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Abstract

Discovering new approaches to replace lost neurons following brain damage, as for traumatic
injury, is one of the major goals in the field of regenerative medicine. Direct neuronal
conversion of glial cells into neurons is emerging as a powerful strategy to achieve neuronal
replacement. Despite large progress in the field, major limitations still exist before bringing
this approach toward clinical translation. Major hurdles encompass epigenetic, metabolic and
environmental barriers, which impede the newly generated neurons to properly integrate into
the injured brain parenchyma, to substitute the lost neuronal networks and to fully replace the
endogenous neuronal counterpart.

The pathological process includes a cascade of fast-occurring events, such as metabolic
impairment, reactive oxygen species and inflammatory molecules production, cell death,
reactive gliosis and recruitment of inflammatory cells, which can have devastating
consequences for the survival of the endogenous and reprogrammed neurons. Thus, a deeper
understanding of the interplay between these mechanisms and how key players in the injury
environment regulate processes of cell fate decision is needed.

An important aspect fundamental to functional glia-to-neuron conversion in the injured brain
is the viral vector used, especially in regard to the inflammatory reaction elicited in the tissue.
Indeed we could observe that different viral vectors, routinely used in neuronal
reprogramming studies, could induce diverse responses in the environment, independently
from the transgene expressed. In particular, we noticed that retrovirus and lentivirus-mediated
reprogramming elicited a strong inflammatory reaction, characterized by microglia and
astrocyte reactivity, and massive immune cells infiltration, still persisting at the time when
neurons start appearing. Conversely, adeno-associated virus (AAV)-mediated neuronal
conversion had much a milder impact on the activation of the glial cells, with minimal
immune cells recruitment. As using AAV greatly improved the rate of neuronal conversion,
specification, integration and survival, compared to retroviral approaches, the environment
plays a critical role in this successful reprogramming.

A secondary mechanism also associated with inflammation is reactive oxygen species (ROS)
production. Indeed, astrocytes transitioning into neurons face a burst of ROS, which lead to
drastic cell death by ferroptosis if not properly counteracted. Consequently, buffering ROS
with scavengers and pro-survival genes could greatly ameliorate the conversion efficiency in
vitro as well as in vivo. As ROS production is mostly related to functional metabolic changes,
we investigated this so far neglected aspect of direct neuronal reprogramming.

I first demonstrated that a metabolic switch from glycolysis to oxidative phosphorylation is an
essential requirement for a successful conversion to occur, as inhibiting the function of the
electron transport chain did not improve the process despite the decrease in ROS, but actually
entirely blocked the conversion of glia into neurons.

As we were further interested in understanding the roles played by the metabolism in the
reprogramming paradigm, we decided to characterize the mitochondria proteome of astrocytes
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and neurons, to identify differences in the mito-proteome between these cell types. We
identified proteins enriched to each cell type, highlighting metabolic pathways relevant for
their specific physiological functions. Interestingly, some of the specific mitochondrial
proteins analyzed were correctly up-regulated or down-regulated during the transition from
astrocytes to neurons, but at a relatively late stage in the reprogramming process. This finding
further confirmed that a remodeling in mitochondrial proteins, and consequently metabolic
pathways, occurs during the reprogramming process, even if partial and temporally delayed
compared to the burst of ROS which converting neurons face. Early dCas9-mediated
overexpression of anti-oxidant proteins in converting astrocytes, specific to the neuronal
mitochondria proteome, could greatly improve the speed and efficiency of astrocyte-to-
neuron conversion.

Thus, understanding how to properly modify converting glial cells into neurons, not only
from an epigenetic, genetic and morphological point of view, is necessary. In fact evaluating
the impact on direct neuronal reprogramming of extrinsic factors, such as viral vectors and the
environmental inflammatory reaction, as well as intrinsic constraints, such as mitochondria
remodeling, ROS production and metabolic switch, could greatly improve the quality of
reprogrammed neurons.

The aim of my thesis is thus to unravel mechanisms involving inflammation, mitochondria
and metabolic remodeling, which could increase our understanding of the glia-to-neuron
conversion process, overall improving direct neuronal reprogramming.



