Trapp & Kidd, 2004). This tight axo-glial interaction enables to spatially
separate Na*and K* channels, which is required for proper action potential conduction.
K* channels (Kv1.1 and Kv1.2) are expressed at the juxtaparanodal sites, which extend
for 10-15nm before the paranode (Trapp & Kidd, 2004; Nave, 2010; Stassart et al, 2018).
The presence of adhesion molecules like Caspr-2 (Contactin associated protein-2)
contributes to channels localization and clustering, which is essential for potassium
outflux during repolarization (Trapp & Kidd, 2004).

Voltage-gated Na* channels (Nav1.X) are instead positioned in the nodal axolemma,
where the saltatory conduction occurs (Nave, 2010; Trapp & Kidd, 2004). Here, channels
are stabilized by adhesion molecules such as NrCAM (neural cell adhesion molecule),
Neurofascin 186 on the axonal site and gliomedin on glial site, and by the ankyrin G
protein, which connects them to the sub membranous cytoskeleton, containing spectrin
and f-actin (Trapp & Kidd, 2004).

The node is then a small portion of the axolemma delimited by two internodes. Its length
depends on axonal diameter, and normally ranges between 1 to Sum. In this region, axons
are in direct contact with the extracellular matrix and with Schwann cell microvilli,
another portion of non-compact myelin coming from the final processes of contiguous

myelin segments (Trapp & Kidd, 2004).
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Overall, myelinated fibres appear to be both longitudinally and radially polarized
structures. The longitudinal polarity is defined in relation to the node of Ranvier, whereas
the radial polarity is considered in relation to myelin sheath development from the axon
to the basal lamina (Figure 2).

Schwann cells (SCs) abaxonal surface interacts with the surrounding basal lamina
through integrins, laminins and dystroglicans, which also play an important role during
radial sorting (Feltri et al., 2016). The abaxonal compartment includes SCs nucleus and
Cajal bands, cytoplasmic channels interrupted by periodical appositions of the abaxonal
membrane with the outer layer of compact myelin, stabilized by the L-periaxin-DPR2-
dystroglycan (PDG) complexes (Trapp & Kidd, 2004; Sherman & Brophy, 2005).

On the other side, Schwann cells adaxonal surface is separated from the axon by a space
of around 15nm called periaxonal region (Trapp & Kidd, 2004). In this area, several
molecules expressed by both axons and glial cells are involved to establish and maintain
their interaction such as MAG and nectin-like proteins (e.g. Necl-1,-2,-4) (Salzer et al,

2008; Salzer, 2015).

Compact myelin accounts for most of the myelin sheath and it is composed of multiple
layers of Schwann cells membrane wrapped around the axon. During compaction,
cytoplasm is extruded, thus enabling the formation of insulating units, which prevent ion
exchange and dispersion along the axon, and favour saltatory conduction at node sites
(Trapp & Kidd, 2004). The apposition between the different extracellular leaflets
generates the so called intraperiod lines (IPL), whereas the cytoplasmic membrane
leaflets of adjacent lamellae fuse to form the major dense line (MDL).

This organized and periodic structure is maintained by different proteins, which account
for the 20-30% of total myelin (the remaining 70-80% are lipids). Among all, PO and
Peripheral Myelin Protein (PMP-22) proteins are responsible for preserving the
periodicity of myelin membrane, while Myelin Basic Protein (MBP), together with PO
cytoplasmic segments stabilizes the MDL (Figure 3), (Trapp & Kidd, 2004).

PO protein represents the 70% of all proteins in the PNS. It is a type I transmembrane
glycoprotein of 30 kDa with both an extracellular and cytoplasmic domain. Through the
extracellular immunoglobulin-like domain, it forms tetramers in cis and interacts with

other PO tetramers in trans (on the opposing plasma membrane) (Trapp & Kidd, 2004).
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PMP-22 is a tetraspanin and hydrophilic protein of 22kDa, expressed by myelinating
Schwann cells and Dorsal Root Ganglia (DRG) (D’Urso &Miiller, 1998). Its expression
has also been reported in non-neural tissues, even if its function there remains unknown
(Notterperk et al., 2001). In addition to its structural role in the maintenance of compact
myelin, it also acts as growth arrest protein in myelinating Schwann cells, whereas during
development, it promotes tissue differentiation (Trapp & Kidd, 2004).

Finally, MBP is expressed on the cytoplasmic surface, and it is thought to neutralize
negatively charged lipids by binding phosphatidylserine residues. It helps the stabilization
of the MDL together with PO. (Trapp & Kidd, 2004; Kidd ef al, 2013; Salzer, 2015).
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Figure 3. Structural organization of compact myelin.
Schematic representation showing proteins and interactions responsible for the maintenance of
myelin sheath structure and periodicity (Salzer et al., 2015).

1.2 The myelination process in the Peripheral Nervous System

1.2.1 Schwann cell development: origin and fate towards myelination

Schwann cells are the most abundant glial cell type in the PNS (Ino & lino, 2017). During
embryonic development, they originate from multipotent neural crest cells (NCCs), which
derive from the dorsal portion of the neural tube formed during neurulation. NCCs other
than Schwann cells, also give rise to other cell types including melanocytes, fibroblasts,

parasympathetic neurons, and smooth muscle cells. It is still not clear how these cells start
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to differentiate in one type or another, but it is possibly related to both stochastic events
and a combination of several instructive signals (Jessen & Mirsky, 2005;). Particularly,
mature Schwann cells formation requires the transition from migrating neural crest cells
to two other cell types: Schwann cells precursors (SCPs) and Immature Schwann cells
(Figure 4). The former group originates from neural crest cells at around embryonic day
E12-13 in mice and contains cells at different developmental stages surrounded by the
extracellular matrix. Their survival is guaranteed by specific axonal factors such as -
Neuregulin-1 (NRG1). The latter group generates from SCPs at around E13-15 in mice
and is composed of cells showing the same developmental potential, which interact with
both axons and nascent basal lamina (Jessen & Mirsky, 2005; Jessen et al., 2015).
Autocrine signals such as insulin-like growth factor 2 (IGF 2), neurotrophin 3 (NT3),
platelet-derived growth factor (PDGFB), leukaemia inhibitory factor (LIF) and
lysophosphatidic acid (LPA) are responsible for immature Schwann cells survival. This
switch from paracrine (axonal) to autocrine (glial) dependence is crucial not only during
development but also after nerve injury (Jessen & Mirsky, 2005; Jessen & Mirsky, 2019).
During this phase, indeed, denervated Schwann cells (repair Schwann cells) acquire a

new phenotype and assure their own survival by means of autocrine signals (e.g., NRGI
type D).
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Figure 4. Schwann cells transitions during development and adulthood.

Schematic graph showing the main steps occurring in Schwann cells lineage during development,
in adulthood and after nerve damage (Jessen & Mirsky, 2019).

Around E18-19, immature Schwann cells, together with axons, start to segregate from

their original families and undergo a process called radial sorting, which terminates at
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post-natal day 10 (P10). During this phase, immature Schwann cells interacting with
smaller axons (<1 um diameter) differentiate in non-myelinating Schwann cells to form
unmyelinated Remak bundles, whereas the ones interacting with larger axons (>1 um
diameter) establish a 1:1 relationship with single axons, thus becoming pro-myelinating
Schwann cells (Figure 4). To numerically assure the 1:1 match between axons and
Schwann cells, a fine regulation of cells proliferation and death also occurs at this point
(Jessen & Mirsky, 2005; Pereira et al., 2012; Jessen et al., 2015). Myelination of large-
calibre axons finally starts at birth, thanks to the concurrent activation and inhibition of
several pathways.

The progression of embryonic Schwann cells lineage from one state to another is finely
regulated by several molecules- including mitogen and differentiation signals as well as
transcription factors-, expressed by glial cells, axons, and the surrounding environment.
Among all, it is worth to mention the transcription factors SOX10 and FoxD3, which are
essential for SCPs generation from neural crest cells, and axonal signals like NRG1 and

Notch, which drive SCPs to immature Schwann cells (Jessen et al., 2015).

1.2.2 Neuregulin 1 type I1l-mediated myelination signalling

The myelin phenotype is then the result of a complex, sequential, feedforward cascade of
both intrinsic and extrinsic signals, involving transcriptional and epigenetic factors,
receptors, ligands, and different signalling molecules. Among all, the major and best-
described extrinsic signal is neuregulin (NRG1) type III, which is expressed on the axonal
surface (Jessen ef al., 2015). As already mentioned in 1.2.1, NRGI plays a pivotal role at
many stages of Schwann cells lineage during development and postnatally. NRG1 is part
of the epidermal growth factor (EGF) superfamily and comprises six major classes (I-VI),
which differ in the splicing patterns of the ectodomain. The isoforms I-III are the most
abundantly expressed, with type III being the most represented on peripheral axons
(Jessen et al., 2015). NRG1 type I [also called heregulin or acetylcholine receptor-
inducing activity (ARIA)] and type II (also called GGF, Glial Growth Factor) are released
from the axonal surface, hereby acting as paracrine signals, whereas NRG1 type III is
retained on the axonal membrane and acts as a juxtracrine signal (Michailov et al., 2004;
Nave & Salzer, 2006). Notwithstanding, all of them can interact with the erbB tyrosine-
kinase receptors family through the EGF-like domain. Axonal NRG1 type III binds the
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ErbB2/ErbB3 heterodimer receptor expressed on Schwann cells surface, thereby
activating several second messenger cascades, including the PI3K-Akt-mTOR axis,
which is essential for both Schwann cells proliferation and myelination (Taveggia ef al.,
2005; Salzer,2015; Figlia et al, 2017). The central role of NRG1 and particularly of NRG1
type III in PNS myelination has been extensively demonstrated in literature. NRGI,
ErbB2 and ErbB3 full KO mice are not viable (Wolpowitz et al., 2000; Adlkofer et al.,
2000). Schwann cells/NRG1 type III"-neurites co-cultures fail to sort into 1:1 relationship
and to provide myelination (Taveggia et al., 2005). Haploinsufficiency of NRG1 (mainly
type III isoform) or conditional inactivation of its receptors results in severe
hypomyelination and reduced nerve conduction velocity (Garratt et al., 2000; Michailov
et al., 2004; Taveggia et al., 2005; Brinkmann et al., 2008), whereas forced expression of
NRGI type III causes hypermyelination (Michailov et al., 2004).
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Figure 5. NRG1 is an instructive signal for PNS myelination.

A) Axons expressing high levels of NRGI type Il induce Schwann cells differentiation towards
myelination; low levels of NRG1 type Il lead Schwann cells to a non-myelinating fate. B) NRG1
type Il levels are proportionally related to the quantity of myelin produced (Nave & Salzer, 20006,
License number: 5410671441366, Elsevier).

These findings also suggest that NRG1 type III is an instructive signal, thus meaning that
threshold levels stimulate myelination and that above that threshold, the quantity of
myelin produced is directly proportional to the amount of NRGI1 type III expressed
(Figure 5b), (Salzer, 2015). Indeed, large-calibre axons expressing high levels of NRG1

type III undergo myelination, whereas small-calibre axons expressing low-levels of
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NRGI type III have a non-myelinating fate (Figure 5a), (Taveggia et al, 2005).
Accordingly, myelin sheath thickness is calculated and expressed with the g-ratio value
(ratio between the axonal diameter and the myelinated fibre), which physiologically
corresponds to 0,68 (Nave & Salzer, 2006). In pathological conditions, g-ratio is often
altered: in case of hypomyelination the ratio shows higher values (>0,68), whereas in case

of hypermyelination they are reduced (<0,68).

1.2.3 Modulation of NRG1 type 111 signal by BACE and TACE secretases

NRGI1 type III is an instructive and essential signal for Schwann cells development and
myelination (Nave & Salzer, 2006; Salzer, 2015; Jessen et al., 2015). Like the other
isoforms, it requires the cleavage of the extracellular ectodomain by metalloproteinases
to fully function. However, because of its second amino-terminal hydrophobic sequence
(cysteine-rich domain), it is not released as type I and II, but it is retained on the axonal
surface and acts as a juxtacrine signal (Falls, 2003; Taveggia et a/, 2005). Among others
(e.g., Nardisilin-1, ADAM22), BACE1 and TACE/ADAMI17 are the major secretases
acting on NRG1 type III with opposing effects (Figure 6).
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Figure 6. NRG1 processing by BACE and TACE secretases.

Schematic reproduction of the three main NRGI isoforms (type I, Il and III) requiring
metalloproteinases cleavage to fully function. NRGI type I and Il are released from the axonal
surface and act as paracrine signals; Nrgl type 11l is activated by BACE cleavage and acts as
Juxtracrine signal. TACE secretase cleaves the EGF-like domain and inhibits myelination
(Modified from Nave & Salzer, 2006, License number: 5410671441366, Elsevier).
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The B-secretase BACE] is a positive regulator of myelination and remyelination after
injury, whereas TACE/ADAMI17 (Tumor necrosis factor o-converting enzyme/a
disintegrin and metallopeptidase domain-17) acts as negative regulator of NRG1 type III
function (Nave & Salzer, 2006). The balance between BACE1 and TACE/ADAM17
activities is then crucial to regulate the timing and the extent of PNS myelination (Pereira
et al, 2012; Salzer,2015).

The central role played by these two enzymes on NRGI1 Type III modulation and
consequently on myelination has been widely demonstrated.

BACE1"" mice show evident hypomyelination of large-calibre axons and aberrant axonal
segregation of small-calibre axons in sciatic nerves at P8. In the CNS, a significant
decrease of amino-terminal fragments produced by BACE1 cleavage parallels an increase
of unprocessed NRG1 type IIlI, corroborating its role in promoting NRG1 type III
activation (Willem et al, 2006).

TACE - mice are not viable and die at birth (Peschon et al., 1998). Conditional KO mice,
in which TACE has been specifically deleted in motor neurons (HB9-Cre; TACE ")
were generated to investigate axonal TACE activity on NRG1 type III. Ultrastructural
analysis of both sciatic nerves and ventral roots at P1 revealed a significant anticipation
of the myelination program and a marked hypermyelination of some fibres. Subsequent
analyses performed at P7, P15 and P30 confirmed the results obtained at P1. Moreover,
the g-ratio value was found to be reduced when compared to wild-type, supporting the
evidence of a hypermyelinated condition (La Marca et al., 2011).

Since TACE is expressed by both axons and Schwann cells, to discriminate if the
observed aberrant phenotype was the result of an axon-autonomous mechanism or not,
the Mpz-Cre; TACE /" mouse model was generated to specifically delete TACE in
Schwann cells. Morphological analysis and g-ratio value of sciatic nerves at P7 and P30,
as well as detection of MBP and MAG protein levels from sciatic nerve lysates at P15,
did not show any differences to wild-type. Finally, to further corroborate the inhibitory
role of TACE, Nrgl type III""; TACE"- compound mice have been generated to
investigate if a 50% reduction of TACE could be sufficient to restore hypomyelination in
Nrgl *- mice. Interestingly, morphological analysis of sciatic nerve sections at P30

confirmed the expected rescue (La Marca et al., 2011).
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Taken together, these results confirm the role of axonal but not glial TACE in reducing
NRGI1 type [lI-mediated myelination signalling and suggest that the modulation of NRG1
signalling through secretases inhibitors or activators could be an efficient therapeutic

strategy for different myelin disorders (Salzer, 2015; Bolino et al., 2016).

1.2.4 The PI3K-Akt-mTOR pathway in PNS myelination

The PI3K-Akt-mTOR pathway is the main signalling cascade triggering myelination
downstream NRG1 type III-ErbB3/ErbB2 interaction (Figure 7).

PI3K (phosphatidylinositol 3-kinase class I) converts the PIP» [phosphatidylinositol
(4,5)-biphosphate] in PIP3; [phosphatidylinositol (3,4,5)-triphosphate] to foster Akt
activation, whereas PTEN (phosphatase and tensin homolog) catalyses the opposite
reaction (Pereira et al., 2012). More precisely, PIP3 recruits Akt to the plasma membrane
together with PDK1 (3-phosphoinositide dependent protein kinase 1) and phosphorylates
Akt at residue Thr3% placed in the catalytic domain (Norrmén & Suter, 2013).
Phosphorylation of Ser*”* by mTORC2 completes Akt activation (Guertin et al., 2006;
Jacinto et al., 2006). Phosphorylated Akt then promotes lipid biosynthesis via SREBPs
(sterol regulatory element-binding proteins) and activates mTORC1 complex both
directly, through the inactivation of its inhibitors (e.g., PRAS40), and indirectly, through
the inactivation of the TSC-TBC complex (Norménn & Suter, 2013; Salzer et al., 2015;
Figlia et al., 2018).

The mammalian target of Rapamycin (mTOR) is one of the main effectors downstream
to Akt and it constitutes the catalytic core of mMTORC1 and mTORC2 complexes (Figure
7). Of note, mTORCI1 is widely known for its role in regulating cell metabolism,
proliferation, and survival, whereas mTORC2 coordinates cell migration and
cytoskeleton remodelling (Norménn & Suter, 2013). Once activated, mTORC1 stimulates
lipid and protein production through its downstream effector phospho p70-S6 kinase
(PS6K), which in turn phosphorylates S6 ribosomal protein (S6 rp), a member of the 40s
ribosomal subunit involved in mRNA translation. Simultaneously, mTORCI1 also
phosphorylates 4EBP1(eukaryotic initiation factor 4E-binding protein), thereby causing
the release of the elf4 factor (translation initiation factor 4E) and thus further promoting

translation (Figlia ef al., 2018). In addition to SREBPs, mTORCI1 stimulates lipid
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biosynthesis through the activation of the PPARy (peroxisome proliferator-activated
receptor gamma) transcriptional program, which regulates de novo fatty acids synthesis

and adipocytes differentiation (Montani et al., 2018).
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Figure 7. The PI3K-Akt-mTOR pathway role in PNS myelination.
NRGI type Il interaction with its cognate receptors ErB3/B2 activates the PI3K-Akt-mTOR

pathway. Schematic overview of the intracellular cascade activating myelination and other
cellular mechanisms (Modified from Iwakura & Nawa, 2013).

Since myelination is a high, biosynthetically demanding metabolic process, it is clear why
mTORCI1, the gatekeep of anabolism, plays such a pivotal role. During early
development, high levels of mTORCI foster radial sorting and prevent Schwann cells
differentiation. When radial sorting is completed, mMTORCI1 activity decreases to promote
myelination and the residual activity is maintained to sustain protein and lipid synthesis
during myelin growth (Figure 8), (Sherman et al., 2012; Figlia et al., 2017).

Loss of mTORCI1 function in Schwann cells indeed hampers myelination, whereas its
hyperactivation not only leads to hypermyelination but, depending on timing and

approach, it can result in different phenotypes (Figlia et al., 2017).
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Figure 8. Dual role of mTORC] activity in PNS myelination.

High levels of mTORCI stimulate Schwann cells proliferation and radial sorting by inhibiting
Krox20 transcription. A decrease in mTORCI activity allows Schwann cells differentiation and
myelination. mTORCI residual activity is necessary to sustain myelin growth by promoting lipid
and proteins production (Figlia et al., 2017).

1.3 PNS response to nerve injury (acute nerve damage in mice)

1.3.1 Wallerian degeneration

Wallerian degeneration (WD) was firstly described in 1850 by August Waller as the
degenerating process occurring in the axon distally from the injury site, followed by an
active clearance of the debris produced (Stassart et al., 2018).

The causes of peripheral nerve degeneration and demyelination have multiple nature: they
could be traumatic (nerve compression, neurotmesis or axonotmesis), toxic (diptheric),
metabolic (diabetes), infectious (Mycobacterium leprae), hereditary (Charcot-Marie-
Tooth Neuropathies), immune (Guillame-Barré syndrome, chronic inflammatory
demyelinating polyneuropathy CIDP), thermic (hot or cold burn) or ischemic (Tricaud &
Park, 2017). While axonotmesis is considered the primary model of acute axonal
degeneration (WD), other conditions such as toxic injuries and genetic defects, are more
correctly referred to as “dying back axonopathies”. This neuropathological feature has
led for many years to the misconception that, differently from WD, degeneration in these
disorders progresses retrogradely from the axonal terminus. Ultrastructural analyses have

instead revealed that in these conditions, degeneration does not begin from the axonal
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terminal but, considering the whole tract, it is most prevalently distal (Stassart et al.,
2018).