Introduction

The Central Nervous System (CNS) is probably the most complex and delicate organ of our
body, yet the least understood. How trillions of cells intricately connect to each other, creating
neuronal networks which shape our identity, is definitely a miracle of evolution and has been
a long topic of debate amongst scientists and philosophers for centuries. Nevertheless, the
advances in technology allowed us in the last decades to unravel many unknown functions of
the brain and of the cells that constitute it, in physiological as well as in pathological
conditions. In particular, understanding the interplay between fundamental components of the
brain, namely neurons and glial cells, and how they react in pathological environment,
interacting with local and invading inflammatory cells, is essential to treat neurodegenerative
conditions affecting more than 50 million people worldwide, with huge health costs for
society (Chen et al., 2016; Winblad et al., 2016).

As later discussed in detail, following an acute pathological insult an impairment in supply of
oxygen and metabolic substrates leads to energy failure and cell death. The most sensitive
cells are neurons, mostly due to their high energy demand usually met by ATP generated
through oxidative phosphorylation (oxphos) (Harris et al., 2012). Glial cells, such as
astrocytes and mature oligodendrocytes, further support neuronal metabolic needs, beyond
performing a plethora of other functions in the CNS (Magistretti and Allaman, 2015; Saab et
al., 2013). In this early phase of damage inflammatory signals, such as cytokines, chemokines
and reactive oxygen species, spread, leading to recruitment of immune cells and proliferation
of local cells (i.e. astrocytes, oligodendrocytes precursor cells (OPCs) and microglia). These
activated cells in mammals form a glial scar that, despite debated function, limits the
spreading of damage signals and contributes to clean up the cellular debris. The final phase of
the process is mainly focused on tissue remodeling for functional restoration, encompassing
blood-brain barrier (BBB) repair, scar reorganization and alternative neuronal connections
rewiring and reinforcement (Burda and Sofroniew, 2014). Unfortunately, spontaneous
restoration of lost neuronal functions has still very limited success, leading the patient to face
severe disabilities or death (Grade and Gotz, 2017).

The biggest barrier in the field of treating diseases related to damage of the CNS is indeed the
very limited capacity of the brain for self-repair, as neurons and consequently functional
circuits are irreversibly lost once an injury has occurred. A revolution in the field was the
discovery of ongoing neurogenesis in the brain (for historical review see Gage, 2002), leading
to great hopes to replace endogenous lost neurons. Despite that, the expectations have been
disappointed, as endogenous neurogenesis is restricted to few neurogenic niches (Grade and
Gotz, 2017), leading to very small degrees of self-repair.

Another turn in the promises for neuronal replacement was the discovery that adult somatic
cells can be forced to change fate through selective overexpression of master developmental-
derived transcription factors (TFs) (for historical review see Xu et al., 2015), which lead to
the discovery that adult somatic fate can be turned back to pluripotent state (Takahashi and



Yamanaka, 2006), opening the field of induced pluripotent stem cells (see review Avior et al.,
2016; Shi et al., 2017).

Even prior to this breakthrough discovery, several somatic cell types have been
reprogrammed into neurons, starting from glial cells (Heins et al., 2002) and extending to
cells derived from different germinal layers, leading to the field of direct neuronal
reprogramming (see review Amamoto and Arlotta, 2014; Heinrich et al., 2015). Especially in
the last decade, enormous advances in technology and in the molecular understanding of the
reprogramming process have drastically improved the generation of neurons (Grath and Dai,
2019; Masserdotti et al., 2016).

Despite the progress, the generation of specific neuronal subtypes that properly integrate,
survive long-term and restore lost neuronal function in a pathological environment has still to
overcome many hurdles. Indeed, gaps in understanding molecular, epigenetic and metabolic
constraints to the process of direct neuronal reprogramming are the biggest challenges for its
translation into clinical application (Gascon et al., 2017). As the role of the metabolism and
inflammation in direct neuronal reprogramming has been barely investigated, a deeper
understanding of the molecular and cellular interplay of these key factors with the converting
neurons is fundamental.