To study nerve degeneration and regeneration in mouse models, axons are usually
lesioned in two ways: by nerve cut (neurotmesis) or crush (axonotmesis). After cut,
connective tissue and basal lamina sheaths are interrupted, while after crush, the basal
lamina remains intact (Jessen & Mirsky, 2016). In both cases, the activation of WD leads
to a strictly regulated subcellular self-destruction.

In the very early phase (1-2 days after injury), axons maintain their morphological and
metabolic asset, but later they undergo a total structural breakdown. The mechanisms that
initiate the process are still quite enigmatic. Recent studies have identified SARMI as a
master executioner of axonal degeneration (Gerdts et al.,2015; Sasaki et al.,2016; Di
Stefano et al.,2015,2017; Figley et al., 2021). SARMI (sterile alpha and Toll/interleukin-
1 receptor motif-containing 1) is a pro-degenerative molecule which senses the increased
NMN/NAD ratio caused by both NMNAT2 and/or NAD" depletion (Figley et al., 2021).
When an injury occurs, NMNAT?2 is degraded, thus leading to an insufficient production
of NAD* molecules, an increased levels of NMN, and axonal degeneration.

In addition, energetic failure caused by both NAD" and ATP depletion provokes ionic
imbalance, including intra-axonal accumulation of calcium. The increased calcium flux,
which primarily comes from axonal mitochondria, activates calpain (a calcium-dependent
protease) and subsequently leads to neurofilament proteolysis, microtubules
destabilization and fragmentation of damaged axons (Gerdts et al., 2016; Stassart et al.,

2018).

1.3.2 The “multitasking” role of Schwann cells after nerve injury

Whilst the starting point of axon degeneration seems to be mainly axon intrinsic, Schwann
cells play an active role in the following steps of axonal disintegration and debris
clearance, as well as in promoting axon regeneration and remyelination (Stassart &
Woodhoo, 2021).

During the first phase after nerve damage, Schwann cells dedifferentiate to a progenitor-
like state, which enables them to remodel the environment and make nerve regeneration

possible (Klein & Martini, 2016). This is an important feature that distinguish PNS from
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CNS, where regeneration is impaired by different intrinsic and extrinsic factors, including
oligodendrocytes inability to digest myelin (Rao &Pearse, 2016).

The conversion from differentiated Schwann cells to repair Schwann cells requires a deep
modification of the glial phenotypic profile. Expression of myelin genes is downregulated
(e.g., MBP, MPZ, periaxin), while an upregulation of genes normally expressed in Remak
or developing Schwann cells (e.g., L1, NCAM, GFAP, P75NTR) occurs (Chen et al.,
2007; Jessen & Mirsky, 2019). In addition, transdifferentiated Schwann cells also express
de novo genes, like Olig 1 (oligodendrocyte transcription factor 1) and Shh (Sonic
Hedgehog) and upregulate a set of neurotrophic factors and surface proteins (e.g., GDNF,
BDNF, NT3, NGF, VEGF, N-cadherin) that contribute to neurons survival and axonal
regrowth (Jessen & Mirsky, 2016). Even the activation of the immune system is regulated
by repair Schwann cells through the release of diverse cytokines and chemokines (e.g.,
TNFa, Il-1a, LIF, MCP-1), which not only recruit macrophages to the injury site, but
also promote nerve regeneration in several ways (see 1.3.3 for details).

Recent evidences also propose the epithelial-to-mesenchymal transition (EMT), as one of
the possible processes that Schwann cells undergo during demyelination. After injury,
genes like Zeb2 and Snail, typical of the mesenchymal phenotype, resulted to be
upregulated in demyelinating Schwann cells, as well as E-cadherin was found to be
replaced by N-cadherin expression (Tricaud & Park, 2017).

During the very early phase of Wallerian degeneration/demyelination (up to 3 days post
damage), axons degenerate, and myelin retracts starting from paranodal regions (Figure
9, points 1-2).

Myelin sheath then starts to break up into oval-shaped myelin segments, called myelin
ovoids, that progressively become small debris (Gomez-Sanchez et al., 2015). It has been
estimated that about 50% of total myelin is cleared by Schwann cells themselves thanks
to the activation of a specific autophagic process called “myelinophagy”, while the rest
is later removed by hematogenous macrophages together with antibodies and complement
(Gomez-Sanchez et al., 2015; Jessen & Mirsky, 2016; Stassart & Woodhoo, 2021).
Myelin and axonal fragments are then internalised and delivered to lysosome for
degradation (Jung et al., 2011), thus enabling the complete clearance within 15 dpni (days
post nerve injury), (Figure 9, points 3-4).

27



After that, repair Schwann cells adopt a bipolar, elongated morphology to form columnar
tracks (called Bands of Bungner) inside the basal lamina, which support and guide
regenerating axons back to their original targets (Figure 9, points 5-6), (Jessen & Mirsky,
2016). In case of nerve cut, this step is also supported by regrowing vessels stimulated by
macrophage-released VEGF-a (vascular endothelial growth factor alpha) in response to
the hypoxic environment (Cattin & Lloyd, 2016). In both cases, once target tissues are
reached (around 21dpni), Schwann cells re-differentiate and start to myelinate the

regenerated axons following a 1:1 ratio (Figure 9, point 7).

1) Peripheral nerve injury 7) SCs remyelinate regenerated axons

2) SCs demyelinate and convert into repair SCs 6) SCs proliferate and promote axonal regrowth

"o
e

3) Repair SCs disintegrate distal cut axons

R
‘ ""*"}F,‘

4) Repair SCs clear axon and myelin debris

Figure 9. Main steps of Wallerian Degeneration.
1) Injury of a peripheral nerve can have different natures (traumatic, metabolic ,toxic, hereditary)
but always results in the activation of the degeneration program; 2)Denervated Schwann cells
“transdifferentiate” and become repair Schwann cells,; 3-4) Repair Schwann cells together with
macrophages remove myelin and axonal debris to allow regeneration; 5) Repair Schwann cells
form regeneration tracks (Band of Bunger) to guide new axons back to their original targets;6)
Schwann cells proliferate to further help axonal regrowth,7)Once axons have regenerated and
reached their targets, Schwann cells can re-differentiate and start the remyelination process.
(Nocera &Jacob, 2020).
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It is discreetly evident then that Schwann cells reprogramming after nerve injury does not
completely recapitulate embryonic development, but it involves several different
mechanisms which have not yet been fully elucidated (Arthur-Farray ef al., 2012; Jessen
& Arthur-Farray, 2019). A central regulator of Schwann cells reprogramming after nerve
injury is the JNK/c-jun pathway (Arthur-Farraj ef a/, 2012; Gomez-Sanchez et al., 2015).
The transcription factor c-jun orchestrates the main steps of injury response, going from
the stimulation of trophic and adhesion factors expression to myelin clearance and
regeneration. Indeed, inhibition of c-Jun function leads to a missed activation of the repair
program and thus, to unsuccessful recovery and neuronal death (Arthur-Farraj et al,
2012).

Other studies showed that ErbB2/B3 receptors expressed distally from the injury site,
were found to be selectively phosphorylated ten minutes after nerve damage. This
activation primarily occurs at Schwann cell microvilli and then spreads along the
abaxonal side. Since NRG1 type III is known to trigger ErbB2/B3 phosphorylation, it has
been suggested that in addition to its role in survival, proliferation, and myelination, it
could also have a role in promoting Schwann cells dedifferentiation (Tricaud & Park,
2017). NRG1-mediated activation of ErbB2/B3 receptors further stimulates within few
hours Rac-MKK7-JNK and Ras-MEF-ERK1/2 pathways, which regulate actin
polymerization and demyelination, respectively (Napoli et al., 2012; Shin et al., 2013).
Nevertheless, it has been demonstrated that NRGI1 can be dispensable during
dedifferentiation, whereas it is later required for nerve regeneration (Fricker & Bennett,
2011; Stassart et al., 2013).

Another candidate for the activation of the repair program in Schwann cells is the Notch
pathway. Notch ligands Jagged 1 and 2 were found to be induced within the first two days
after nerve injury. Stimulation of the Notch pathway indeed leads Schwann cells
reprogramming and demyelination, starting from 4 hours after nerve injury and
culminating with the complete disintegration of the myelin sheath two days later

(Woodhoo et al., 2009; Tricaud & Park, 2017).

1.3.3 Macrophages contribution to clearance

As already mentioned in 1.3.2, macrophages synergically cooperate with Schwann cells

to promote myelin and axonal debris removal after nerve injury.
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In physiologic conditions, tissue-resident macrophages account for the 2-9% of total cells
and their function in a homeostatic condition is still not completely clear (Mueller et al.,
2001; Cattin & Llyod, 2016). Early after injury, both Schwann cells and resident
macrophages proliferate and activate to clear and remodel the environment. From 4 dpni
onward, hematogenous macrophages are recruited at the site of damage thanks to specific
cytokines and chemokines released by Schwann cells (e.g., CCL2, MCP-1, LIF, TNF-q,
IL-6) and fibroblast (e.g. CSF1). Of note, CCL2 binds to CCR2 monocytic receptor and
it is thought to be one of the main recruiting factors: genetic disruption of both Ccl2 or
Ccr2 indeed results in a reduced accumulation of macrophages at the injury site (Cattin
& Llyod, 2016; Stassart & Woodhoo, 2021). In addition, products of the degenerating
process themselves have been found to trigger the immune response through the
interaction with Toll-like receptors (TLRs) expressed by Schwann cells (Martini et al.,
2008). Finally, it has recently been shown that also neuronal prostaglandin D2 synthase
(L-PGDS) is involved in the modulation of macrophage activity, as well as in promoting
axonal regeneration and reduction of the inflammatory response in the late phases of WD
(Forese et al., 2020).

Whilst the first idea about macrophages is usually related to their clearance activity, they
play a crucial role in stimulating regeneration as well. In case of nerve cut, they “sense”
hypoxia and secrete VEGFA to trigger the formation of new blood vessels (Cattin &
Llyod, 2016). Polarised angiogenesis is fundamental not only to restore perfusion, but it
also helps Schwann cells to guide regenerating tracks back to target tissues.
Accordingly, macrophages contribute to axonal regeneration both directly, by debris
removal, and indirectly, through the release of pro-regenerative factors, such as IL-1,
which stimulates Schwann cells to produce NGF-1 (nerve growth factor 1).

Depending on the type of perturbation- namely WD or inherited demyelinating
neuropathy- macrophages contribution can be primarily hematogenous or resident,
respectively. In the first case, both axons and myelin are involved, whereas in the second,
myelin is wrecked while axons are preserved, suggesting that different mediators are
involved in response to the distinct type of damage (Martini ef al., 2008).

It is evident then that macrophages are incredibly plastic cells, which can show a wide
range of activation states in relation to the environment. Using genomics tools, it has been

demonstrated that at least 9 subtypes of macrophage-activation patterns exist in response

30



to different stimuli. Nevertheless, macrophages are usually clustered in two main groups
in various tissues, including the nerve: M1 or pro-inflammatory or “classically activated”
macrophages and M2 or anti-inflammatory or “alternatively activated” macrophages
(Chen et al., 2015; Stratton & Shah, 2016). M1-phenotype is predominant within the first
3-4 dpni and stimulates inflammation as well as debris clearance. M2-phenotype also
appears early after damage to counteract pro-inflammatory signals but is mostly present
later to promote regeneration. This temporal regulation of phenotypic profiles is shared
by other tissues, but what really happens in PN'S microenvironment is more complex and
much still needs to be elucidated (Stratton & Shah, 2016).

Intriguingly, the presence of two spatially and phenotypically distinct subset of
macrophages inside a peripheral nerve has been recently described for the first time. In
response to nerve injury, these two populations differently react to damage, with a
predominant activation of the endoneural (rather than epineural) compartment (Ydens et

al., 2020).

1.3.4 Axons regeneration and remyelination

The synergic action of Schwann cells and macrophages in promoting clearance of myelin
and axonal remnants is the striking point which differentiates PNS from CNS in the ability
to regenerate after injury.

In mice, the regenerative program requires 3-4 weeks to be completed, even if
remyelination lasts longer (>45 dpni). In humans this process is slower: with a rate of
axonal regrowth of around 1 mm/day, it can take more than one year to be over (Hoke &
Brushart, 2010).

Other than debris removal, axonal regrowth requires the activation of the regeneration-
associated gene (RAG) program and an increase in mitochondrial density to energetically
support the process. The growth cone starts to elongate from the proximal stump towards
periphery, following Schwann cells columnar tracks (Bands of Bungner), which
directionally guide and robustly sustain the new forming axons (Stassart & Woodhoo,
2021). This collective migration is also favoured by EphB2 signalling, triggered by
fibroblast-expressing Ephrin B, as soon as Schwann cells enter the wound.

Once the target tissue is reached, repair Schwann cells exit the cell cycle, re-differentiate,

and start to myelinate new regenerated axons (Stierli et al., 2019). Notwithstanding,
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remyelination is not as efficient as myelination during development: axonal segments
show thinner and shorter ensheathment, which ultimately leads to a partial functional
recovery over time (Stassart & Woodhoo, 2021).

The switch from repair to myelinating Schwann cells is determined by the restored
expression of NRG1 type III on axonal surface (Figure 10). At the beginning of WD,
axo-glial interactions are lost, so Schwann cells have no more access to axonal signalling
cues. During this phase, denervated Schwann cells start to express NRG1 type I isoform,
whose expression is usually inhibited by axonal NRG1 type III. NRG1 type I acts as
autocrine signal on Schwann cells themselves, supporting their proliferation and survival
in absence of axons. When axons start to regenerate, NRG1 type III expression slowly
turns back to normal levels and eventually triggers Schwann cells differentiation and
myelination once target reinnervation is complete (Stassart & Woodhoo, 2021).
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Figure 10. NRG1 modulation during PNS regeneration and remyelination after injury.

In physiological conditions, axons express Nrgl type Il which stimulates myelination and inhibits
Nrgl type I expression in Schwann cells. In case of nerve injury, denervated Schwann cells lose
their contact with axons and start to express Nrgl type I, which acts as autocrine/paracrine signal
essential for their proliferation and survival (Mei & Nave, 2014; License number:
5413570128841, Elsevier).

1.3.5 mTORC1 pathway modulation after nerve injury

As already described in 1.2.4, mTORCI plays a pivotal role in regulating many aspects
of Schwann cells development and PNS myelination in homeostasis and disease.

mTORCI1 pathway is highly activated before myelination, thereby promoting Schwann
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cells proliferation and radial sorting, while at the onset it rapidly declines. The residual
activity is however sufficient to promote myelin synthesis and to sustain the elevated
metabolic demand (Sherman et al., 2012; Figlia et al., 2017).

Recent studies have proposed a transient but consistent reactivation of mTORCI after
nerve injury as one of the main mechanisms regulating Schwann cells dedifferentiation
(Figure 11). Accordingly, mTORC1 seems to promote c-Jun translation via e[F4A, which
is known to be the master regulator of Schwann cells reprogramming after nerve injury.
Genetic disruption of mMTORCI activity results indeed in failed c-Jun elevation and in the
unsuccessful activation of the repair program (Norrmén, Figlia ef al., 2018).
Intriguingly, mTORCI1 stimulation after damage shows striking parallels with mTORCI1
modulation during development. In both cases, high mTORCI activity limits Schwann
cells differentiation and promotes myelin clearance or radial sorting respectively, whereas

low activity is necessary for the onset of myelination/remyelination.

mTORC1 activity

Nerve crush

Dedifferentiation Onset of

remyelination

Figure 11. mTORC1 modulation after nerve injury.
mTORCI reactivation after nerve injury enables Schwann cells dedifferentiation by promoting c-
Jjun expression. (Norrmen, Figlia et al., 2018)

Moreover, unlike regular autophagy, high levels of mTORCI after injury have been found
not to inhibit myelinophagy, suggesting that a mTOR-independent mechanism occurs
during debris clearance. Accordingly, starvation-induced mTORC]1 upregulation as well
as pharmacological inhibition of mTORCI1 by rapamycin does not change the rate of

myelin destruction in vitro (Gomez-Sanchez et al., 2015).
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In addition to that, recent findings show that the mTORCI-Hifa /c-Myc axis drives a
rapid glycolytic shift in Schwann cells after injury to counteract the energetic failure
caused by axonal degeneration (Babetto et al., 2020). Schwann cells switch their
metabolism from oxidation to glycolysis in order to make a physiological adaptation to
the hypoxic environment and protect injured axons from degeneration by pyruvate and
lactate delivery as energy supplies.

It is still not completely clear which upstream signals are responsible for mTORCI
activation after injury. Given the role of NRG1 type I in supporting denervated Schwann
cells, it is very likely that it could be one of the main factors involved (Norrmén, Figlia
et al., 2018). This hypothesis is also supported by a consistent phosphorylation of
ErbB2/B3 receptors within few minutes after injury, which corroborates the possible link
between NRG and mTORCI also after damage (Tricaud & Park, 2017; Babetto et al.,
2020).

1.4 Charcot-Marie-Tooth (CMT) neuropathies (chronic nerve damage)

1.4.1 General classification and definition

Charcot-Marie-Tooth (CMT) neuropathies, also addressed to as hereditary motor and
sensory neuropathies (HMSN), are one of the most frequent forms of inherited
neuromuscular disorders with a common prevalence of 1:2500 people (Rossor et al.,
2016). So far, mutation in more than 100 genes have been found to be disease-causative,
suggesting a high genetic and clinical heterogeneity (Pareyson & Marchesi, 2009;
Nagappa et al., 2022).

The age of onset is between the first and second decade of life, but in the most severe
forms it can also be congenital. Genetic transmission can be autosomal dominant,
autosomal recessive or X-linked, with the autosomal dominant pattern being the most

frequently observed (Nagappa et al., 2022).
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Patients usually experience progressive muscular weakness and atrophy starting from
lower limbs, hands and foot deformities (e.g., pes cavus), reduced or absent reflexes, and

sensory loss (Figure 12).

Figure 12. Clinical manifestation of Charcot-Marie-Tooth neuropathies.
Images of patients showing distal muscular atrophy(A-B) and skeletal deformities affecting hand
and foot (C-F), (Pareyson& Marchesi, 2009; License number: 5411370635823, Elsevier).

This results in a major impairment of normal activities of daily living such as walking,
writing, and buttoning. CMTs neuropathies are believed to be non-syndromic disorders,
even if other clinical manifestations such as CNS involvement or hearing loss are present
in some subtypes (Stavrou et al.,2021). Life expectancy is not altered, even if in the most
severe forms it is estimated around 40-50 years because of respiratory failure. There are
currently no effective treatments available but only clinical attempts to manage and
reduce symptoms (Nagappa et al., 2022).

CMTs are primarily distinguished on the basis of neurophysiological and clinical criteria
into demyelinating or axonal based on whether axons or myelin is the primary site of
pathology (Previtali, Quattrini & Bolino, 2007).

Demyelinating forms (CMT1) are determined by a severe reduction of motor nerve
conduction velocity (MNCV) to less than 38m/s (in the worst cases nerve responses can
also be undetectable), segmental demyelination, hypomyelination, and eventually axonal

degeneration. Among them, there is a subgroup of CMTs named “neuropathies with focal

35



hypermyelination” (e.g., CMT4B1, CMT4B2, CMT4B3, CMT4H, HNPP), because of
the presence of aberrant myelin structures (e.g., tomacula and/or myelin
outfoldings/infoldings).

Axonal forms (CMT2) are featured by normal or slightly reduced MNCV, decreased
action potential amplitude, axonal atrophy, axonal degeneration, and fibres loss.
Morphological specimens can also show onion bulbs and clusters of regenerating axons,
as an attempt to restore damaged structures.

In addition to axonal and demyelinating CMTs, there is also another group of diseases
defined as intermediate CMTs (I-CMT), which show intermediate neurophysiological

and morphological profiles between the main two (Previtali, Quattrini & Bolino, 2007).

1.4.2 Charcot-Marie-Tooth type 4B1

Charcot-Marie-Tooth type 4B1 is an autosomal recessive demyelinating neuropathy
characterized by focally folded myelin structures called myelin outfoldings/infoldings,
firstly identified by Ohnishi in 1989 (Bolino et al, 2004; Previtali, Quattrini & Bolino,
2007). Myelin outfoldings are the result of an irregular foldings of myelin arising during
postnatal development. They morphologically appear as satellite axons disposed around
a main one, with whom they share the same myelin thickness and basal lamina. Myelin
infoldings are the corresponding aberrant structures which instead develop inward
towards the axon (Figure 13). Both myelin outfoldings and infoldings preferentially arise
at non-compact regions (e.g., SLI, paranodal regions) and increase in number and
complexity with age (Bolino et al, 2004).