With this aim, I will first discuss in details the delicate metabolic interplay between astrocytes
and neurons in the brain, highlighting their response in physiological and pathological
conditions. I will introduce the inflammatory response consequent to brain injury and how it
can influence the metabolism of neuronal and glial cells. I will then move to the available
strategies to induce neuronal replacement and repair. I will finish by evidencing the current
state of the art of direct neuronal reprogramming, as a promising strategy for brain repair. I
will at the end discuss the hurdles that direct neuronal reprogramming needs to overcome to
improve the process, focusing on the metabolic, mitochondria and inflammatory interplay.

Metabolism in the CNS: astrocyte and neuron interplay

Despite representing only 2% of the total body mass, the brain is responsible for the
consumption of 20% of the oxygen (O,) and 25% of the glucose daily absorbed in the human
body (Bélanger et al., 2011). Glucose is indeed the main energy substrate for most of the
cells, and in particular for the brain, which requires higher amounts to sustain the intense
electrical activity. The metabolism of glucose within the brain comprises sophisticated and
not yet fully understood reactions and interchanges amongst glial cells and neurons.

Glucose is generally distributed throughout the body via blood vessels. Within the CNS, the
expression of specific glucose transporters (GLUTs) on endothelial cells, glial cells and
neurons allows its distribution (Benarroch, 2014). Glucose is mostly first processed within
astrocytes and its intermediates are then distributed to other glial cells and neurons.

Astrocytes, accounting for about 20-40% of the total glial cells in the mammalian brain
(Liddelow and Barres, 2017; Verkhratsky and Nedergaard, 2018), perform a plethora of
functions, encompassing regulation of ion and neurotransmitter concentrations in the
extrasynaptic space, setting brain blood flow rate, orchestrating synaptic pruning, contributing
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to neuronal information processing, mediating phagocytic and inflammatory functions
(Poskanzer and Molofsky, 2018; Sofroniew and Vinters, 2010). Most importantly, astrocytes
are key player in regulating brain energy supply and storage. Indeed these cells metabolize
glucose mainly through glycolysis and alternatively store it in the form of glycogen. Storing
glycogen is a unique feature for astrocytes within the brain, which is released in condition of
brain energy shortage, like upon intense neuronal activation and neurotransmitters induction
(Magistretti and Allaman, 2015).

The preferred pathways for glucose utilization are glycolysis and subsequently oxidative
phosphorylation. Glycolysis is the sequence of reactions catalyzed by 10 enzymes converting
glucose in pyruvate, generating adenosine triphosphate (ATP) and important cofactors, as
nicotinamide adenine dinucleotide reduced (NADH), flavin adenine dinucleotide reduced
(FADH;), coenzyme A (CoA). Importantly, glycolysis also provides precursors for chemical
constituents of amino acids, nucleotides and lipid synthesis. It is thus the preferred pathway
for proliferating cells, with high requirements for metabolic intermediates to support
biosynthesis (Lunt and Vander Heiden, 2011), and for glial cells, which require high lipid
content (Montani and Suter, 2018). Glycolysis produces two molecules of pyruvate, which
can take different metabolic routes depending on oxygen availability and cellular metabolic
context.

When oxygen is available, pyruvate is converted to acetyl-coenzyme A (acetyl-coA) by
pyruvate dehydrogenase complex, which then can enter mitochondria to feed the tricarboxylic
(TCA) cycle, also known as Kreb’s cycle or citric acid cycle. TCA cycle is fundamental for
most of the anabolic and catabolic reactions within the cells, as central hub to produce many
molecular intermediates, such as amino-acid and lipids (Akram, 2014). TCA cycle produces
also highly energetic cofactors, as NADH and FADH,, to feed the oxidative phosphorylation.

Oxphos encompasses a series of enzymatic reactions that take place within mitochondria,
requiring O, and high energetic releasing cofactors, as NADH and FADH,. These cofactors
carry electrons to allow transfer redox reactions to occur and are produced from glycolysis,
citric acid cycle and B-oxidation of fatty acid. The electrons deriving from these molecules are
passed through a set of complex enzymes, present along the inner mitochondria membrane
(IMM), forming the electron transport chain (ETC) (Wilson, 2017).