The disease onset is normally within the first decade of life but, in the most severe
conditions, it can also be congenital or neonatal. Patients show reduced MNCV (9-20 m/s
or even undetectable in some adults), progressive distal muscular weakness and atrophy,
walking difficulties (e.g., walking on tiptoe) and skeletal deformities. Lifespan can be
reduced because of respiratory failure, which can occur around the fourth or fifth decade

of life (Previtali, Quattrini & Bolino, 2007).
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Figure 13. Myelin outfoldings are the pathological hallmark of CMT4B1.
A-B) Transversal nerve sections of sural nerve biopsy showing myelin outfoldings (arrows), onion
bulb (arrowhead) and significant axonal loss (modified from Previtali, Quattrini and Bolino,
2007); C-G) Sural nerve biopsy showing myelin outfoldings, infoldings and redundant basal
lamina (arrow) at high magnification (Modified from Zambon et al., 2017).

CMT4BI is caused by loss-of-function mutations in the myotubularin-related 2 gene
(MTMR?2) encoding for a ubiquitously-expressed, catalytically-active phospholipid
phosphatase, which regulates both PI3P and PI(3,5)P» phosphoinositide levels by
removing a phosphate at position D-3 of the inositol ring (Bolino et al., 2000; Bolino et
al., 2002).

Even if the exact pathomechanism of the disease is still unknown, it has recently been
demonstrated that myelin outfoldings/infoldings can arise as a consequence of
unbalanced PI(3,5)P> levels due to Mtmr2 loss. The increase in PI(3,5)P> results in the
aberrant modulation of postnatal myelination and cytoskeletal remodelling via mTORC1
and RhoA/Myosin II pathways. Indeed, pharmacological inhibition of both signalling, as
well as of PI (3,5)P2 production, is able to partially rescue the phenotype in in vitro models

(Guerrero-Valero et al., 2021).

37



Studies to understand the molecular basis of the disease and to find possible therapeutical
targets have been performed on M¢mr2-null mice. In this model, MTMR?2 gene expression
was ubiquitously ablated using Cre/loxP technology to remove exon 4 and to efficiently
loose Mtmr2 function (Mtmr2 floxed;CMV-Cre). Mtmr2 KO mice develop normally and
have a regular lifespan. As humans, they show morphological alterations in both motor
and sensory peripheral nerves from P5 (Figurel4), reduced MNCV from 6 months and a
progressive worsening of the phenotype with age (Bolino et al., 2004).

Figure 14. The Mtmr2 ™" mice (CMT4B1 model) reproduce myelin outfoldings.
Sciatic nerve sections showing myelin outfoldings at high magnification. Mtmr2 =~ mice

recapitulate the morphological phenotype of CMT4BI1 neuropathy, (modified from Previtali,
Quattrini and Bolino, 2007).

Nevertheless, the severity of the disease in Mtmr2 KO mice is milder than human
pathology. This could be due to three main differences between rodents and humans: 1)
mice live less, 2) mice have shorter nerves (length-dependent disease), 3) a partial
compensation by other myotubularins can occur (Previtali, Quattrini & Bolino, 2007).

To better understand the cell-autonomous role of MTMR2, two conditional knock-out
mice in which Mtmr2 was specifically deleted in Schwann cells (Mtmr2 floxed; PO-Cre)
or motor neurons (Mtmr2 floxed; HB9-Cre) have been generated. Morphological analyses
revealed that Mtmr2-loss in Schwann cells, but not in neurons, was necessary and
sufficient to reproduce CMT4B1 neuropathy in mice, suggesting that Schwann cells are

the primary target of the disease (Bolis et al., 2005).
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1.4.3 Hereditary neuropathy with liability to pressure palsies (HNPP)

Hereditary neuropathy with liability to pressure palsies (HNPP) is an autosomal dominant
disease characterised by recurrent transient focal mononeuropathies.

The age of onset is normally between the second and third decade of life, but both
neonatal and elderly cases (>80 years) have also been reported. Patients experience
persistent pressure palsies in single nerves following minor trauma, compression, or
physical activities, and recover can take months. Clinically, muscular weakness, atrophy,
reduced tendon reflexes, sensory signs and electrophysiological abnormalities also
contribute to the diagnosis. Life expectancy is unchanged, even if there are no efficient
treatments available (Attarian ef al., 2020).

HNPP neuropathy is caused by loss-of-function mutations in the PMP22 gene on
chromosome 17p11.2-p12, which encodes for one of the main structural components of
compact myelin. PMP22 haploinsufficiency is sufficient to develop HNPP, whereas its
duplication leads to CMTIA neuropathy, suggesting that a correct gene dosage is
essential to preserve Pmp22 function (Adlkofer et al, 1995).

The histological hallmark of the disease are focally myelin thickenings found along single
nerve fibres called “tomacula” (from latin tomaculum=sausage, sausage-like swellings),
which preferentially arise at paranodal regions. These hypermyelinated structures are
usually unstable and prone to degeneration (Figure 15). Tomacula “compress” the axons,
thereby increasing axial resistance and hampering the transmission of the action potential
along the nerve (Bai ef al., 2010). This condition is worsened by an increase in myelin
permeability due to the alteration of several junctional complexes requiring Pmp22 for
stability. Indeed, Pmp22 interacts with junctional adhesion molecule-C (JAM-C) and
myelin-associated glycoprotein (MAG), involved in the regulation of tight/adherens
junctions and transmembrane adhesions. Accordingly, mouse models lacking JAM-C or

MAG recapitulate HNPP neuropathy (Guo et al., 2014).
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Figure 15. Tomacula are the pathological hallmark of HNPP.

A) Teased nerve fibre from a 23-year-old woman sural nerve biopsy displaying focal
hypermeylination; B) Sural nerve semithin section showing multiple fibres with tomacula and
myelin aberrant thickenings. Fibres loss is also evident (Modified from Li J. et al., 2013).

Tomacula have been associated with mTORCI1 pathway hyperactivation downstream to
NRG1 type III signalling (Goebbels ef al., 2012). Pharmacological interventions designed
to inhibit mTORCI1 activity (rapamycin) are indeed able to partially rescue the
morphological phenotype of in vitro and in vivo models of neuropathies with focal
hypermyelination (Goebbels ef al., 2012; Sawade, Grandi et al., 2020; Guerrero-Valero
etal., 2021).

The Pmp22*- mouse model was generated to study the pathomechanisms underlying the
HNPP disease (Adlkofer et al., 1995; Adlkofer et al., 1997a and b). Morphological and
neurophysiological features closely resemble humans’ pathological alterations.
Tomacula are already present in 24-days-old mice quadriceps nerves, even if they become
prominent at 10 weeks, when almost every Schwann cell shows one. At both 5 and 10
months, hypermyelination is regularly observed in most fibres. At 15 months, myelin
stability is lost: major dense line starts to split, onion bulbs and degenerations appear,
supporting the fact that tomacula are instable structures with a high predisposition to
degenerate (Figure 16). Electron microscopy analyses revealed the presence of two
classes of tomacula: one characterised by multiple myelin wrappings around the axon and
a second one, characterised by redundant myelin loops disposed internally or externally
to the axon. Intriguingly, fibres with large-calibre axons were the most affected at all

ages, suggesting a major involvement of the motor compartment. Moreover,
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electrophysiological analyses showed reduced motor response amplitudes (M-response)

of foot muscles starting from 12-14 months (Adlkofer et al., 1997).

A Wild-type Pmp22+/-

Figure 16. The Pmp22 +/- mice (HNPP model) reproduce tomacula.

A) Quadriceps nerve semithin sections of WT and Pmp22"" mice at 5, 10 and 15 months of age.
Pmp22"" mice recapitulates the morphological phenotype of HNPP neuropathy. Tomacula and
hypermyelinated structures are evident at Smonths of age (arrowheads image b). Degenerations

and onion bulbs are visible at 15 months (arrows in f);B) Tomaculum at high magnification.
(Modified from Adlkofer et al., 1997).

1.4.4 Therapeutical approaches on CMT neuropathies at preclinical levels: Gene
therapy (gene replacement and allele correction), Drug repurposing, Drug
identification, Molecular therapy (ASO).
Treating CMTs is then one major unmet clinical need, which urgently requires a solution.
In the last decades, thanks to next-generation sequencing, it has been possible to better
profile the molecular-genetic signature of each form and find new druggable sites.
New therapies for CMTs neuropathies are currently emerging and they can be divided
into: 1) disease-specific, if target is the primary cause of the neuropathy, and 2) non-
disease specific, if target is a downstream pathway (Stavrou ef a/.,2021). Concerning this,
most non-disease specific strategies seek to counteract axonal degeneration, which is a

final, common, disabling condition occurring in both axonal and demyelinating CMTs.
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Even if new molecules have been selected to treat different forms of CMTs (e.g., NRG1
type III, PXT3003, curcumin, melatonin, ascorbic acid), repurposing of drugs already
used in clinical practice is ongoing as well (e.g., Niaspan). This is of particular importance
to quicken drugs approval in clinics and to assure their pharmaceutical production, mainly
if addressing different CMT subtypes.

While the identification of small molecules aims to target pathways shared by different
disorders, gene therapy is currently the cutting-edge therapeutical approach for precision
medicine. Delivery of genetic material by means of viral vectors is a useful way to
mitigate the gene-dosage effect by either loss- or gain-of-function mechanisms. CMTs
caused by the absence of a functional protein can be treated by delivering the wild-type
protein, whereas CMTs caused by toxic gain-of-function mutations or genes
overexpression can be fought by gene/allele silencing or gene editing, respectively.
Moreover, viral vectors can reach areas often inaccessible for drugs by crossing both BBB
(blood-brain-barrier) and BNB (blood-nerve-barrier) and can provide long-lasting effects
even after one delivery, thereby avoiding chronic treatments (Stavrou et al.,2021).
However, other than toxicity and safety, a critical point regarding clinical translation is
their biodistribution in the PNS: for demyelinating neuropathies, it means finding the
correct conditions to transduce as many Schwann cells as possible.

Other ways to correct mutated gene products or gene overexpression are RNA-
interference and antisense oligonucleotides (ASOs). In the first case, by means of short
RNA molecules [e.g., microRNA(miRNA), small hairpin RNA (shRNA) or small
interfering RNA (siRNA)], specific messenger RNAs (mRNAs) are targeted and
degraded. In a similar trend, single-stranded RNA molecules named ASOs cause
RNAseH-dependent degradation of selected mRNAs (e.g. PMP22 mRNA in CMT1A),
(Stavrou et al.,2021).

Nevertheless, only few treatments have successfully reached the clinical level so far (e.g.
AAVI1-NT3 or PXT3003 for CMT1A), and often with discouraging results. One of the
main problems, other than toxicity, is the absence of valid outcome measures (e.g.,
biomarkers) that could help in understanding the real efficacy of the experimental
approach. Accordingly, a lot of effort has lately been put in finding new accessible

biomarkers in addition to clinical exams and neuroimaging.
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To mention, plasma neurofilament-light chain (NF-L) and neural cell adhesion molecule
1 (NCAM-1) have been identified as two valuable markers for CMT progression and
treatment responsiveness. Interestingly, NF-L, marker of axonal degeneration, has been
found to correlate both in humans and mice with disease severity, age, and treatment,
suggesting it could be a valid outcome measure also in pre-clinical studies (Rossor &

Reilly, 2022).

1.5 Drug repurposing: Niacin and disease

1.5.1 Niacin functions and metabolism

Niacin, also referred to as nicotinic acid, nicotinamide, or vitamin B3, is together with
nicotinamide riboside and triptophan, a NAD" precursor, which exerts a crucial role in
maintaining cellular homeostasis and metabolism.

The daily recommended allowance (RDA) of vitamin B3 necessary to fulfil the nutritional
requirement is around 10-20 mg/Kg /[Institute of Medicine (US) Standing Committee on
the Scientific Evaluation of Dietary Reference Intakes and its Panel on Folate, 1998]. A
reduced intake and absorption of niacin or tryptophan results in pellagra.

At higher doses, Niacin has been shown to have different pharmacological effects, which
vary in relation to the compound and the dose administered (Mackay et al., 2012).
Niacin, as one of the main sources of NAD", indirectly has the potential to regulate a wide
range of cellular activities. NAD™ indeed is involved in many ubiquitous processes such
as metabolism, bioenergetics, enzyme regulation, gene expression, DNA repair, cell cycle
and calcium signalling (Nikiforov et al., 2015). Lately, a tight correlation between NAD"
depletion and axonal degradation has been made, suggesting that energy supply could be
an efficient tool to counteract the degenerative process.

Niacin is metabolised in the liver in two different ways: conjugation or amidation (Figure
17). Conjugation with glycine is a low-affinity, high-capacity process that converts niacin
into nicotinuric acid (NUA), which is then expelled through urine. Amidation is instead
a high-affinity, low-capacity process that converts niacin into nicotinamide (NAM) and
leads to the production of several oxidative-reductive intermediates, which can exert a

hepatotoxic function (e.g., pyrimidine intermediates 2PY and 4PY), (Cooper et al., 2015).
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Figure 17. Niacin metabolism through conjugation and amidation pathways.

NUA= nicotinuric acid; NAM= nicotinamide; NAD= nicotinamide adenine dinucleotide;
MNA=N-methylnicotinamide; 2PY= N-methyl-2pyridone-5-carboxamide; 4PY= N-methyl-4-
pyridone-5-carboxamide (Cooper et al., 2015, License Number 5410680660534, Elsevier).

It is evident then that both dose and compound formulation can differently influence the
metabolism. Specifically, IR (immediate release) formulation rapidly saturate the
amidation pathway, thereby forcing conjugation and production of nicotinuric acid. This
leads to vasodilatation and flushing, which are among the most common niacin side-
effects observed in patients. On the other way, ER (extended-release) and SR (sustained-
release) formulations shift the metabolism towards amidation. Since in these cases niacin
release is controlled, the amidation pathway can operate on niacin substrates without
reaching saturation. However, a prolonged activation of this system leads to a marked
hepatic stress, which usually associates with an increase of hepatic biomarkers levels in

serum (Cooper et al., 2015).

1.5.2 Niacin mechanisms of action and GPR109A receptor

Niacin has been shown to trigger different intracellular pathways.

First, Niacin can limit triglycerides (TG) formation by both reducing free-fatty acid (FFA)
availability and inhibiting Diacylglycerol acyltransferase-2 (DGAT?2), the central enzyme
for lipoprotein synthesis in the liver (Figure 18A). Low levels of TG lead to a decreased

production of very low-density lipoproteins (VLDL), intermediate-density lipoprotein
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(IDL) and low-density lipoprotein (LDL), resulting in an overall reduction of blood
circulating lipids (Cooper et al., 2015).

In a similar way, niacin activates phospholipase Az (PLA2) in dermal macrophages
(Figure 18B). PLA, liberates arachidonic acid, responsible for vasodilatory
prostaglandins production (PGD- and PGE:) known to induce one of niacin most common
side-effects: skin flushing. In addition, PGD; mediates niacin neuroprotective role both
directly, by binding DP1 receptor and indirectly, trough PGJ> production, which in turn
activates PPARy and inhibits inflammation (Offermanns & Schwaninger, 2015).
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Figure 18. Gpr109a receptor mediates niacin effects in different tissues

A) Gpri09a-mediated niacin mechanism in adipocytes has anti-lipolytic effect; B) Gpri09a-
mediated niacin mechanism in macrophages is responsible for skin flushing (Cooper et al., 2015;
License Number 5410680660534, Elsevier).

Despite the variety of mechanisms activated, G protein-coupled receptor 109a (GPR109a)
is the main mediator of niacin effects in different tissues. It belongs to the hydroxy
carboxylic acid receptor family and it is expressed by adipocytes, keratinocytes,
macrophages, and by various immune cells, except lymphocytes (Offermanns &
Schwaninger, 2015). Mice lacking this receptor indeed do not show flushing episodes
after niacin treatment as well as significant anti-inflammatory and neuroprotective effects

(Benyo et al., 2005; Offermanns & Schwaninger, 2015).
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1.5.3 Niacin in clinics: applications and side effects

Niacin is a water-soluble compound able to regulate lipid metabolism and levels in blood.
Several studies have shown that 1-3g/day dose in adults is sufficient to lower circulating
triglycerides (TG) and low-density lipoproteins (LDL), while increasing high-density
lipoproteins (HDL) (Clark & Holt, 1997; Ito, 2002; Pieper,2003). Accordingly, it is
currently used in clinical practice to treat atherosclerosis and dyslipidaemia as well as to
prevent cardiovascular disorders (Ganji et al., 2003; Brown, 2005; Barter, 2011; Villines
etal., 2012).

However, new findings have demonstrated that Niacin has also anti-atherogenic,
anti-inflammatory, pro-arteriogenic, and neuroprotective effects, independently
from its antilipolytic activity, thus becoming a potential candidate for the treatment
of different neurological disorders such as multiple sclerosis, stroke, and psoriasis
(Chen et al., 2007; Chen et al., 2009; Offermanns & Schwaninger, 2015; Rawji et al.,
2020). More specifically, neuroprotection may be reached through a direct modulation of
BDNF levels or indirectly, by decreasing inflammation. Moreover, by upregulating CD36
expression, Niacin can rejuvenate macrophages and microglia in the CNS, thereby
promoting debris clearance and remyelination, both in aging and in chronic pathological
conditions (Rawji et al., 2020).

In addition, it has recently been shown that Niacin can also restore NAD" levels in
degenerative disorders featured by NAD* depletion and mitochondrial dysfunction
(e.g., adult-onset mitochondrial myopathy) as well as in patients with NADX-
deficiency (Pirinen et al., 2020; Manor et al., 2022), thereby widening the spectrum
of its clinical applications.

Despite its beneficial effects, Niacin can also induce adverse reactions (e.g., flushing,
abdominal discomfort, headache, nausea), especially at high doses and with immediate
release (IR) formulations. This has led to the generation of new compounds, which
provide long-lasting release of niacin (ER=extended-release and SR=sustained-release
formulations), aiming to limit systemic drug exposure without reducing the dose. To
mention, Niaspan® (Abbott) is an orally given, FDA-approved, extended-release
formulation of niacin (ER) used to treat dyslipidaemia, which shows a reduced risk of
flushing as compared to pure niacin. Nevertheless, both ER and SR formulations are not

free of caveats since they shift niacin metabolism towards amidation thereby increasing
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the risk of hepatotoxicity. To overcome this issue, identification of new delivery routes-
such as transdermal applications or the use of polymeric nanoparticles- have lately
emerged because of their biocompatibility, degradation, and low toxicity. Specifically,
polymeric nanoparticles are composed of niacin granules encapsulated with ethyl
cellulose using a double emulsion solvent diffusion method, which enables drug release

over time (Cooper et al., 2015).

1.5.4 Niacin effect on TACE activity

Despite its effects on regeneration, neuroprotection and oxidative metabolism, Niacin has
emerged as a possible therapeutic approach for some neurological disorders also for its
ability to enhance TACE activity.

First evidence of that was found while studying arteriogenesis after stroke: Niaspan®
administration was able to increase arterial sprouting and cerebral blood flux partially by
activating TACE (Chen et al., 2007; Chen et al., 2009).

As already mentioned in 1.2.3, TACE secretase negatively regulates NRG1-mediated
myelination signalling in the PNS, thus becoming an interesting therapeutic target also
for hypermyelinating neuropathies. Niacin-mediated TACE activation has been found to
be an efficient strategy to ameliorate in vitro and in vivo models of CMT4B1 and HNPP
neuropathies (Bolino ef al., 2016). Specifically, Niaspan® (FDA-approved, long-lasting
release formulation of niacin) treatment in vivo (160 mg/Kg, by intraperitoneal injection,

i.p.) from P15 to P75 in Mtmr2”- mice (CMT4B1 mouse model), and from P15 to P45 in

Pmp2?2 */- mice (HNPP mouse model) ameliorated the morphological phenotype. Of
note, Niaspan® was able to significantly reduce the percentage of myelin outfoldings and
tomacula respectively, without negatively altering the g-ratio. It was also demonstrated
that Niacin/Niaspan® efficiently increased TACE activity in Schwann cells/Dorsal Root
Ganglion Mtmr2 co-cultures and in vivo models of CMT4B1 and HNPP neuropathies.