Five different complexes, constituted of 90 nuclear- and mitochondrial-encoded proteins, are
responsible for coupling cofactor-derived electrons to ion transfer of protons (H') across the
IMM (Letts and Sazanov, 2017). This creates an electrochemical proton gradient that drives
the synthesis of ATP and water (H,O) in the final ETC complex, ATP synthase, subsequently
released in the mitochondrial matrix and exported to the cytoplasm. The process of aerobic
respiration burns O, molecules, creating a proton gradient across the mitochondrial
membrane, but also produces reactive oxygen species as a byproduct (Nath and Villadsen,
2015). The fundamental role of ROS in astrocytes or neurons is discussed later.

Importantly, ATP production from glucose catabolism is more efficient in oxphos than in
glycolysis, as the net yield from each pathway is 30-36 versus 2 ATP molecules (Berg et al.,
2002). Despite that, the preferred pathway within a cell is not necessarily the most energy
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producing one, as this comes with the cost of higher ROS production and faster metabolism.
Each cell type specifically regulates the preferential pathway for energy derivation according
to specific function and cellular stage (Folmes et al., 2011). For example, higher and faster
glycolytic rate can compensate for lower ATP production (Pfeiffer et al., 2001; Valvona et al.,
2015), e.g. in dividing cells, which have high macromolecules demand, or stem cells, which
require low ROS production (Zhang et al., 2012). ATP production also derives from
alternative routes of acetyl-coA metabolism, such as fatty acid metabolism, amino-acids
catabolism and lactate conversion (Berg et al., 2002).

B-oxidation of fatty acid includes catabolic reactions leading to acetyl-coA and cofactor
production, used as substrates for ATP generation. How much of the brain energy demand
relies on this pathway is a matter of debate, but some data suggest that up to 20% of energy
expenses might be dependent on oxidation of fatty acid, which almost exclusively occurs in
mitochondria (Panov et al., 2014). Indeed the complete oxidation of one molecule of fatty
acid, compared to one of glucose, can produce more than double the amount of ATP
molecules, even if preferring this pathway over complete glycolysis may occur at the costs of
higher oxygen requirements and presumably increased ROS production (Darvey, 1998;
Perevoshchikova et al., 2013; Schonfeld and Reiser, 2013; Souza et al., 2019). In any case, a
prominent role for fatty acid B-oxidation in brain homeostasis is undeniable. Indeed many
studies underline high expression levels of key enzymes involved in this pathway within
astrocytes (van Deijk et al., 2017; Hofmann et al., 2017).

Nevertheless astrocytes, despite their ability to perform glycogenesis, glycolysis, oxidative
phosphorylation and fatty acid oxidation, absorb a disproportionally high amount of glucose,
compared to their energy demand (Chuquet et al., 2010). A simple reason for this paradox is
the well-established function of astrocytes as energy feeders for neurons.

Neurons indeed lack key enzymes involved in fundamental steps of glycolysis, such as the
correct pyruvate kinase (PKM) isoform (Zhang et al., 2014) or the rate-limiting enzyme Pfk3b
(Herrero-mendez et al., 2009), compared to astrocytes. Indeed, pioneer experiments where
selective key components of the oxphos machinery were ablated in the brain further
confirmed the low reliance of neurons, compared to other glial cells, on glycolysis, also when
oxphos was impaired (Diaz et al., 2012; Fiinfschilling et al., 2012; Supplie et al., 2017). Other
reports suggest on the contrary that neurons, in particular conditions of stimulation, may
perform glycolysis, even at higher rate compared to oxphos (Diaz-Garcia and Yellen, 2018;
Ivanov et al., 2014); indeed some GLUTs isoforms are also expressed on neuronal plasma
membrane (Vannucci et al., 1998). Nevertheless, neuronal glucose uptake in physiological
condition may happen, but likely has a different degradation pathway compared to astrocytes.