Finally, to prove that niacin precisely targets TACE, both Tace” explants and Mtmr2”"
co-cultures (in which TACE expression was downregulated by shRNA) were treated with
niacin. In both cases, niacin did not rescue myelin alterations (increased number of myelin
segments and myelin outfoldings, respectively), supporting the fact that niacin effects on
myelination are mediated by TACE and, in its absence, these effects are lost (Bolino et

al. 2016).
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2. AIM OF THE PROJECT

Charcot-Marie-Tooth (CMT) neuropathies are genetically and clinically heterogeneous
diseases with a prevalence of 1:2500 worldwide and currently untreatable. Because of
their wide heterogeneity, the identification of a common treatment strategy or at least a
strategy that can be effective for more than one clinical form independently from the
specific pathogenetic mechanism would be ideal.

Axonal neuregulin-1 (NRG1) type III plays a crucial role in PNS myelination. Of note,
TACE secretase negatively regulates NRG1 type III and its activity can be enhanced by
Niacin (nicotinic acid). We thus hypothesized that Niacin, by enhancing TACE activity
and reducing NGR 1-mediated myelination signalling, may represent an effective strategy
to ameliorate CMT neuropathies with excessive myelin, specifically focal
hypermyelination. Among demyelinating CMTs, CMT4B1 and HNPP (Hereditary
neuropathy with liability to pressure palsies) are indeed neuropathies characterised by the
presence of aberrant myelin structures (e.g., myelin outfoldings/infoldings and tomacula),
types of focal hypermyelination. Our laboratory recently provided proof-of principle that
Niacin/Niaspan®, by increasing TACE activity, reduces aberrant myelin in models of
CMT4B1 and HNPP neuropathies (Bolino et al., 2016).

Thus, the aim of my PhD project was to further investigate Niacin/Niaspan® as a
therapeutic strategy for CMT neuropathies with focal hypermyelination.

More precisely, 1 aimed at unravelling Niacin/Niaspan® in vivo effect (both
morphological and functional) after long-term treatment. I was also interested in refining
the treatment protocol by giving Niacin by gavage to both simulate the human
administration (per os) and improve the biodistribution of the drug in the nerve over time.
Moreover, since 1) both CMT4B1 and HNPP are chronic diseases which progress to
degeneration and fiber loss with age, and 2) TACE and NRG1 play a pivotal role in nerve
regeneration (Stassart et al., 2013), I was interested in evaluating Niacin/Niaspan® impact
also after nerve crush injury, a model of nerve damage.

Finally, GPR109A receptor mediates niacin mechanism of action in different tissues,
including skin and adipocytes (Offermans & Schwaninger, 2015). Thus, since this process
is still unknown in the PNS, I investigated GPR109A receptor expression in both sciatic

nerves and spinal cord (motor neurons cell bodies).
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3. RESULTS

3.1 Elucidating Niacin mechanism of action in the Peripheral Nervous
System

Niacin is known to bind GPR109A (G-protein coupled receptor 109A) receptor in
different tissues including spleen, adipose tissue, and epidermis (Hanson et al., 2010).
Therefore, we hypothesized that GPR109A may be expressed also in the PNS and it may
mediate Niacin-related TACE activation by triggering different subcellular pathways.
Since TACE is expressed by both axons and glial cells, but axonal TACE is involved in
regulating NRG1-mediated myelination signalling (La Marca et al., 2011), we decided to
perform immunofluorescent (IF) analyses of GPR109A expression in motor neurons,
both in the PNS (axons) and CNS (cellular body) compartments. To this aim, we used the
Gpr109a™®? transgenic mice line (provided by Prof. Stephan Offermanns, Department
of Pharmacology, Max-Planck-Institute for Heart and Lung Research, Bad Nauheim,
Germany), in which RFP (red fluorescent protein) expression is under the control of
GPRI109A promoter. For all the experiments we used spleen as RFP positive control,

since it is known that GPR109A receptor is highly expressed by monocyte/macrophages.

3.1.1 GPR109A receptor is not expressed in the Peripheral Nervous System

To detect GPR109A expression in the PNS, we performed IF analysis on transversal
sciatic nerve sections of Gprl09a™*" transgenic mice at P30 (Figure 20A) and P60

(Figure 20B). Spleen was always used as positive control (Figure 19).

DAPI RFP

mRFP

Figure 19. RFP is highly expressed in Gpr109a mice spleen.

Representative confocal images showing RFP expression in the spleen of Gprl09a mice.
Spleen was used as positive control in all the experiments performed at both P30 and P60.
Magnification is 63x. Bar is 45 um.

mRFP
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Figure 20. GPR109A receptor is not expressed in the PNS at both P30 and P60.

A-B) Representative confocal images of transversal sciatic nerve sections showing RFP
expression at P30(A) and P60(B). No RFP signal was found in the PNS at both ages.
Magnification is 63x. Bar in A and B is 45um. N=3 WT and n=3 Gprl109a™"". Results of three

independent experiments.

No RFP" cells have been found in the sciatic nerve at both P30 and P60, indicating that

GPR109A receptor is not expressed in the PNS at least at these time points which are

relevant for the treatment protocol.

50



3.1.2 GPR109A receptor is not expressed in motoneuronal cellular bodies

Since we did not find any positive signal in the axonal portion of motor neurons (sciatic
nerve, PNS), we decided to monitor GPR109A expression in neuronal cellular bodies
(spinal cord, CNS). To this aim, we labelled motor neurons using NeuN (Neuronal
Nuclear Protein, pan-neurons marker, Figure 21A) or ChAT (Choline Acetyltransferase,
alpha-motor neurons marker, Figure 21B) staining combined with RFP.

Spleen was always used as positive control (Figure 19).
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Figure 21. GPRI109A receptor is not expressed in motoneuronal cellular bodies at P60.

A-B) Representative confocal images of transversal spinal cord sections showing RFP expression
at P60 co-stained with NeuN (A) or ChAT (B) markers in green. ChAT was used to specifically
depict alpha-motor neurons while NeuN to detect all neuronal bodies. Magnification is 63x.
Stacks are 10 um. Bar in A and B is 43 um. N=3 WT and n=3 Gpr109a™"". Results of three
independent experiment.

B
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In both cases, we found some RFP* cells (mainly in the white matter) which resulted not
to be motor neurons nor other neuronal population, but probably some glial-like cells
and/or their projections.

Altogether these results suggest that GPR109A receptor is not expressed by motor
neurons in both PNS and CNS compartment and that some other receptors/mechanisms

may be involved in mediating niacin signalling in the PNS.
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3.2 Unravelling the effect of Niaspan® /Niacin treatment in peripheral nerve
regeneration

Both CMT4B1 and HNPP are chronic diseases which progress to degeneration and fibres
loss with age. Since we know that 1) nerve regeneration is possible in the PNS, 2) NRG1
plays a pivotal role also in nerve regeneration and 3) Niacin acts on myelination by
regulating NRG1 type III levels through TACE, we asked whether Niacin treatment could
interfere with the physiological attempt of PNS to regenerate and remyelinate after

damage.

3.2.1 Niacin administration after nerve crush is not detrimental in Pmp22*" mice

TACE is expressed by both axons and Schwann cells, but only axonal TACE is involved
in NRG1 type III modulation and myelination during development (La Marca et al, 2011).
On the other hand, TACE expressed by Schwann cells (likely acting on NRGI1 type I) is
dispensable during development, as mice lacking TACE specifically in Schwann cells
display normal myelin (La Marca et al, 2011).

During nerve regeneration after damage, instead, the role of Schwann cell derived NRG1
type I is crucial during the first one-two weeks after damage when Schwann cells are
present and axons are lost. Subsequently, when axons regenerate, NRG1 type III takes
place and inhibits NRGI1 type I expression in Schwann cells.

To evaluate the effects of Niacin administration in nerve regeneration, we performed
crush nerve injury, a model of nerve damage, first in the Pmp22+/- mouse, a model of the
HNPP neuropathy. We set up different protocols of Niacin administration, to explore the
effects of Niacin-mediated TACE inhibition when Schwann cells only are present (TO-

T7/T10) and when axons regrowth after T14 (Figure 22).
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Figure 22. Study design for Niacin administration after nerve crush.
Schematic representation showing different protocols for niacin treatment after nerve crush in
relation to the regenerative process.

First, we confirmed the increase of TACE activity in the nerve following Niacin
administration. To this aim, in collaboration with Dr. Stefano Previtali’s group
(Neuromuscular Repair Unit, INSPE, San Raffaele Hospital, Milan), we crushed adult
WT and Pmp22* mice and we treated them with Niacin (120 mg/Kg, by i.p.) for 7 days
starting from the day after damage (T1). In parallel, we also treated a group of uncrushed
adult WT and Pmp22*~ mice. We found that TACE activity was increased in uncrushed
nerves of both WT and Pmp22*- mice after one week of treatment, as expected, whereas

TACE activity was barely detectable in crushed nerves from both genotypes (Figure 23).
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Figure 23. Niacin increases TACE activity only in uncrushed nerves of WT and Pmp22*" mice.
Quantification of TACE activity in WT and Pmp22*" sciatic nerves in physiological conditions
(uncrushed) and after sciatic nerve crush followed by Niacin administration via i.p. for seven
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days after injury, rh (recombinant human) TACE was loaded as internal positive control of the
experiment.

Uncrushed animals: n=9 WT saline, n=9 WT niacin, n=8 Pmp22*" saline, n=9 Pmp22"" niacin.
Crushed animals: n=5 WT saline, n=5 WT niacin, n=5 Pmp22"" saline, n=5 Pmp22*" niacin.
WT saline vs. WT Niacin uncrushed: *p= 0.0385, non-parametric Mann-Whitney, T-test;
Pmp22*" saline vs. Pmp22*" Niacin uncrushed: *p= 0.0464, Non-parametric Mann-Whitney, T-
test. The Mann-Whitney test was used instead of ANOVA because we were not interested in
evaluating differences between WT and PMP22"" mice (both saline and niacin-treated) but only
after treatment in both genotypes. Data have all been shown in the same graph for simplicity and
clarity. Data represent Mean+ SEM.

These results suggest that: 1) Niacin treatment increases TACE activity in uncrushed,
intact nerves, confirming previous results; 2) Niacin treatment does not increase TACE
activity when axons are lost and only Schwann cells are present, as in the case of crushed
nerves from T1 to T7. Thus, only TACE expressed by axons but not Schwann cells likely

responds to Niacin.

Then, we crushed adult WT and Pmp22""~ mice and we treated them from T1 to T21 with
Niacin (120 mg/Kg, by i.p., QD). Electrophysiological and morphological analyses were

performed at T45 dpsni, a time when regeneration is almost achieved (Figure 24-26).
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Figure 24. Niacin treatment from T1 to T21 after crush does not negatively impact on nerve
regeneration in both WT and Pmp22*" mice.

A) Representative images of sciatic nerve semithin sections analysis of both vehicle and niacin-
treated WT and Pmp22+/' mice at T45dspni; n=10 WT saline, n=10 WT niacin, n=9 Pmp22+/'
saline, n=10 Pmp22*" niacin; Scale Bar is 18,6um; B) Quantification of fibres displaying
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aberrant myelin structures on sciatic nerve area (mm?); *p=0.0386; **p=0.0019; non-
parametric ANOVA followed by Dunn’s multiple comparison test. C) Quantification of total fibres
on sciatic nerve area (mm’); p>0.05; Non-parametric ANOVA followed by Dunn’s multiple
comparison test. Data represent mean+ SEM.

Morphological analyses on sciatic nerve semithin sections revealed that niacin treatment
from T1 to T21 did not negatively influence nerve regeneration nor remyelination.

In particular, we did not find any difference in the number of aberrant myelinated fibres
(tomacula) nor of total fibres after niacin administration (Figure 24B ABERRANT
FIBRES: WT saline vs. WT niacin p=0.5085 and Pmp22*" saline vs. Pmp22*" niacin
p=0.0908; Figure 24C TOTAL FIBRES: p>0.05, non-parametric ANOVA followed by
Dunn’s multiple comparisons test). Of note, mutant mice displayed a significant number
of aberrant fibres (tomacula), thus suggesting that the pathological phenotype was
efficiently reproduced also after nerve injury (Figure 24B ABERRANT FIBRES: WT
saline vs. Pmp22*" saline *p=0.0386 and WT niacin vs. Pmp22*~ niacin **p=0.0019,
non-parametric ANOVA followed by Dunn’s multiple comparisons test). The number of
total fibres between the four groups was not significantly changed (Figure 24C).

In addition, g-ratio (calculated as the ratio between axonal diameter and fiber diameter)

was analysed to evaluate remyelination (Figure 25A).
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Figure 25. Niacin treatment from T1 to T21 after crush does not negatively impact nerve
remyelination in both WT and Pmp22*" mice.

A) Quantification of g-ratio analysis at T45dpsni. WT saline 0.69+0.004,; WT niacin 0,71+0.001;
Pmp22"" saline 0.67+0.007; Pmp22*" niacin 0,66+0.003; n=5 animals per group; **p=0.0026;
non-parametric ANOVA followed by Dunn’s multiple comparison test. Data represent mean+
SEM B) Quantification of axonal diameter distribution at T45dpsni; n=5 animals per group;
p>0.05; Non-parametric ANOVA followed by Dunn’s multiple comparison test. Data represent
median with range.
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As expected since Pmp22+/- nerves are characterized by a hypermyelination phenotype,
with both increased myelin thickness and focal thickening of myelin-tomacula, we
noticed a significant reduction of the g-ratio value between WT-treated and Pmp22*" -
treated mice (Figure 25A G-RATIO: WT niacin vs. Pmp22*" niacin **p=0.0026, n=5
animals per group, non-parametric ANOVA followed by Dunn’s multiple comparisons
test), but no differences were observed after treatment in both genotypes.

Axonal diameter distribution was also calculated to complement g-ratio results: no
significant differences have been found among all groups (Figure 25B AXONAL
DIAMETER DISTRIBUTION: p>0.05, n=5 animals per group, non-parametric
ANOVA followed by Dunn’s multiple comparisons test), suggesting that niacin treatment
from T1 to T21 did not negatively impact on nerve remyelination.

Finally, to evaluate niacin impact from a functional point of view, we decided to perform
neurophysiological analyses at T45dpsni in collaboration with Dr. Ubaldo del Carro and
Dr. Francesca Bianchi (Neurophysiology Unit, INSPE, San Raffaele Hospital, Milan)
(Figure 26).
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Figure 26. Niacin treatment from T1 to T21 after crush does not negatively alter NCV.
A) Quantification of NCV values of WT and Pmp22*" mice at T45dpsni after niacin treatment
from T1 to T21. n=10 animals per group; p>0.05; Non-parametric ANOVA followed by Dunn’s

multiple comparison test. On the right, table showing NCV values. Data represent meant SEM.

Our results indicate that Pmp22*~ mice have a trend for reduction in nerve conduction
velocity (NCV) when compared to WT (Figure 26A NCV: WT saline 25,77+£0,96 m/s
vs. Pmp22*" saline 20,82 * 1,56 m/s, p=0.0876; non-parametric ANOVA followed by
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Dunn’s multiple comparisons test) and that Niacin treatment has not a detrimental effect
on nerve physiology of both WT and Pmp22* mice (Figure 26A NCV: WT saline
25,77+ 0,96 m/s vs. WT niacin 23,21+ 1,24 m/s, p= 0,6894; Pmp22*" saline 20,82 + 1,56
m/s vs. Pmp22*" niacin 25,15+ 1,39 m/s, p=0.2631, non-parametric ANOVA followed
by Dunn’s multiple comparisons test).

Taken together, these results indicate that niacin treatment from T1 to T21 did not
negatively interfere with Schwann cell-expressed NRG1 type I activity and then with
nerve regeneration/remyelination after crush. Moreover, our findings highlighted the
presence of a possible degeneration defect in Pmp22*" mice, which has not been
previously reported.

Our second step was to evaluate whether niacin influences specifically on axonal NRG1
type IlI-mediated signalling, which is essential to remyelinate newly regenerated axons.

To this purpose, we crushed adult WT and Pmp22* mice and we treated them from T10
to T21 with Niacin (120 mg/Kg, by i.p., QD), a time when axons regrowth after damage
and express both TACE and NRG1 type III. Electrophysiological and morphological
analyses were performed at T45dpsni (Figure 27-29).
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Figure 27. Niacin treatment from T10 to T21 after crush does not negatively impact nerve
regeneration in both WT and Pmp22"" mice.

A) Representative images of sciatic nerve semithin sections analysis of both vehicle and niacin-
treated WT and Pmp22+/' mice at T45dspni; n=10 WT saline, n=10 WT niacin, n=10 Pmp22+/ .
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saline, n=11 Pmp22*" niacin; Scale Bar is 18,6um; B) Quantification of fibres displaying
aberrant myelin structures on sciatic nerve area (mm?’); WT saline vs. Pmp22*" saline *p=0.0250
and WT niacin vs. Pmp22*" niacin *p=0.0248; non-parametric ANOVA followed by Dunn’s
multiple comparison test. C) Quantification of total fibres on sciatic nerve area (mm?); WT saline
vs Pmp22*" saline *p=0.0304; Non-parametric ANOVA followed by Dunn’s multiple comparison
test. Data represent mean+SEM.

Morphological analyses on sciatic nerve semithin sections showed that niacin treatment
from T10 to T21 did not negatively influence nerve regeneration nor remyelination.
More specifically, we did not find any difference in the number of aberrant myelinated
fibres nor of total fibres after niacin administration (Figure 27B: ABERRANT FIBRES:
WT saline vs. WT niacin p=0.7909 and Pmp22*~ saline vs. Pmp22*" niacin p=0.8367;
Figure 27C TOTAL FIBRES: WT saline vs. WT niacin p>0.999 and Pmp22*~ saline
vs. Pmp22*" niacin p>0.999, non-parametric ANOVA followed by Dunn’s multiple
comparisons test). In addition, mutant mice displayed a significant number of aberrant
fibres (tomacula), thus confirming again, as in the first experiment performed, that the
pathological phenotype was efficiently reproduced also after nerve injury (Figure 27B
ABERRANT FIBRES: WT saline vs. Pmp22*" saline *p=0.0250 and WT niacin vs.
Pmp22*" niacin *p=0.0248, non-parametric ANOVA followed by Dunn’s multiple
comparisons test). We also found a significant reduction in the number of total fibres
between WT and Pmp22*" mice (Figure 27C TOTAL FIBRES: WT saline vs Pmp22*"
saline *p=0.0304, non-parametric ANOVA followed by Dunn’s multiple comparisons
test), suggesting that Pmp22*~ mice have a defect in nerve regeneration.

G-ratio and axonal diameter distribution were also assessed to evaluate remyelination

(Figure 28).
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Figure 28. Niacin treatment from T10 to T21 after crush does not negatively impact nerve
remyelination in both WT and Pmp22"" mice.
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A) Quantification of g-ratio analysis at T45dpsni. WT saline 0.71+0.007; WT niacin 0,71£0.051;
Pmp22"" saline 0.68+0.004; Pmp22*" niacin 0,69+ 0.005; n=>5 animals per group; *p=0.0156;
non-parametric ANOVA followed by Dunn’s multiple comparison test. Data represent mean+
SEM B) Quantification of axonal diameter distribution at T45dpsni; n=5 animals per group;
*n>0.05; Non-parametric ANOVA followed by Dunn’s multiple comparison test. Data represent
median with range.

As expected, we confirmed the significant reduction of the g-ratio value between WT and
Pmp22*"- mice as observed in the first protocol (Figure 28A G-RATIO: WT saline vs.
Pmp22*" saline *p=0.0156, n=5 animals per group, non-parametric ANOVA followed by
Dunn’s multiple comparisons test), but no differences were observed after treatment in
both genotypes, suggesting that niacin treatment from T10 to T21 did not negatively
impact on nerve remyelination.

Axonal diameter distribution was also calculated to corroborate g-ratio results: no
significant differences have been found among all groups, except an increase in the 1-
2,9um range between WT saline and Pmp22*~ saline mice (Figure 28B AXONAL
DIAMETER DISTRIBUTION: WT saline vs. Pmp22*- saline *p<0.05, n=5 animals
per group, non-parametric ANOVA followed by Dunn’s multiple comparisons test),
which was not considered as relevant since it is not consistent in all fiber size ranges.

To evaluate niacin impact from a functional point of view, neurophysiological analyses

were performed as previously done at T45dpsni (Figure 29).
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Figure 29. Niacin treatment from T10 to T21 after crush does not negatively alter NCV
Pmp22*" mice.

A) Quantification of NCV values of WT and Pmp22"" mice at T45dpsni after niacin treatment
from TI10 to T21. n=5 animals per group;*p=0.0199; Non-parametric ANOVA followed by
Dunn’s multiple comparison test. On the right, table showing specific NCV values. Data represent

meant SEM.
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Our data consistently reproduced the NCV reduction observed in the first protocol
between WT and Pmp22*~ mice (Figure 29A NCV: WT saline 23,5+0,38 m/s vs.
Pmp22*- saline 17,88%1,74 m/s, *p=0.0199, non-parametric ANOVA followed by
Dunn’s multiple comparisons test) and the absence of a detrimental effect of niacin
treatment on nerve physiology (Figure 29A NCV: WT saline 23,5+ 0,38 m/s vs. WT
niacin 23,93+ 1,51 m/s, p>0,999; Pmp22*" saline 17,88+1,74 m/s vs. Pmp22*" niacin
21,66 +1,50 m/s, p=0.594, non-parametric ANOVA followed by Dunn’s multiple
comparisons test).

Taken together, these findings suggest that niacin administration from T1 to T21
(Schwann cells are present which express TACE and NRG1 type I) and from T10 to
T21(also axons are present which express TACE and NRG1 type III) is not detrimental
for nerve regeneration nor remyelination in both WT and Pmp22*" mice.

Moreover, we found a nerve regeneration defect in Pmp22*~ mice which had never been

described before.

3.2.2 Niacin administration after nerve crush is not detrimental in Mtmr2”" mice

Since niacin was given for a short period of time after crush injury (T1-T21 or T10-T21)
and analyses were performed at T45dpsni, we asked whether this may have led us to
underestimate its effects. Thus, we decided to treat mice continuously for 45 days after
injury. Since NRG1 type I and III modulation is crucial within 21dpsni and we already
had information of niacin effects on Pmp22"~ mice during this phase, we decided to test
this protocol directly in another mouse model of hypermyelinating neuropathy: the
Mtmr2” mouse (CMT4B1 mouse model with myelin outfoldings). This is indeed the
second model we used to obtain proof-of-principle data of efficacy of niacin (Bolino et

al., 2016).
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To this aim, we crushed adult WT and Mtmr2” mice and we treated them with Niacin
(120 mg/Kg, by i.p., QD) from T1 to T45. Electrophysiological and morphological
analyses were performed as before at T45 (Figure 30-32).
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Figure 30. Niacin treatment from TI1 to T45 after crush does not negatively impact nerve
regeneration in both WT and Mtmr2” mice.

A) Representative images of sciatic nerve semithin sections analysis of both vehicle and niacin-
treated WT and Mtmr2” mice at T- 45dspni; n=8 WT saline, n=9 WT niacin, n=9 Mtmr2” saline,
n=9 Mtmr2” niacin; Scale Bar is 18,6um; B) Quantification of fibres displaying aberrant myelin
structures on sciatic nerve area (mm?); WT saline vs. Mtmr2”" saline ***p=0.0006 and WT niacin
vs. Mtmr2” niacin **p=0.0031; non-parametric ANOVA followed by Dunn’s multiple
comparison test. C) Quantification of total fibres on sciatic nerve area (mm’); WT saline vs
Mtmr2” saline *p=0.0411; WT niacin vs. Mtmr2™" niacin **p=0.0051; Non-parametric ANOVA
followed by Dunn’s multiple comparison test. Data represent mean+SEM.

Morphological analyses on sciatic nerve semithin sections revealed that niacin treatment
did not negatively influence nerve regeneration nor remyelination, even when chronically
administered from T1 to T45.

More specifically, we did not find any difference in the number of aberrant myelinated
fibres nor of total fibres after niacin administration (Figure 30B: ABERRANT FIBRES:
WT saline vs. WT niacin p>0.999 and Mtmr2- saline vs. Mtmr2” niacin p>0.999; Figure
30C TOTAL FIBRES: WT saline vs. WT niacin p>0.999 and Mtmr2”saline vs. Mtmr2-
/- niacin p=0.823, non-parametric ANOVA followed by Dunn’s multiple comparisons

test). However, mutant mice showed a significant number of aberrant fibres (myelin
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outfoldings/infoldings) compared to WT, thus suggesting that the pathological phenotype
was efficiently reproduced also after nerve injury (Figure 30B ABERRANT FIBERS:
WT saline vs. Mtmr2” saline ***p=0.0006 and WT niacin vs. Mtmr2” niacin
**p=0.0031, non-parametric ANOVA followed by Dunn’s multiple comparisons test).
In addition, we found a significant reduction in the number of total fibres between WT
and Mtmr2” mice (Figure 30C TOTAL FIBRES: WT saline vs Mtmr2” saline
*p=0.0411; WT niacin vs Mtmr2”" niacin **p=0.0051, non-parametric ANOVA followed
by Dunn’s multiple comparisons test), which suggests that Mtmr2”~ mice have a defect
in nerve regeneration.

To evaluate remyelination, we calculated g-ratio and axonal diameter distribution as

previously done for Pmp22*- mice (Figure 31).
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Figure 31. Niacin treatment from TI1 to T45 after crush does not negatively impact nerve
remyelination in both WT and Mtmr2™" mice.

A) Quantification of g-ratio analysis at T45dpsni. WT saline 0.741+ 0.0048; WT niacin 0,72+
0.0048; Mtmr2”" saline 0.739+ 0.0050; Mtmr2”" niacin 0,737+ 0.0026; n=>5 animals per group;
non-parametric ANOVA followed by Dunn’s multiple comparison test. Data represent mean+
SEM B) Quantification of axonal diameter distribution at T45dpsni; n=5 animals per group;
p>0.05; Non-parametric ANOVA followed by Dunn’s multiple comparison test. Data represent
median with range.

As expected, we did not find any difference in the g-ratio value between WT and mutant
mice (not altered in this model) and in both genotypes after treatment (Figure 31A: n=5
animal per group, p>0.05, non-parametric ANOVA followed by Dunn’s multiple
comparisons test), suggesting that niacin administration for 45 dpsni did not hinder
remyelination. Axonal diameter distribution was also calculated to complement g-ratio
results: no significant differences have been found among all groups (Figure 31B: n=5
animal per group, p>0.05, non-parametric ANOVA followed by Dunn’s multiple

comparisons test).
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Figure 32. Niacin treatment from T1 to T45 after crush does not negatively impact on NCV in
Mtmr2” mice.

A) Quantification of NCV values of WT and Mtmr2”" mice at T45dpsni after niacin treatment
from TI1 to T45 (n=5 animals per group;*p=0.0103, **p=0.0012; Non-parametric ANOVA
followed by Dunn’s multiple comparison test.

On the right, table showing specific NCV values. Data represent meant SEM.

Finally, neurophysiological analyses revealed that NCV was significantly reduced in
Mitmr2” mice, as in uncrushed nerves in this mutant (Figure 32A NCV: WT saline 20,99
+0,67 m/s vs. Mtmr2”" saline 17,01 +0,30 m/s; *p=0.0103; WT niacin 19,33 +0,39 m/s
vs. Mtmr2” niacin 15,61+0,33 m/s; **p=0.0012, non-parametric ANOVA followed by
Dunn’s multiple comparisons test). However, no significant differences have been
observed after treatment, suggesting that chronic administration of niacin had no effects
on it.

Altogether, these data suggest that niacin is not detrimental for nerve regeneration nor
remyelination, also when chronically given for 45 days after nerve injury. We also report

here for the first time that M#mr2”~ mice have a defect in nerve regeneration after injury.

3.2.3 The Mtmr2” mice show nerve regeneration defect after nerve injury

Our analyses have shown that Msmr2”- mice have a defect in nerve regeneration that has
not been previously described. Thus, we decided to further investigate this finding.
To this aim, we crushed adult WT and Mtmr2”- mice and performed immunofluorescence

(IF) analyses on both transversal (Figure 33A) and longitudinal (Figure 33B) sciatic
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nerve sections using MBP (myelin basic protein) to detect myelin. NF-M (neurofilament
medium chain) was used to mark axons.

In both cases, MBP staining revealed that myelin ovoids, which normally appear during
myelin degeneration, were more abundant in M¢mr2”- mice when compared to WT,
suggesting a delay in clearance, which can be at the basis of the regeneration defect. We
then decided to confirm this result by performing MBP fluorescence signal quantification
using the Image J software. Our analyses confirmed that MBP signal was significantly
higher in Mtmr2”- mice when compared to WT (Figure 33A° WT vs. Mtmr2”" mice
*p=0.0209 and Figure 33B’> WT vs. Mtmr2”- mice **p=0.0043, One-sample student’s T
test, Ctrl set to 1), suggesting that Mtmr2”- mice may have an altered process of myelin
clearance.

Myelin clearance following damage is dependent on autophagy induction in Schwann
cells and clearance by macrophages, both resident cells and cells deriving from the blood
stream once the nerve blood barrier is broken after damage. Interestingly, MTMR2 is a
phosphoinositide phosphatase acting on PI(3,5)P2 which is important for late endosomal-
lysosomal associated functions, such as autophagy. Moreover, our laboratory recently
suggested that MTMR2 and PI (3,5)P2 may control cytoskeleton remodelling through
RhoA activation, a process that is relevant for cell migration. Thus, we decided to
investigate whether the myelin clearance defect observed in Mtmr2-/- crushed nerves can
be associated with 1) altered macrophage migration to the nerve and/or 2) impaired

autophagy activation in mutant Schwann cells.
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Figure 33. Mtmr2 " mice show increased myelin accumulation at 7dpsni.

A-B) Representative confocal images of transversal (A) and longitudinal (B)sciatic nerve sections
showing myelin accumulation in Mtmr2 " mice in relation to WT at 7dpsni. Magnification is 40x.
Barin A is 114um and in B is110 um. A’-B’) Quantification of MBP fluorescence intensity in
n=3 WT and n=3 Mtmr2 ™", *p=0.0209 and **p=0.0043, One-sample student’s T-test, Ctrl is set
to 1. Results of three independent experiments, where three mice per genotype were used in each
experiment. Data represent mean+ SEM.
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3.2.3.1 Macrophages-mediated autophagy in Mtmr2”~ mice after nerve injury

We already knew that the RhoA pathway, which regulates cellular motility through the
cytoskeleton, is dysregulated in Mtmr2”- mice (Guerrero-Valero et al., 2021). Since our
mouse model is a full KO, we asked whether M¢mr2 loss in macrophages could affect
their ability to reach the injury site. To this aim, we crushed adult WT and Mtmr2”- mice
and counted the number of total macrophages present at 7dpsni. More specifically, we
performed IF analyses on longitudinal sciatic nerve sections using F4/80 (macrophages

cytoplasmic marker) to visualize macrophages (Figure 34).
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Figure 34. Macrophages recruitment at injury site is not altered in Mtmr2 ”~ mice at 7dpsni.
A) Representative fluorescence images of longitudinal sciatic nerve section showing
macrophages (F4/80" cells). Magnification is 40x. Bar in A is 48 um. A’) Quantification of total
F4/80" cells/area for each nerve analysed, n=6 WT and n=6 Mtmr2 " WT vs Mtmr2 " p=0.4675,
One-sample student’s T-test, Ctrl is set to 1. Results of six independent experiments. Data
represent mean+ SEM

Quantitation of F4/80" cells showed no significant differences between WT and Mtmr2
mice at 7dpsni (Figure 34A’: n=6 mice for each genotype, WT vs. Mtmr2”- mice,
p=0.4675, One-sample student’s T-test, Ctrl set to 1. Results from six independent
experiments), suggesting that macrophages recruitment at injury site is not altered in

Mtmr27- mice and likely not related to myelin accumulation.

3.2.3.2 Schwann cells-mediated autophagy in Mtmr2”" mice after nerve injury

Other than macrophages, Schwann cells are known to be essential for clearance after
injury. During the very early phases of Wallerian degeneration, they undergo a
“transdifferentiaton” process, which, among all, enables them to remove their own myelin

(Gomez-Sanchez et al., 2015). Accordingly, we asked whether the accumulation of
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myelin observed in our Mtmr2”- mice could be the result of a defective Schwann cells-
mediated autophagy, particularly because MTMR2 controls PI (3,5)P2 levels, a
phosphoinositide which is crucial for late endosomal-lysosomal function.

To this aim, we performed Western Blot analyses to investigate the levels of LC3-1I/1
(Microtubule-associated protein 1 light chain 3 isoform II and I) and NBR1(Neighbour
of BRCALI gene 1) in WT and Mtmr2”- mice at 7 days after sciatic nerve crush (Figure
35). In case of autophagy induction and blockage, we expected to observe an

accumulation of both LC3 Il and NBR1.
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Figure 35. Autophagy is normally activated in Mtmr2 ” mice at 7dpsni.

A) Immunoblot of LC3 II/I and NBR1 at 7dpsni. Tubulin was used as loading control.

A’) Quantification of LC31I/I (p>0.999) and NBRI (p>0.999) at 7dpsni, n=3WT and n=3 Mtmr2
., Two-tailed non-parametric Mann-Whitney student T-test. Result of one single experiment.

Data represent mean+ SEM.

Immunoblot analysis revealed no significant differences between WT and Mtmr2”- mice
in both LC3 II/I and NBR1 levels (n=3 WT and n=3 Mtmr2”~ mice, p>0.999, Two-tailed
non-parametric Mann-Whitney, Student T-test), suggesting that the autophagic process is
normal in Mtmr2”- mice at 7dpsni (Figure 35A°).

However, since autophagy is activated within 3 and 7dpsni (Gomez-Sanchez ef al.,2015),
we asked whether an earlier time point could be more informative. For this reason, we

repeated the experiment at 3 dpsni (Figure 36).
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Figure 36. Autophagy is normally activated in Mtmr2 *~ mice at 3dpsni.

A) Representative immunoblot of LC3 II/I and NBRI at 3dpsni. Tubulin was used as loading
control. A’) Quantification of LC31I/I (p=0.2112) and NBRI1 (p=0.422) at 3dpsni, n=5 WT and
n=5 Mtmr2 ", One-sample Student T-test, Ctrl set to 1. Results of two independent experiments.
Data represent mean+ SEM.

Immunoblot results showed no significant differences between WT and Mtmr2”- mice
(n=5 WT and n=5 Mtmr2 -, LC31II/I (p=0.2112) and NBR1 (p=0.422), One-sample
Student T-test, Ctrl set to 1), confirming that autophagy in not altered in mutant mice after
injury (Figure 36 A’).

Taken together, these results suggest that myelin accumulation observed in Mtmr2”- mice
at 7dpsni is not likely due to alterations in macrophages recruitment at injury site and also

probably not related to a defect in Schwann cells-mediated autophagy.

3.2.3.3 mTORCI activation in Mtmr2”" mice after nerve injury

New protective mechanisms have recently been proposed as attempts to prevent axonal
degeneration after injury. To mention, mTORCI1 activation after injury induces a
glycolytic shift in SCs to counteract axonal energy depletion and limit axonal
degeneration (Babetto et al.,2020).

Since 1) mTORC1 pathway is dysregulated in our Mtmr2”~ mouse model during
development (Guerrero-Valero ef al., 2021) and 2) mTORCI1 activation after injury peaks
between 36 and 72 hours after nerve cut (Babetto et al.,2020), we asked whether the
defect observed in Mtmr2”- regeneration could be related to a perturbed modulation of

mTORCI1 also after nerve injury.
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To this aim, we performed sciatic nerve cut in adult WT and M#mr2”- mice. Sciatic nerves
were collected at 36 and 72 hours after injury and processed for both IF and Western Blot

analyses (Figure 37).
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Figure 37. Mtmr2 ™" mice show higher preservation of axonal structure at 36hrs post cut.

A) Representative confocal images of longitudinal sciatic nerve section at 36 and 72hrs post cut
showing higher preservation of axons in Mtmr2 *" mice at 36hrs post cut. Magnification is 20x.
Bar in A is 120 um. B) Quantification of NF-M fluorescence intensity in WT and Mtmr2 ™" at 36hrs
post cut, n=6 WT and n=6 Mtmr2 o *n=0.0237, One-sample student’s T-test, Ctrl is set to 1.
Results of six independent experiments; C) Quantification of NF-M fluorescence intensity in WT
and Mtmr2 ™" at 72hrs post cut, n=3 WT and n=3 Mtmr2”", p=0.7, Non-parametric Mann-Whitney
student T-test, Results of three independent experiments. Data represent mean+SEM

IF analyses on longitudinal sciatic nerves sections stained for NF-M (neurofilament-
medium chain) showed evident preservation of axonal structure in Mrmr2”- mice as
compared to WT at 36 but not at 72hrs post cut (Figure 37A).

Quantification of NF-M signal confirmed the presence of an increased fluorescence
intensity in Mtmr2”- mice at 36 hrs (Figure 37B, n=6 WT and n=6 Mtmr2”", *p=0.0237,
One-sample Student’s T-test, Ctrl set to 1. Results of six independent experiments), but
not at 72hrs post cut (Figure 37C: n=3 WT and n=3 Mtmr2"~, p=0.7, Non-parametric
Mann-Whitney student T test. Results of three independent experiments), suggesting that
axonal disruption may be transiently delayed in Mtmr2”- mice, in line with our previous

observation in delay of clearance.
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To better understand this, we decided to analyse P-S6 levels (phosphorylated form of S6
ribosomal protein, downstream effector of mTORCT1) at 36hrs post cut (Figure 38).
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Figure 38. mTORCI activation is not altered in Mtmr2”~ mice at 36 hrs post sciatic nerve cut.
A) Representative immunoblot showing P-S6 levels at 36hrs post sciatic nerve cut. Vinculin was
used as loading control. B) Quantification of P-S6 levels showed no significant differences
between WT and Mtmr2 7~ mice levels at 36hrs post cut, n=11 WT and n=11 Mtmr2 o p=0.1406,
One-sample Student T-test, Ctrl set to 1. Results of three independent experiments. Data represent

mean+SEM

Immunoblot results showed no significant differences between WT and Mtmr2”~ mice
(Figure 38B: n=11 WT and n=11 Mtmr2”-, p=0.1406, One-sample Student’s T-test, Ctrl
set to 1. Results of three independent experiments) indicating that mTORC]1 is not
perturbed in mutant mice at 36hrs after injury.

Altogether, these results demonstrate that: 1) Mtmr2”- mice have an initial, transient,
delayed activation of axonal degeneration which is no more evident at 72hrs post cut; 2)
mTORCI1 activation after injury is not altered, and likely not contributing to the delay in

degeneration and regeneration defect observed in Mtmr2-/- mice.
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3.3 Refinement of Niacin treatment protocol in Mtmr2” mice

Our previous results demonstrated that Niaspan® (a FDA-approved, long-lasting release

formulation of niacin, ABBVIE) i.p. treatment from P15 to P75 in Mtmr2”’ mice

(CMT4B1 mouse model) and from P15 to P45 in Pmp22 /- mice (HNPP mouse model)
was able to ameliorate the morphological phenotype of both models (Bolino et al., 2016).
However, since Niaspan® is commercially available in tablets, we had to manually crush
them before giving to mice, thereby causing the loss of the long-lasting release, and
reducing Niaspan® to act as niacin, the active molecule. Thus, we decided to set up a
collaboration with a group of pharmacologists of the University of Milan “La statale”
(Prof. Andrea Gazzinga and Dr. Matteo Cerea) to produce a new long-lasting formulation
of niacin (called Niacoat-SR) which could be given to mice by gavage.

In this way, we aimed at: 1) mimic Niaspan® human administration per os; 2) reproduce
Niaspan® human kinetics in 24hrs (long-lasting release); 3) sustain niacin concentration
in the nerve.

3.3.1 Generation of a new long-lasting release formulation of niacin (Niacoat-SR)

To produce a new long-lasting release formulation of niacin, suitable for gavage
administration per os, we performed several pharmacokinetics studies in collaboration
with Eurofins, France. First, since we knew that the dose of 160mg/kg, 5 mg/ml of
Niaspan® (which corresponds to 120mg/kg, 5 mg/ml of pure niacin) ameliorated nerve
morphology in our mouse models administered i.p. (Bolino et al., 2016), we aimed at
finding the right oral dose of niacin able to recapitulate the same kinetics in nerve and
plasma. For this purpose, we daily treated 5 groups of WT 129sv/Pas mice from P30 to
P37 with different doses of niacin as reported in Table 1.

ANIMALS | GENOTYPE | STRAIN AGE TREATEMENT(NIACIN)
15 WT 129sv/Pas P30 120mg/Kg, 5 mg/ml, IP
15 WT 129sv/Pas P30 120mg/Kg, 15mg/mLIP
15 WT 129sv/Pas P30 120mg/Kg, 15mg/ml, Gavage
15 WT 129sv/Pas P30 240mg/Kg, 15mg/ml,Gavage
15 WT 129sv/Pas P30 480mg/Kg, 15mg/ml,Gavage

Table 1. Table showing the total number of animals involved in the pharmacokinetics study
divided by type of treatment and dose.
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Nerves and plasma (n=3 animals for each time-point) were collected at TOh, T30mins,

T2h, T4h, T6h after last administration and sent to Eurofins (France).
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Figure 39. Niacin pharmacokinetics curves in plasma and nerves.

Graph showing niacin concentration (ng/mL) in sciatic nerves(A) and plasma(B) at fixed time-
points after last administration performed per os or by i.p. The 120 mg/Kg, 15mg/ml dose of
niacin given per os reproduced the kinetics of 120 mg/Kg, Smg/ml dose given by i.p.; n=3 WT
129 sv/Pas animals per time-point for each condition.
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The analyses indicated that the oral dose of 120 mg/kg, 15mg/ml (in green) was able to
reproduce the kinetics curve of 120mg/kg, 5 mg/ml dose given by i.p.(in blue) in sciatic
nerves but not in plasma samples (Figure 39A and 39B). Here, niacin concentration
resulted to be higher when compared to i.p. treatments, indicating that oral administration
increases the systemic bioavailability of the compound. However, since 1) niacin was
eliminated from plasma after 4hrs as well as i.p. administration and 2) our aim was to
produce an extended-release formulation which naturally modulates the overall systemic
exposure, we considered that as not a major issue.

Based on these data, Niacoat-SR was produced as described in 5.5 (Materials and
Methods section) by Prof. Gazzinga’s group and tests were made with the predicted dose
of 960 mg/Kg. For this purpose, we treated n=24 WT 129 sv/Pas animals from P30 to
P37 to observe Niacoat-SR kinetics in 24hrs (n=3 animals per time-point. Time-points
analysed: TO,T1h, T3h, T6h, TOh, T12h, T24h),(Figure 40).

Niacin concentrations in sciatic nerves and plasma
after Niacoat-SR administration (960 mg/Kg)
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Figure 40. Niacoat-SR pharmacokinetics in 24hours.

Graph showing niacin concentration in sciatic nerve (ng/mlL) and plasma (ng/mL) at fixed time-
points after Niacoat-SR administration (960 mg/Kg). Niacin concentration peaks after 1hour and
remains stable until 3hrs. Niacin is still detectable in nerves also after 9 hrs from last
administration. n=3 WT 129 sv/Pas animals per time-point.

The dose of 960 mg/Kg of Niacoat-SR was able to sustain niacin concentration in the
nerve until 9hrs, whereas pure niacin is usually undetectable after 4 hrs from last treatment
(Figure 41). Moreover, between 1h and 3hrs niacin concentration in nerves reached a

plateau, suggesting that it can remain stable for at least two hours at high levels (Figures

74



40-41). On the contrary, when pure niacin was given (either by gavage or by i.p), we
noticed a peak after 30mins, which abruptly decreased between 1 and 2hrs after last
administration (Figure 41). When looking at the total concentration of niacin in the nerve
between the higher dose of pure niacin 480mg/Kg, gavage and Niacoat-SR 960mg/Kg,
gavage (AUC-Area Under Curve: Niacoat-SR 960mg/Kg AUCnerve= 487339,33
ng*mL/h; niacin 480 mg/Kg, gavage AUCnerve= 980943 ng*mL/h), we found it to be
lower in Niacoat-SR samples. However, we did not consider that as a main issue since
our main goal was to demonstrate the long-lasting release effect and not to increase niacin
concentration in the nerve.

Niacin concentration in plasma showed instead a similar trend to pure niacin, with a peak
after 1h followed by a progressive reduction, but higher AUC values (Niacoat-SR
960mg/Kg AUCplasma= 713075,4 ng*mL/h; niacin 480 mg/Kg, gavage AUCplasma=
489674,75 ng*mL/h). This was expected considering the higher dose given and the
different formulation used. Lowering of niacin plasma levels indeed occurred less rapidly
with Niacoat-SR as compared to pure niacin, thus suggesting a correlation between the

formulation used and the overall systemic and tissue-specific exposure to the compound.
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Figure 41. Comparison between Niacin and Niacoat-SR pharmacokinetics.

Graph showing niacin concentration in the sciatic nerve (ng/mlL) at fixed time-points after Niacin
or Niacoat-SR administration. The 960mg/Kg dose of Niacoat-SR clearly shows sustained niacin
concentration in the nerve compared to pure niacin. N=3 WT 129 sv/Pas animals per time-point
for each condition.
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Taken together, these results indicate that Niacoat-SR is a reliable new long-lasting

release formulation of niacin suitable for gavage administration in mice.

3.3.2 Niacoat-SR: safety and target engagement experiments in mice

Before administering to mice in a long-term treatment setting, we aimed at assessing
Niacoat-SR safety and tolerability in mice during development. To this aim, we daily
treated n=20 WT mice 129 sv/Pas (n=10 WT vehicle and n=10 WT Niacoat-SR
960mg/Kg, with sex equally distributed within groups) from P21 to P51. Animals were
monitored for weight and clinical signs every day, without showing any abnormalities.
Moreover, since 1) niacin is known to act as lipid modulator and 2) it is metabolized by
both kidney and liver, we performed histological analyses of liver, gut, and kidney (in
collaboration with Dr. Fiocchi A., Animal histopathology Unit, HSR, Milan), to evaluate
the presence of signs of tissue alterations or inflammation (Figure 42). Hematoxylin-
eosin sections were clinically analysed by Dr. Francesca Sanvito (MD, Pathology Unit,
HSR, Milan): no gross abnormalities were found, suggesting that Niacoat-SR was not

toxic and well-tolerated by mice.

LIVER KIDNEY

GUT

Figure 42. Niacoat-SR is not toxic and is well-tolerated by mice during development.
Representative images acquired at bright-field microscope showing kidney, liver, and gut sections
stained with haematoxylin-eosin staining protocol, n=3 WT animals per condition analysed. No
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alterations have been found. Kidney and liver magnification is 40x, gut’s is 20x. Bar in Kidney
and Liver sections is 49um; bar in Gut sections is 98 um.
Once Niacoat-SR safety was assessed, we decided to prove its efficacy by performing

target engagement experiments.

First, since niacin is a TACE activator, we decided to test if also Niacoat-SR was able to
efficiently increase TACE activity. For this purpose, we treated n=30 WT 129sv/Pas by
gavage (n=10 WT vehicle, n=10 WT niacin 120mg/Kg, n=10 WT Niacoat-SR 960
mg/kg) from P30 to P37. Sciatic nerves were collected 1h after last administration and

biochemically analyzed for TACE activity (Figure 43).
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Figure 43. Niacoat-SR significantly increases TACE activity.

Quantification of three independent experiments showing Niacoat-SR effect on TACE activity.
Niacin samples were used as internal positive control of the assay. n=10 WT vehicle, n=10 WT
niacin, n=10 WT Niacoat-SR; Non-parametric one-way ANOVA followed by Dunn’s multiple
comparison test; WT vehicle vs. WT Niacin: *p= 0.0471; WT vehicle vs. WT Niacoat-SR:
*n=0,0405. Data represent Mean+SEM.

Our results indicated that Niacoat-SR treatment for one week (960 mg/Kg, gavage, QD)
was able to significantly increase TACE activity, even more than pure niacin (n=10 per
condition; WT vehicle vs. WT Niacin: *p= 0.0471; WT vehicle vs. WT Niacoat-SR:
*p=0,0405; Non-parametric one-way ANOVA followed by Dunn’s multiple comparison
test).

Second, to further investigate Niacoat-SR functioning on predicted targets, in

collaboration with Prof. John Svaren (Department of Comparative Bioscences, School of
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Veterinary Medicine, University of Wisconsin-Madison, USA), we analysed the
transcriptomic profile of Mtmr2” mice after Niacoat-SR treatment (Figure 44). More
precisely, n=4 WT vehicle, n=4 Mtmr2” vehicle and n=4 Mtmr2”- Niacoat-SR were
treated from P10 to P21 by i.p. (with Saline or Niacin 120 mg/Kg, i.p., QD) and from P21
to P30 by gavage (with Methilcellulose or Niacoat-SR 960 mg/Kg, gavage, QD). Sciatic

nerves were collected at P30 within 1h after last administration and fast-frozen in Trizol.

Top 50 upregulated genes in Mtmr2 KO
A

[ | Response to Treatment
6 (relative to Mtmr2 null)
4
| HHHHHHH\HHHHHHH Ml i
O A e
0
R
-2
-4
\ Y J
® Response to Treatment Top 50 down regulated genes in Mtmr2 KO
-8 (relative to Mtmr2 null)

Figure 44. Niacin normalizes gene expression changes in CMT4B1 mouse model.

In blue, selection of top 50 upregulated (left) and downregulated (vight) genes in Mtmr2™" mice.
In red, the same genes showing to be responsive to the treatment with Niacoat-SR.

N=4 animals for each condition (n=4 WT vehicle, n=4 Mtmr2” vehicle and n=4 Mtmr2"
Niacoat-SR).

Transcriptomic analyses identified different genes expressed in Mmr2”~ mice when
compared to WT. A set of top 50 upregulated and downregulated genes were selected
(Figure 44 in blue), which resulted responsive to Niacin/Niacoat-SR treatment (Figure
44 in red). Among others, higher-modulated genes resulted to be involved in lipid
metabolism (e.g., SREBF1, SCD1, PLINI, LIPE, LPL) and in the regulation of adipose
tissue from adipogenesis to adipocyte differentiation and functioning (e.g., AQP7,
PPARy, GDF10, UCP1). Considering that niacin effects on lipids regulation are widely
known and already applied in clinics to treat dyslipidemia, our data demonstrate Niacoat-

SR efficacy in the modulation of niacin predicted targets.
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3.3.3 Niacoat-SR long-term treatment protocol on Mtmr2” mice

Since our preliminary results on Niacoat-SR efficacy and tolerability were particularly
promising, we considered to set-up a long-term pre-clinical trial on Mtmr2”- mice to score
morphological and functional outcome measures in the perspective of a potential clinical
application of the drug.

To do that, we enrolled 64 animals (n=10 WT vehicle, n=10 WT Niacoat-SR, n=24
Mtmr2” vehicle, n=20 Mtmr2”- Niacoat-SR, with sex equally distributed within each
group) and we treated them from P10 to P21 with Niacin (120 mg/Kg, i.p., QD) and from
P21 to P170 (nearly 6 months) with Niacoat-SR (960 mg/Kg, gavage, QD) in
collaboration with CRL (Charles River Laboratories). Of note, we performed i.p.
administration from P10 to P21 to act as preventively as possible, since previous results
showed that the morphological phenotype is already present in our model at P5.
Animals were daily checked for weight and clinical signs, but no abnormalities were
reported. Morphological, functional, and biochemical outcome measures were scored at

P170 to assess Niacoat-SR effects on Mtmr2”~ mice (Figure 45-49).
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Figure 45. Niacoat-SR treatment from P21 to p170 ameliorates NCV in Mtmr2™" mice.

A) Quantification of NCV values of WT and Mtmr2 ““mice at P170 after Niacoat-SR treatment
from P21. n=10 WT vehicle, n=10 WT Niacoat-SR, n=24 Mtmr2”" vehicle, n=20 Mtmr2”"
Niacoat-SR, with sex equally distributed within each group. Ordinary ANOVA followed by
Dunn’s multiple comparison test, ****p<(.0001. Data represent meant SEM

On the right, table showing specific NCV values. Data are indicated as meant SEM.
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First, neurophysiological results showed that Niacoat-SR treatment was able to
significantly ameliorate NCV in Mtmr2”- Niacoat-SR-treated mice compared to Mtmr2”"
vehicle-treated mice, which are known to have altered NCV at 6 months (Bolino et al.,
2004; Guerrero-Valero et al, 2021), (Figure 45 NCV: WT vehicle 39,15+0,44 m/s vs.
Mitmr2” vehicle 30,13+0,25 m/s ****p<0.0001, Mtmr2”" vehicle 30,13+0,25 m/s Mtmr2-
 Niacoat-SR 33,944+0,31 m/s, ****p<0.0001, Ordinary ANOVA followed by Dunn’s

multiple comparison test).
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Figure 46. Niacoat-SR treatment from P21 to P170 partially ameliorates morphology in
Mtmr2” mice sciatic nerves.

A) Representative images of sciatic nerve semithin sections analysis of both vehicle and Niacoat-
SR-treated Mtmr2” mice at P170; n=20 Mtmr2” vehicle, n=20 Mtmr2”" Niacoat-SR; Scale Bar
is 14,4 um; B-E) Quantification of fibres displaying normal myelin structure(B) and aberrant
myelin structures(C-E). Aberrant structures have been classified as myelin outfoldings (C),
tomacula (D) and degenerations(E); Degenerating fibres: Mtmr2” vehicle vs. Mtmr2” Niacoat-
SR *p=0.0430; Parametric T-test, Welch’s correction. Data represent mean+SEM.
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However, morphological analyses of Mmr2” sciatic nerves semithin sections showed
that Niacoat-SR treatment did not rescue the number of aberrant fibres (e.g. myelin
outfoldings/tomacula) but significantly reduced the number of degenerating fibres
(Figure 46E DEGENERATING FIBRES: Mmr2”- vehicle vs. Mtmr2”- Niacoat-SR,
*p=0.0430; Parametric T-test, Welch’s correction; n=20 per group), without altering the
number of normal myelinated fibres. To see if Niacoat-SR treatment had a major effect
on large-calibre axons (motor fibres) which express high levels of NRG1 type III, we
decided to analyse quadriceps nerve morphology (FIGURE 47). Our results show that
Niacoat-SR treatment had no effects in the number of aberrant nor degenerating fibres

(FIGURE 47 C,D,E).
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Figure 47. Niacoat-SR treatment from P21 to P170 does not ameliorate morphology in
Mtmr2” mice quadriceps nerves.

A) Representative images of quadriceps nerves semithin sections analysis of both vehicle and
Niacoat-SR-treated Mtmr2” mice at P170; n=20 Mtmr2”" vehicle, n=20 Mtmr2”" Niacoat-SR;
Scale Bar is 14,4 um; B-E) Quantification of quadriceps fibres displaying normal myelin
structure(B) and aberrant myelin structures(C-E). Aberrant structures have been classified as
myelin outfoldings (C), tomacula (D) and degenerations(E); Data represent mean+SEM.
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Figure 48. Niacoat-SR treatment from P21 to P170 does not ameliorate morphology in
Mtmr2”" mice plantar nerves.

A) Representative images of plantar nerves semithin sections analysis of both vehicle and
Niacoat-SR-treated Mtmr2” mice at P170; n=20 Mtmr2" vehicle, n=20 Mtmr2”" Niacoat-SR;
Scale Bar is 20 um; B-E) Quantification of plantar nerve fibres displaying normal myelin
structure(B) and aberrant myelin structures(C). Aberrant structures include myelin outfoldings,
tomacula and degenerations; Data represent meanz SEM.

Finally, since CMTs are primarily length-dependent neuropathies, we thought reasonable
to investigate Niacoat-SR treatment effect on plantar nerves. In this case also, we found
no amelioration of the morphological phenotype for any of the categories scored
(FIGURE 48 B,C).

Altogether, these results indicate that Niacoat-SR treatment does not rescue the
morphological phenotype, but it may have a neuroprotective effect by partially preventing

degeneration at least in sciatic nerves.
These findings were corroborated by plasma NF-L (Neurofilament-light) chain levels

analysis (performed in collaboration with Dr Amanda Heslegrave, UK Dementia

Research, UCL, London), which are an informative biomarker of axonal degeneration
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used for a variety of neurodegenerative conditions (including inherited neuropathies) both
in human as in mouse models (Rossor & Reilly, 2022). Indeed, NF-L plasma levels were
increased in Mtmr2 mutant mice as compared to controls at 6 months and showed a trend
for amelioration in Mtmr2 - mice after Niacoat-SR treatment (Figure 49 NF-L: WT
vehicle vs Mtmr2 7~ vehicle **p=0.0034; WT vehicle vs Mtmr2 7~ Niacoat-SR *p=0.0273;

Non-parametric ANOVA, Dunn’s multiple comparison test).
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Figure 49. Niacoat-SR effects on NF-L levels in Mtmr2”" mice at 6 months.

Quantification of plasma NF-L levels (pg/ml) in WT and Mtmr2”" mice. NF-L is a biomarker of
axonal degeneration. Niacoat-SR treatment showed a trend for amelioration of NF-L levels in
Mtmr2” mice; N=5 WT vehicle, n=5 WT Niacoat-SR, n=10 Mtmr2” vehicle, n=10 Mtmr2”"
Niacoat-SR; WT vehicle vs. Mtmr2” vehicle **p=0.0034; WT vehicle vs. Mtmr2” Niacoat-SR
*n=0.0273; ANOVA Parametric T-test, Welch’s correction. Data represent mean+ SEM.
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Moreover, by closely looking at our data, we also found a correlation between NF-L
levels and NCV values, indicating that mice displaying higher NCV also have lower NF-
L levels in plasma (Figure 50).
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Figure 50. Correlation between NCV and NF-L values after Niacoat-SR treatment at P170.
Graph showing the correlation existing between NCV and NF-L levels after Niacoat-SR
treatment: mice with higher NCV also have lower NF-L levels. Pearson correlation test,
r=-0.5731, P=0.0083.

Since we found that Niacoat-SR positively modulated both NCV and NF-L, two crucial
functional outcome measures in our model, we decided to further investigate axonal
degeneration in Mtmr2”- mice at 12 months of age. We already knew that in this model
myelin degenerations and fibres loss progressively worsen with age likely contributing to
NCV reduction (Bolis ef al., 2005). It is possible that myelin degenerations can also result
from a MTMR?2 cell-autonomous role in neurons, which we have not demonstrated yet.
However, recent data performed in our laboratory on full 129Sv/Pas strain Mtmr2”- mice,
suggested that with this genetic background, the pathological phenotype is more
prominent. For those reasons, we decided to re-evaluate morphological and functional

outcome measures at 12 months of age (Figure 51).
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Figure 51. Mtmr2 ”" mice phenotypic progression at 12 months of age.

A-C) Representative images of sciatic (A), quadriceps (B) and plantar (C) nerves semithin
sections. Bar is 20 um; A’-C’) Graphs showing the percentage of normal fibres (gray), tomacula
(red), outfoldings (vellow), infoldings (black) degenerations (green) on total fibres, n=4 WT and
n=4 Mtmr2" mice; D) NF-L levels resulted to be increased also at 12 months age in Mtmr2”"
mice, WT vs. Mtmr2” mice **p=0.0079, Non-parametric Mann-Whitney Student T-test; E) NCV
is significantly reduced in Mtmr2 mice at 12 months; n=7 WT and n=7 Mtmr2 mice;
***p=0.006, Non-parametric Mann-Whitney Student T-test. Data represent meant SEM.
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Morphological analyses on sciatic nerves semithin sections showed (Figure 51 A) an
increased number of aberrant fibres-including tomacula, outfoldings, infoldings and
degenerations- [Figure 51 A’, ABERRANT FIBRES WT= 256,63+£21,52 (1,18%) vs.
Mitmr27-= 4488,82+110,84 (22,19%)] associated with a reduction in the number of total
fibres compared to WT (Figure 51 A’TOTAL FIBRES WT= 22290,03+407,2 vs.
Mtmr2”- = 20223,444602,4: reduction of 10%), suggesting a clear progression of the
phenotype. At 6 months indeed there is no evidence of fibres loss.

Then, to specifically evaluate the amount of motor fibres displaying aberrant myelin, we
decided to analyse quadriceps nerve morphology (Figure 51 B). In line with our previous
results, we observed an increased number of aberrant fibres [Figure 51 B>, ABERRANT
FIBRES WT=226,96+83,78(1,35%) vs. Mtmr2"-= 4240,37+567,77 (35,58%)], together
with a reduction in the number of total fibres compared to WT (Figure 51 B’, TOTAL
FIBRES WT=16421,61+347,96 vs. Mtmr2”-=11894,29+815,66: reduction of 28%).
Finally, since CMT4B1 like other neuropathies primarily affects distal body districts, we
considered to study plantar nerves morphology (Figure 51 C). As expected, the
pathological phenotype here is even more evident, both in terms of reduction of total
fibres (Figure 51 C’ TOTAL FIBRES WT= 26343,324+2138,66 vs. Mtmr2’"
=15156,31£775,23: reduction of 43% ) and number of fibres showing alterations [Figure
51 C’ ABERRANT FIBRES WT=687,97+43,04 (2,69%) vs. Mtmr2"-= 8674,01+221,68
(57,35%)].

When looking at functional outcome measures, NF-L showed increased levels also at 12
months (Figure 51 D, NF-L 12 months WT vs. Mtmr2”/-"**p=0.0079, Non-parametric
Mann-Whitney student T-test), while NCV was even more decreased than at 6 months
(Figure 51 E,NCV: WT 39,3+ 0,413 m/s vs. Mtmr2™-26,27+0,43 m/s, ***P=0.006, Non-
parametric Mann-Whitney student T-test).

Taken together, these results indicate a clear progression of Mtmr2”- mice phenotype
from 6 to 12 months, particularly for the significant fibres loss paralleled by a consistent
worsening of NCV and NF-L values, which reproduce the human disease evolution. The
relevance of these findings consists in highlighting the beneficial effects obtained with
Niacoat-SR treatment in limiting axonal degeneration. Axonal loss is indeed the main
functional aspect related to disability in different neuropathies and being able to limit its

progression is a striking therapeutical point.
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Finally, we decided to assess Niacoat-SR safety profile by performing histological and

biochemical analyses after five months of daily administrations.

WT Mtmr2-/- Mtmr2-/-
VEHICLE VEHICLE NIACOAT-SR

= S A ; L &

LIVER KIDNEY

GUT

Figure 52. Niacoat-SR is not toxic and is well-tolerated by mice after 5 months of treatment.
Representative images acquired at bright-field microscope showing kidney, liver, and gut sections
stained with haematoxylin-eosin staining protocol, n=3 WT animals per condition analysed. No
alterations have been found. Magnification is 40x. Bar in all sections is 55 ym.

In agreement with preliminary results indicating that Niacoat-SR was well-tolerated by
wild-type mice when administered from P21 to P50 (see 3.3.2), histological analyses of
liver, gut, and kidney (Figure 52) and biochemical analyses of serum analytes associated
with hepatic, renal, and lipid profiles (Figure 53), (analyses performed in collaboration
with Dr.Michele Raso, Animal biochemistry facility, HSR, Milan) showed no

pathological alterations.
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Figure 53. Niacoat-SR does not alter hepatic, renal and lipid serum profiles of Mtmr2”" mice
after 5 months of treatment.

A) Quantification of hepatic-, renal- and lipid-associated analytes levels in WT and Mtmr2” mice
serum after 5 months-treatment with vehicle or Niacoat-SR. N=5 WT vehicle, n=5 WT Niacoat-
SR, n=5 Mtmr2" vehicle, n=5 Mtmr2” Niacoat-SR; Non-parametric ANOVA, Dunn’s multiple

comparisons test. Data represent mean+ SEM. ALT=alanine transferase; AST=aspartate-amino
transferase; LDL=Ilow-density lipoprotein, HDL=high-density lipoprotein.

Altogether these results suggest that Niacoat-SR is safe and positively regulates different
outcome measures (e.g., NCV, NF-L, transcriptome), even if we did not observe
amelioration of aberrant myelin in Mtmr2”- mice (model of CMT4B1 neuropathy).
Despite its potential application in clinical practice as drug repurposing strategy, some

aspects still need to be elucidated.
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4.DISCUSSION

Charcot-Marie-Tooth neuropathies are one of the most frequent forms of inherited
neuromuscular disorders, with a prevalence of 1:2500 people, high heterogeneity, and
significant social costs (Rossor et al., 2016).

Despite the recent development at the preclinical level of precision medicine tools (e.g.,
ASO, gene therapy) designed on the specific genetic profile, no treatments are still
currently available for these disorders. In addition, the wide range of genetic and clinical
manifestations makes difficult to find a unique therapeutical option.

In this work, we aimed to fulfil this unmet clinical need and we aimed at validating a
therapeutic strategy based on drug repurposing that ideally can be beneficial to different
clinical forms of CMT neuropathies.

More specifically, we pointed our attention on a group of demyelinating CMTs
characterized by focal hypermyelination (e.g., CMT4B and HNPP). Despite the different
genetic background, these neuropathies are all characterized by the presence of aberrant
myelinated structures (e.g., myelin oufoldings/infoldings and tomacula), which partially
result from the dysregulation of the PI3K-Akt-mTORCI axis, downstream NRG1 type
IITI signalling (Goebbels et al, 2012 Fledrich et al, 2014; Guerrero-Valero et al., 2021).
NRGI1 type III is indeed a master regulator of PNS myelination and its expression levels
determine the amount of myelin produced, which is always a function of the axonal
diameter (Salzer, 2015). For these reasons, we thought that the modulation of NRG1 type
III signal could be a valid strategy to ameliorate CMTs neuropathies with focal
hypermyelination. Of note, NRG1 type III levels are regulated by two proteases, namely
BACE and TACE, that cleave NRG1 with two opposite outcomes. BACE activates NRG1
type III and allows the molecule to be exposed with the EGF domain extracellularly
tethered to the axonal surface. TACE is a negative regulator, as cleaves NRG1 type III
and inactivates the molecule which is no longer able to interact with ErbB2/B3 receptors
in Schwann cells. Moreover, TACE can be pharmacologically activated by niacin,
nicotinic acid.

Thus, we thought that niacin as TACE activator, could downregulate NRG1 type III
signalling and lower excessive myelination. Preliminary results obtained in our laboratory
demonstrated, as proof-of-principle, the efficacy of this strategy in both in vitro and in

vivo models of CMT4B1 and HNPP neuropathies (Bolino et al.., 2016).
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More precisely, niacin given as Niaspan® (FDA-approved, long-lasting release of
niacin/nicotinic acid/vitamin B3) was able to reduce the percentage of aberrant
myelinated fibres without impacting the myelination process (no negative effects on g-

ratio).

To better understand how niacin effects on axonal TACE are mediated in the nerve, we
decided to investigate its mechanism of action by looking at Gpr109a receptor expression
in both PNS (axons) and CNS (motoneurons cell bodies). Niacin interacts with Gpr109a
receptor in different tissues, including spleen, adipose tissue, and skin (Offermanns &
Schwaninger, 2015), so we thought it could likely be present also in the nervous system.
However, we found that Gpr109a is not expressed by motoneurons in both PNS and CNS
compartments, indicating that other receptors may be involved. To mention, Gpr8land
Gpr109b are other receptors of the HCA2 family which however show higher affinity for
other ligands (Blad et al., 2011).

Niaspan® is currently used in clinical practice to treat dyslipidemia and recently found to
have also anti-atherogenic, neuroprotective and anti-inflammatory effects (Chen et al.,
2007; Chen et al., 2009; Offermanns & Schwaninger, 2015; Rawji et al., 2020).

Our preliminary results supported Niaspan® repurposing as possible treatment for CMTs
neuropathies with focal hypermyelination (Bolino ef al., 2016).

However, in the perspective of a clinical translation, we needed to refine the treatment
protocol by reproducing Niaspan® human kinetics (in 24hrs) and administration per os in
mice and to investigate both morphological and functional outcome measures after a long
period of treatment. To this aim, in collaboration with Dr. Gazzaniga’s group (University
of Milano, “La Statale”) we produced Niacoat-SR, a new long-lasting release formulation
of niacin, suitable for gavage administration in mice.

Pharmacokinetics studies demonstrated that Niacoat-SR (960mg/kg, gavage) was able to
sustain niacin concentration in the nerve. More specifically, niacin concentration in the
nerve peaked at 1h, remained stable until 3hrs and resulted to be detectable until 9hrs after
last administration, whereas pure niacin is usually eliminated after 4hrs. Considering that
mice digestion takes between 6-9 hours to be completed (Schwarz et al.,2002), these data

confirmed that Niacoat-SR consistently reproduced Niaspan® human kinetics in mice.
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Plasma levels of niacin showed a similar trend to pure niacin, even if the Niacoat-SR
960mg/Kg dose showed higher AUC values compared to pure niacin. This was expected
considering the higher dose and the different formulation used.

Accordingly, we decided to test Niacoat-SR toxicity and tolerability in mice, particularly
in the perspective of a chronic treatment. High doses of niacin can indeed have side-
effects such as flushing, abdominal discomfort and nausea, even if mainly associated with
IR (immediate release) formulations (Cooper et al., 2015). In our case, the dose of 960
mg/kg corresponds to 28 mg of niacin in adult mice (30 gr), which is substantially lower
than the range of 100-300 mg associated with the anti-dyslipidemic effect (1-3gr/day in

humans). In line with that, Niacoat-SR resulted to be well-tolerated by mice.

Considering these results, we decided to set up a long-term pre-clinical trial with Niacoat-
SR (960mg/kg, QD, gavage) from P21 to P170 in Mtmr2 7~ mice (CMT4B1 model). Our
data showed that Niacoat-SR was able to significantly increase TACE activity, to
ameliorate MNCV and to positively modulate plasma NF-L levels, with the latest two
being two functional outcome measures associated with clinical disability and therefore
crucial points for translational approval. Moreover, we found them to be mutually
correlated and extremely relevant in relation to the phenotypic progression observed in
12-months-old Mtmr2 - mice.

Nevertheless, we did not find a morphological rescue. This was unexpected, particularly
in relation to the increased MNCYV observed. TACE indeed is the primary target of niacin
and axonal TACE expression is reduced after P60 (Bolino ef al., 2016), thus it is possible
that after this age niacin effects on TACE are not as effective as before. Therefore, it
could be interesting to investigate Niacoat-SR effects on morphology at an earlier time
point. At least, we found a slight reduction in the number of sciatic degenerating fibres
which paralleled the trend for reduction of plasma NF-L levels, suggesting that Niacoat-
SR treatment for five months mainly exerted a neuroprotective effect by limiting
degeneration and preserving axonal integrity. Accordingly, modulation of NAD" levels
represents an interesting therapeutic candidate to counteract axon degeneration in several
neurodegenerative conditions (Gerdts et al., 2016). We did not look at CMAP amplitudes
because at 6 months they are not altered in our Mtmr2 *~mouse model (Bolis et al., 2005),

which is expected, since the degenerative process has just started and then a significant
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condition of fibres loss is still not present. It would be interesting instead to see if Niacoat-
SR treatment could have a better beneficial effect at a later time-point when axonal loss
is more present (e.g., in 12-months-old mice). Motor behavioural performance analyses
were not included as well, since they are known to be only mildly impaired in Mtmr2 -
mouse model at 6 months of age (Bolino et al., 2004). Importantly, these aspects indicate
that the murine phenotype is overall less severe than human one and that it could be a
partial limit in understanding treatments efficacy from a functional point of view. This
difference could be explained by the fact that: 1) mice live less, 2) CMT4BI1 is a length-
dependent disease and as such, murine nerves are shorter than human ones, 3) other

myotubularins/mechanisms can compensate MTMR2 loss in mice.

Considering that 1) both CMT4B1 and HNPP neuropathies are chronic diseases which
progress to degeneration and fibres loss with age, 2) nerve regeneration is possible in the
PNS and 3) Niacin acts on NRGI, which plays a crucial role also during nerve
regeneration, we thought that evaluating niacin impact on PNS physiological ability to
regenerate and remyelinate after damage could be an essential point towards clinical
application.

Our studies were designed to specifically evaluate niacin impact on NRG1 type I and III
which have different roles during the regenerative process. Our findings showed that
niacin treatment did not negatively impact on nerve regeneration/remyelination
independently from the period of treatment after sciatic nerve crush (T1-T21; T10-T21;
T1-T45). The regenerative process does not exactly recapitulate development and
remyelination lasts longer, thus we did not really expect to observe a morphological
rescue at T45dpsni. It could be interesting to see what happens at a later time-point.
Moreover, our studies on regeneration brought to light the presence of a defective
regenerative process in both our mouse models (Mtmr2 *- and Pmp22*") which was not
previously known. Given the ubiquitous role of MTMR?2 in PI (3,5) P2 modulation,
associated with both autophagy and cytoskeleton remodelling, we thought that an
alteration in the clearance process could likely be the cause. However, we did not find
any significant variations in the number of macrophages nor in the autophagy flux,
indicating that other mechanisms may be involved. Regarding this, mTORCI was

recently found to orchestrate a metabolic shift towards glycolysis after injury to prevent

92



axonal loss (Babetto et al., 2020). Since mTORC1 pathway is dysregulated in our mouse
model (Guerrero-Valero et al., 2021), we considered reasonable to evaluate a possible
correlation with our condition. Interestingly, we found an increased number of structural
preserved axons at 36hours after injury in Mtmr2 7~ mice, which however was not
supported by an increase in PS6 levels. These findings then raise questions on whether
some axon-autonomous mechanisms may influence the clearance process and how this

initial delay could impact on overall regeneration.

In conclusion, given the positive results obtained in the modulation of different outcome
measures in both development and after nerve injury, we can postulate that
Niacin/Niaspan® repurposing could be an efficient strategy to exert neuroprotective
effects and ameliorate clinical disability due to axonal loss in a variety of CMT
neuropathies.

More specifically, the results obtained suggest that an early treatment with Niaspan®
would be preferable to limit degeneration and fibres loss which start at 6 months and
become prominent at 12 months in our Mtmr2”- mouse model. However, since the human
pathology is more severe and already present in childhood, one limit to clinically translate
this strategy could be Niaspan® possible detrimental effects on lowering cholesterol levels
during growth. An accurate evaluation of the correct dosage is then required if thinking
of giving Niaspan® to very young patients while effects on adults are already well-
described.

Other than drug repurposing, another interesting therapeutic option could be a genetic
therapeutic approach. Gene therapy can indeed overcome problems related to chronic
administrations by being a one-off treatment with long-lasting effects (Stavrou et al.,
2021). The MTMR?2 gene is a suitable candidate for gene therapy because of its small
dimension (1,932bp), (Bolino et al, 2000). In addition, restoration of the 50% of the
enzymatic activity would be sufficient to overcome the pathology, since CMT4B1 is a
recessive disease and human carriers as well as heterozygous mice are not affected.
However, one of the main challenges is to find the best route of administration, suitable
for clinical translation while being able to reach a sufficient biodistribution in all the PNS,
particularly in Schwann cells. Accordingly, vectors delivery to Schwann cells can be done

using systemic delivery (intravenous injection) or restricted/local delivery (intrathecal or
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intraneural injection) which show different efficacy and risks of off-side toxicity (Stavrou
et al., 2021). Even though neurons transduction could be useful as well, we know that
CMT4BI1 primary target of the disease is myelin. Our previous results reported indeed
that Mtmr2 loss specifically in Schwann cells is necessary and sufficient to reproduce the
pathology. (Bolis ef al., 2005).

Another big issue related to gene therapy is the time of delivery. Systemic delivery should
be done in mice at two post-natal days when blood-nerve-barrier is still not completely
formed, and Schwann cells proliferation is less active. Intrathecal of intraneural injections
can be done at older ages but have shown reduced efficacy when compared to systemic
delivery, particularly in terms of adequate PNS biodistribution (Stavrou et al., 2021).

It is evident then that clinical translation of this strategy could not be so easily done.
Niacin/ Niaspan® repurposing would be a safer and quicker strategy to be approved, even

though some aspects still need to be clarified.
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S. MATERIALS AND METHODS

5.1 Animals (Mtmr2™"-, Pmp22*- and Gprl109a™R*? mice)
Mtmr2"* mice were generated by A. Bolino as previously described (Bolino et al., 2004).
Heterozygous Mtmr2"* rodents were cross bred with transgenic mice expressing CMV-
cre recombinase to specifically remove exon 4 and obtain heterozygous Mtmr2* mice.
These animals were then crossed to obtain full Mtmr2”- mice (Mtmr2 KO), which

+/+

ubiquitously lack Mtmr2 expression. Mtmr2 ™" were used as Wild-Type (WT) controls.
Mtmr2 KO mice reproduce Charcot-Marie-Tooth type 4B1 (CMT4B1) neuropathy with
myelin outfoldings.

Pmp22*" mice were generated by K. Adlkofer as already described (Adlkofer et al.,1995;
Adlkofer et al,1997). A targeting vector was designed to insert the neomycin
phosphotransferase (neo) gene into the first translated exon (exon II) at amino acid eight
of the Pmp22 protein. Pmp22*~mice were cross bred with C57/B6 WT to produce litters
of around 50% ratio between WT and Pmp22*" genotypes. Animals with Pmp22 gene
haploinsufficiency reproduce hereditary neuropathy with liability to pressure palsies
(HNPP) with tomacula.

Gpr109a™%F mice (Gpr109a expression reporter mouse line) was generated by replacing
the coding sequence of Gpril09a gene by a cassette containing the mRFP as described
(Hanson et al., 2010). RFP expression was then under the control of Gpri09a promoter.

Transgenic Gprl09a™RtP

mice were cross bred with C57/B6 WT to produce litters of
around 50% ratio between WT and Gprl09a™%* genotypes.

Mice were housed in a pathogen-free facility in San Raffaele Hospital (Milan, Italy) and
cared for following National Health Institute guidelines. All the experiments involving
the described animals were performed in accordance with Italian national regulations and

covered by experimental protocols reviewed by local Institutional Animal Care and Use

Committees (IACUC#701, #1069 and #1070).

5.2 Genotyping and Polymerase Chain Reaction (PCR) analysis
Animals genotyping for all lines was performed by genomic DNA isolation from mouse
tails at P6-P8. DNA was extracted from fresh caudal biopsies using 300l of DirectPCR
lysis reagent (cat#102-T, Viagen, Biotech) and 15ul of Proteinase K from Tritirachium
album (P2308-100mg, SIGMA). Samples were left overnight at 55°C and then at 85°C
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for 45 minutes the day after to stop Proteinase K digestion. One or two microliters of
DNA were used to carry out Polymerase Chain Reaction (PCR) analysis using GoTaq G2
Flexi DNA Polymerase kit (M7806, PROMEGA) following manufacturer’s instructions.
Reactions were amplified using Thermal cycler machines (#2720, Applied Biosystems).
To discriminate wild-type from heterozygous and mutant mice we used line-specific pairs

of primers:

Mitmr2” mice | Mtmr2 WT (500 bp)
Lox2P fw: 5' TCTTGTGGCTCTTCAGAATTGACC 3'
EX4 REV : 5" TCCATGCTCTTGAAATATAACCTG 3'

Mtmr2 KO (300 bp)

Lox3P_fw: 5' AGCCAGGGCCACTATAGTTCTTAG 3'
FRLT3 rv: 5 TGTCAGTTTCATAGCCTGAAGAACG 3'
Pmp22*- Pmp22 WT (600 bp)

Ex2 fw: 5SATGCTCCTACTCTTGTTGGG 3'

Int2 rv WT: 5' AGATTAGCCACAGCCATAGTC 3'

Pmp22 KO (300 bp)

Ex2_fw: 5SATGCTCCTACTCTTGTTGGG 3'

Neo AS_rv KO: 5' GCCTTCTATCGCCTTCTTGAC 3'
Gpr1094™F | Gpr109a™RFP (400 bp)

404_fw: 5’ctgcagccttcagaaggaat 3’
405_rv: 5’cgcatgaactccttgatgac 3’

To note that transgenic Gpr1094™*F mice show a band only at 400bp which corresponds

to the reporter mRFP gene, whereas wild-type mice did not show any band.

5.3 Sciatic nerve crush and cut
To study Wallerian Degeneration, we performed sciatic nerve crush (axonotmesis) or cut
(neurotmesis) to induce acute nerve damage. In both cases, animals were firstly
anesthetized with trichloroethanol (SIGMA) 0.02 ml/g of body weight by intraperitoneal

injection (i.p.). Sciatic nerves were then exposed after a fine incision between the gluteus
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and the femoral muscles. When performing sciatic nerve crush, nerves were both
mechanically and thermically injured with pre-cooled forceps stapling the nerve
proximally. The site of damage was marked with carbon powder (SIGMA) in which
forceps had been previously immerged. When performing sciatic nerve cut, nerves were
proximally severed using fine scissors. In both cases, animals were finally sutured using
Monofilament Nylon Dermalon 4.0 (COVIDIEN) and monitored until their recovery
form anaesthesia. Nerves were then collected at different time-points in relation to the

outcome for both morphological and biochemical analyses.

5.4 Niacin In Vivo Treatment
To study niacin effect on nerve regeneration/remyelination, we administered 120 mg/kg
of Niacin (SIGMA) to both Mtmr2 7~ and Pmp22*"- mice after sciatic nerve crush. Niacin
was solubilized in saline (NaCl, 0,9%, SALF) to obtain a final concentration of Smg/ml.
Niacin was daily given to mice by intraperitoneal injection at different time-points and
time-windows after sciatic nerve crush, in relation to the experimental rational. Animals
were monitored for body weight and clinical signs every day. All treatments have been
done following good-practice dose-volumes guidelines (International Consortium for

Innovation and Quality in Pharmaceutical Development-IQ 3Rs Leadership Group).

5.5 Niacoat-SR Formulation
Niacoat-SR was produced in collaboration with Prof. Andrea Gazzinga and Dr. Matteo
Cerea (Department of Pharmaceutical Sciences, University of Milan “La Statale”, Milan,
Italy). Niacin (Ph.Eur grade, Acros Organics) was encapsulated in coated beads
microparticles of 200-400 micron in average by applying an ethylcellulose-based
membrane (Surelease®, Colorcon) additioned with low-viscosity methylcellulose
(Methocel ES premium LV, Colorcon) to niacin granules, using a fluid bed apparatus
(GDPC 1.1, Glatt, D). The beads size limit of 500 micron was imposed to allow gavage
administration with feeding tubes of 0,8 mm of internal diameter (FTPU 16-38-50,
INSTECH). Stability of the new compound (Niacoat-SR) was then checked and
guaranteed at 25°C and 65% relative humidity until 6 months. Niacoat-SR release kinetics
was assessed in vitro at 37°C (to mimic body temperature) using a water solution and a

paddle dissolver device (Sotax AT7, Sotax, CH). Niacoat-SR dissolution in water was
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analysed at 1h,3h,6h,9h and 24 hours with both spectrophotometry UV (Lambda 35,
Perkin Elmer, USA) and HLPC method (Waters, USA), and finally compared to that of

Niaspan® tablets.

5.6 Pharmacokinetics Studies (PK)
1) Niacin i.p. vs. Niacin gavage

Five groups of 15 WT 129sv/Pas mice have been daily treated from P30 to P37 by i.p. or
gavage with different doses of niacin (nicotinic acid, cell culture grade, N0761-100gr, SIGMA)
dissolved in NaCl 0,9% (SALF). Nerves and blood were collected the last day at Omins,
30mins, 2h, 4h and 6h after last administration (3 animals per time-point). Nerves were
immediately snap-frozen in liquid nitrogen, whereas plasma was extracted as described in 5.12.

All tissues were then sent to Eurofins (France) for analysis.
2) Niacoat vs. Niacin

A group of 24 WT 129sv/Pas mice was daily treated by gavage from P30 to P37 with the
dose of 960mg/Kg, 100mg/ml of Niacoat-SR (lot#191113-E5-60S produced in 2019) to
test Niacoat-SR long-lasting release efficacy. Niacoat-SR handling and administration
was done as described in 5.7. Nerves and blood were collected on the last day at Omins, 1h,
3h, 6h, Sh and 12h after last treatment (3 animals per time-point). Nerves were immediately
snap-frozen in liquid nitrogen, whereas plasma was extracted as described in 5.12. All tissues
were then sent to Eurofins (France) for analysis and results were then compared to those of

niacin (point 1).

5.7 Niacoat-SR In Vivo Treatment
Niacoat-SR aliquots of 175mg were freshly prepared every day by weighing the exact
amount of the compound directly into 2 ml Eppendorfs. Tubes were then maintained at
room temperature (RT) until use, avoiding direct contact with light. One aliquot for each
mouse was daily prepared for the following day.
Iml of High-Viscosity Methylcellulose at 0,75% (4000cP, A4M 1D34435, Premium
Methylcellulose, VBN n. D180F9E011, COLORCON), used as vehicle solution, was

added to each aliquot prior to mice administration. Volumes corresponding to 960mg/kg
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dose of Niacoat-SR were administered once a day to mice by gavage, using insulin
syringes (#02.071250.300.350, PIKDARE) and feeding tubes (FTPU 16-38-50,
INSTECH). In all the experiments, Niacoat-SR administration started after P21 and was
done 7days/week, until reaching the scheduled time-point in relation to the outcome
analysed.

Animals were monitored for body weight and clinical signs every day and all treatments
have been done following good-practice dose-volumes guidelines (International
Consortium for Innovation and Quality in Pharmaceutical Development-1Q 3Rs
Leadership Group).

Vehicle (Methylcellulose 0,75%) was prepared twice a week following this procedure:
approximately 90% of the total volume of sterile deionized (DI) water was put in a becker
containing a Polytetrafluoroethylene (PTFE) stir bar and then warmed to approximately
80°C, while stirring on a magnetic stirrer. When temperature was reached, the becker was
removed from the heat and methylcellulose (MC) was added to create a 0.75% (W/v)
mixture. The mixture was then left to cool to room temperature while stirring. When the
MC was completely dissolved, DI water was added to reach final volume. The solution

was then stored at 2-8°C, avoiding direct contact with light.

5.8 TACE Activity Assay
The SensoLyte 520 TACE (a.-Secretase) Activity Assay Kit *Fluorimetric* (ANASPEC,
EGT group, Cat. AS-72085) was used to determine TACE activity in mouse sciatic nerves
lysates after Niacin/Niacoat treatments. The kit provides a QXLTM520/5-FAM FRET
substrate (TACE substrate), derived from a sequence surrounding the cleavage site of
TACE, which enables to quantify TACE activity. In the intact FRET peptide, indeed, the
fluorescence of 5-FAM is quenched by QXLTMS520, whereas in presence of active
TACE, the FRET substrate is cleaved into two separate fragments. This results in an
increase in 5-FAM fluorescence, which can be monitored at excitation/emission = 490
nm/520 nm. Lysates from sciatic nerves were prepared using kit assay buffer (Component
c¢) with 0,1% Triton X-100 (SIGMA) and manually homogenized with a pestle. Samples
were then sonicated for 1 min, left at 4°C for 30mins on a rotating wheel and finally
centrifuged at 13,200 rpm for 15mins. The resulting supernatant was collected, and

protein concentration was determined using BCA assay (Pierce, Thermo Scientific).
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Samples were then loaded on a 96-well black plate together with TACE substrate (diluted
1:100 in assay buffer) and left to gently shake for lhour at RT, avoiding direct contact
with light. Blank and a positive control (rh TACE, recombinant human TACE, R&D
System) were also added to the plate and incubated with TACE substrate. After 1 hour,
samples fluorescence was recorded using a microplate reader (Victor3, PerkinElmer),
detecting emission at 520 nm with excitation at 490 nm. For each sample, fluorescence
intensity was normalized for protein concentration and compared to the standard 5-FAM
curve. To generate the 5-FAM standard curve, the 5-FAM was diluted from the 1 mM

stock to a final concentration of 4 uM, and a standard curve with a range from 2 to 0.03

UM in assay buffer (seven points) was made.

5.9 Morphological and Morphometrical analysis

Morphological analysis on sciatic nerves semithin sections was performed at different
ages in relation to the outcome. For each experiment, more than n=3 animals were
enrolled.

Nerves were collected and immediately fixed with 2,5% glutaraldehyde in 0,12 M
phosphate buffer and left at 4°C until use. Samples were then incubated with 1% osmium
tetroxide (SIGMA) for 2h at RT to fix lipids, and later embedded in epoxy resin (SIGMA).
Semithin sections of 1um were obtained using Leica Ultracut UCT, followed by staining
with toluidine blue and visualization at light microscope (LEICA DFC300F). To perform
morphological and morphometrical analyses, digitalized images of nerves cross sections
were acquired with a 100x objective and then put together to rebuild the complete section.
Morphological analyses were made by scoring the number of aberrant or degenerating
fibres on total nerves fibres using Adobe Photoshop CS4 (version 11.0) and Image J
(version 1.49) software. Five random images for each sample were taken at 100x
objective to score G-ratio, calculated as the ratio between the internal diameter of an axon

(without myelin) and total fibre diameter (LeicaQWin software, Leica Microsystem).

5.10 Neurophysiology
Neurophysiological analyses were performed in collaboration with Dr. Ubaldo del Carro,
Dr. Francesca Bianchi and Dr. Valenzano Serena (Clinical Neurophysiology Unit and the

Movement Disorders Unit, IRCSS San Raffaele Hospital, Milan). Mice were anesthetized
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with trichloroethanol (SIGMA) 0.02 ml/g of body weight and placed under a heating lamp
to avoid hypothermia. The sciatic nerve motor conduction velocity was recorded using
steel monopolar needle electrodes. A pair of stimulating electrodes was inserted
subcutaneously near the nerve at the ankle and a second pair of electrodes was placed at

the sciatic notch, to obtain proximal and distal stimulation, respectively.

5.11 Histology

Histological analysis of liver, gut and kidney were performed in collaboration with Dr.
Fiocchi A., (Animal histopathology Unit, HSR, Milan). Animals were anesthetized with
trichloroethanol (SIGMA) 0.02 ml/g of body weight and perfused with 4%
paraformaldehyde. Tissues were then collected and left O/N at RT in formalin. The day
after, samples were sectioned to fit in plastic capsules (specific for paraffin embedding),
and then moved to Ethanol 70% for at least 24h. Tissues were then processed using Leica
TP1020 instrument containing an increasing concentration of alcoholic solutions (from
70 to 100%), followed by Bioclear (BioOptica) and paraffin embedding (Bio Plast Plus,
BioOptica). Inclusion was performed with Leica EG1150H, whereas sectioning was done
using a rotary microtome (Leica RM2235). Sections were then stained with
Haematoxylin-Eosin using Leica ST5020 machine following these steps: 1) dewaxing
with Bioclear followed by a descending concentration of alcoholic solutions until pure
water; 2) staining with Haematoxylin (BioOptica) followed by a cold tap water rinse; 3)
staining with Eosin (BioOptica); 4) dehydration with an increasing concentration of
alcoholic solutions and Bioclear; 5) Permanent stabilization with a Xylene-based
mounting medium. Slides were then kept at RT and images acquired at light microscope
(LEICA DFC300F). Clinical interpretation of the results was done by Dr. Francesca
Sanvito, MD (Pathology Unit, IRCCS San Raffaele Hospital, Milan).

5.12 Plasma and Serum collection
Around 500pul of blood were extracted from the cheek of each animal using a hypodermic
needle (Gauge G27, PIC solution). To obtain plasma, blood was directly collected in
specific tubes containing Lithium Heparin (Microvette®, 500LH, SARSTEDT) while for
serum, blood was collected in a 1,5 ml Eppendorf. For both components, samples were

left at RT for 30 mins and then centrifuged at 4000rpm for 15 mins. Supernatant was then
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moved into a new 1,5ml Eppendorf and kept at -80°C until use. For Pharmacokinetics
analyses, plasma samples were sent to Eurofins, France (as described in 5.6), whereas for
Neurofilament Light-Chain (NF-L) analysis were sent to UK Dementia Research Institute
at UCL, London, United Kingdom (as described in 5.14). Serum samples were instead
analysed at Animal biochemistry facility, HSR, Milan, Italy, (as described in 5.13).

5.13 Bio clinical analyses

Serum samples of Mtmr2 KO mice were analysed at Animal biochemistry facility, HSR,
Milan, Italy by Dr. Raso.

Urea (#0018255440), Crea (#0018255540), AST (#0018257540), ALT (#0018257440),
Albumin (#18250040), HDL (#ch2652), LDL (#0018256040) and Cholesterol
(#0018250540) were used for the quantitative determination of the serum level with an
International Federation of Clinical Chemistry and Laboratory Medicine optimized
kinetic ultraviolet (UV) method in an ILab650 chemical analyser (Instrumentation
Laboratory), and then expressed as mg/dl. SeraChem Control Level 1 and Level 2
(#0018162412 and #0018162512) were used as quality control.

5.14 Plasma Neurofilament Light Chain (NF-L) levels analysis
Plasma samples for Neurofilament Light-Chain (NF-L) analysis were sent to UK
Dementia Research Institute at UCL, London, United Kingdom and processed by Dr.
Amanda Heslegrave. Plasmatic NF-L was measured by single molecule array (SIMOA)
on an HD-X analyser (Quanterix), according to manufacturer’s instructions. Samples
were thawed at 21°C, vortexed, and centrifuged at 13,000 RCF for five minutes at 21°C.
On-board the instrument, samples were diluted 1:40 with sample diluent and bound to
paramagnetic beads coated with a capture antibody specific for NF-L. NF-L bound beads
were then incubated with a biotinylated NF-L detection antibody in turn conjugated to
streptavidin-B-galactosidase complex that acts as a fluorescent tag. Subsequent hydrolysis
reaction with a resorufin B-D-galactopyranoside substrate produces a fluorescent signal
proportional to the concentration of NF-L present. Duplicate measurements were taken
of each sample. Sample concentrations were extrapolated from a standard curve, fitted

using a 4-parameter logistic algorithm.
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5.15 Transcriptome analysis

One nerve for each mouse was collected and immediately snap-frozen with 500ul of
TRIZOL (Ambion by Life Technologies). Samples were then sent to Professor John
Svaren (University of Wisconsin-Madison, Madison WI, USA) for the analysis. For Mtmr2
KO (treated and vehicle) and WT mice, at least 1000 ng total RNA from sciatic nerve
was purified and sent to Genewiz (South Plainfield, NJ) for library preparation, after
PolyA selection and Illumina sequencing (Illumina HiSeq 2x150bp). Illumina sequencing
data were mapped to the GRCm38/mm10 genome using the STAR alignment. Data were
analysed using DESeq2 to determine differentially regulated genes (p-value < 0.5), (
Anders et al., 2015). The cut-off for determining significantly differentially expressed
genes was an FDR-adjusted p-value less than 0.05 (Xie ef al., 2021). Gene Ontology
analysis was performed using Enrichr with all up/down regulated genes with non-adjusted
p-value of <0.05, and the Molecular Signature Database (MSigDB) Hallmark gene sets
(Liberzon et al., 2015).

5.16 Immunofluorescence on frozen tissues

Animals were anesthetized using trichloroethanol (SIGMA) 0.02 ml/g of body weight by
intraperitoneal injection and then perfused with freshly prepared buffered 4%
paraformaldehyde (PFA, SIGMA). Sciatic nerves were collected, embedded in OCT
(Killik, Bio-Optica) and then snap-frozen in liquid nitrogen. Spinal cords were collected,
finely processed to remove bones and meninges, and then incubated overnight (O/N) in
4% PFA at room temperature (RT). The following day samples were washed with PBS
1X, left O/N at RT in sucrose 30% with 0,1% sodium azide (SIGMA) and finally
embedded in OCT. All samples were stored at -80°C until use.

Eight um-thick sciatic nerve sections were cut transversally or longitudinally at cryostat
(LEICA), left to air dry for 2h at RT and then permeabilized for 5 minutes in ice-cold
methanol or acetone (Carlo Erba). Slides were blocked for 1h at RT in 1% BSA, 0,05%
TRITON, 10% NGS. Incubation with primary antibodies was done for 2h at RT or O/N
at 4°C. Sections were then washed with PBS 1X and then incubated with TRITC or FITC
secondary antibodies (1:100) for 1h at RT. Slides were finally mounted using DAPI
mounting medium (Vectashield) and then acquired at Confocal Microscope SP5 (Leica).

Spinal cords staining was performed on 30 um-thick sections. Samples were cut and left

103



to air dry O/N, rehydrated in PBS1X for 15 minutes, permeabilized in 50% ethanol (in
PBS) for 30 minutes at RT, and then incubated with PBS+ 0.3% triton (PBS-T 0.3%) for
1h30 at RT. Primary antibodies were incubated O/N at RT. After two 10 minutes-washing
in PBS-T 0.3%, samples were incubated with Alexa488/Alexa546/FITC or TRITC
secondary antibodies for 3h at RT. Slides were finally mounted using DAPI mounting

medium (Vectashield) and then Z-stacks acquired at Confocal microscope SP5 (Leica).

5.17 Western Blot

Western blot analysis was performed on sciatic nerves of both WT and mutant mice at
different time-points in relation to the outcome. Mice were euthanized using carbon
dioxide (CO2), nerves collected and then immediately snap-frozen in liquid nitrogen.
Samples lysates have been generated using different lysis buffer in relation to the antigen
of interest. SDS buffer (2%SDS, 25mM Tris buffer pHS, 95mM NaCl, 10mM EDTA
pHS, complete protease inhibitors (ROCHE), phosphatase inhibitor cocktails 2 and 3
(SIGMA), 10mM NaF, 1mM Na3;VO4 and 1mM B-glycerophosphate) was used to reveal
PS6 in nerves. RIPA buffer (0,1%SDS, 0,1% Triton X-100, 100mM NaCl, §,4mM
Sodium phosphate dibasic (Na,HPOs), 1,6mM Sodium phosphate monobasic (NaH2PO4)
and Sodium Deoxycholate) was instead used to detect autophagy markers LC3 and NBR1
in nerves. Protein concentration of lysates was determined using standard BCA assay
(Pierce, Thermo Fisher Scientific). SDS-page gels or Bolt Bis-Tris Plus gels (Thermo
Fisher Scientific) were used to run samples and then transferred to PVDF membranes
(Millipore), pre-activated in pure methanol. Blocking solutions of 5% Milk (Regilat) or
Bovine Serum Albumin (SIGMA) in PBS 0,1% tween 20 (SIGMA) were left overnight
at 4°C. For phosphorylated proteins, membranes were pre-incubated for 30 mins at RT in
BSA 3% before incubation with both primary and secondary antibodies (always in BSA
3%). For non-phosphorylated antigens both primary and secondary antibodies were
diluted in 3% Milk. HRP-conjugated (DAKO) secondary antibodies were normally used
and immunoblots developed with ECL/ECL-prime system (Amersham) using UVITEC
(Cambridge). Washes have been done in TBS-Tween 0,1% or PBS-Tween 0,1% in case
of phosphorylated antigens or not, respectively. Densitometry was done with Image J
software and statistical analyses were performed with GraphPad Prism 9.0 as described

in 5.19.

104



5.18 Antibodies

Primary Antibodies

Antibody Species Dilution Source Catalogue
IHC IB Number
pS6 rp (Ser 235/236) Rb 1:1000 Cell 4858
signalling
LC3 Rb 1:1000 Sigma L7543
NBR1 Ms 1:250 | Prod.Gianni AB55474
Vinculin Ms 1:10000 | Millipore 05-386
Tubulin beta Ms 1:5000 Sigma T4026
Neurofilament-M Ck 1:2000 Biolegend 822701
MBP Rat 1:50 Millipore MAB386
F4/80 Rat 1:100 Biorad MCA497
RFP Rb 1:100 ThermoFisher R10367
ChAT Goat 1:100 Millipore AB144pP
NeuN Ms 1:200 Millipore MAB377
Secondary Antibodies
Antibody Species Dilution Source Catalogue
IHC IB Number
o-Rb Goat 1:10000 | DAKO P0448
Immunoglobulins/HRP
o-Ms Rb 1:5000 DAKO P0260
Immunoglobulins/HRP
FITC a-Ck Donkey | 1:100 Starfish | 703-095-155
TRITC a-Rat Donkey | 1:100 Starfish 712-025-150
TRITC a-Rb Donkey | 1:100 Starfish 711-025-152
FITC a-Rat Donkey | 1:100 Starfish | 712-095-153
Alexa-488 a-Mouse Donkey | 1:500 Invitrogen A21202
Alexa-488 a-Goat Donkey | 1:500 Invitrogen A11055
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5.19 Statistical Analysis

All experiments account for at least n=3 animals per group/condition. Normalization is
indicated. Statistical analyses were performed using GraphPad Prism version 9. Data are
shown as MEANZSEM and the correct p value is reported under each graph in figure
legends. Different tests have been applied in relation to the experimental setting: Mann
Whitney non-parametric two-tailed Student’s t-test was used to compare two independent
groups; One-sample Student’s t-test was used to compare different experiments and
assess whether the median of ratios was greater than 1; One-way non-parametric ANOVA
test followed by Dunn’s multiple comparison test was used with more than two groups.
Significant results have been displayed in the graphs with asterisks: *p<0.05,
*%p<0.01,***p<0.001, ****p<.0001.
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