Indeed glucose in neurons is known to detour, at least partially, to the Penta-Phosphate
Pathway (PPP) (Bélanger et al., 2011). PPP, divided in an oxidative and not-oxidative branch,
is fundamental for defense against oxidative stress, generating nicotinamide adenine
dinucleotide phosphate reduced (NAPDH) to fuel redox reaction of glutathione (GSSG,
oxidized, or GSH, reduced), mainly involved in detoxifying from ROS (Bolafios and
Almeida, 2009). PPP is further involved in maintaining carbon homeostasis providing



precursors for nucleotide and amino acid biosynthesis, according to specific cellular context
needs (Stincone et al., 2015)

Even if glucose does not seem to be the main energetic source for neurons, the astrocyte-
neuron lactate shuttle hypothesis (ANLSH) (Pellerin and Magistretti, 1994; Pellerin et al.,
1998) seems to reasonably explain how this supply of substrate might happen. Indeed
pyruvate, in lower oxygen availability or when it is needed for other purposes rather than
TCA cycle, can be converted by lactate dehydrogenase (LDH) into lactate. Lactate is released
in the extracellular matrix by astrocytes and taken up by specific neuronal transporters, then is
converted back to pyruvate and utilized for aerobic respiration. This offers the selective
advantage for neurons to have a ready-to-use substrate to meet their energetic requirements,
while astrocytes perform the high energy producing steps of glycolysis (Amaral et al., 2013;
Michler et al., 2016).

Interestingly, also glutamate and glutamine have been shown to be potential substrates for
ATP production within neurons. Glutamate is physiologically released following excitatory
activity and it accumulates in the extracellular space. Astrocytes, through glial-specific
glutamate transporters (EAATSs), take up glutamate and convert it into glutamine, further
released by astrocytes through glutamine transporter. Neurons then take up and recycle
glutamine, converting it into glutamate through glutaminase (Gls) and reuse it as
neurotransmitter or also to fuel the TCA cycle. Concomitantly, glutamate accumulation
within astrocytes also triggers increase in glycolysis and lactate production (Calvetti and
Somersalo, 2012; Fendt and Verstreken, 2017).

Blood
Vessel

Neuron

Oligodendrocyte




Figure 1. Schematic overview of the metabolic interactions between neurons and glial cells (Amaral et
al., 2013. This is an open-access article distributed under the terms of the Creative Commons
Attribution License).

It is worthwhile mentioning that despite more than a century of studies on the CNS
metabolism, development of new technologies and techniques still surprise us with how few
we actually know of what happens in the brain in vivo. Interestingly, deep proteomic studies
are finding more and more proteins involved in mitochondrial homeostasis, whose effect in
cellular context is still to be determined (Calvo et al., 2016). Mitochondrial composition
varies hugely amongst different tissues and even cell types within the same tissue (Calvo and
Mootha, 2010; Forner et al., 2006; Pagliarini et al., 2008). Excitingly also mitochondria and
metabolic differences within different compartments of the same cell type have been
determined (Graham et al., 2017; Volgyi et al., 2015). Development of new technologies, like
CRISPR-Cas9, is helping us unraveling new molecular functions for well known
mitochondrial proteins (Arroyo et al., 2016; Jo et al., 2015), fundamental to fully understand
specific mitochondrial pathways within a cell (Johnson et al., 2007b, 2007a).

The importance of mitochondria in regulating broader and uninvestigated branches of
metabolism is now being increasingly recognized (Spinelli and Haigis, 2018). This can have a

great impact on unraveling new specific metabolic functions of astrocytes and neurons (Fiebig
et al., 2019; Hayakawa et al., 2016).

To sum up, according to the cellular and environmental context, the metabolism of astrocytes
and neurons within the brain is plastic and mitochondria play a pivotal role in this regulation.
In particular, it seems that neurons have a limited capacity for glycolysis, while having an
active TCA cycle and oxphos machinery. Oxphos requires the metabolic supply of substrates
and cofactors, like lactate, glutamate, NADH and FADH, from astrocytes and
oligodendrocytes. On the contrary, astrocytes seem to have a more adaptable metabolism,
relying mostly on glycolysis and glycogenesis for production and storage of energy.
Furthermore, high reliance also on fatty acid metabolism and oxphos for ATP generation has
been suggested to occur in this glial cell type. Notwithstanding, scarce knowledge still exists
on how specific mitochondria composition of astrocytes and neurons might influence cell-
specific function in physiological and pathological conditions.

Interestingly, in a pathological model of Huntington disease, astrocytes from different regions
compensate for lack of glucose metabolizing different substrates (Polyzos et al., 2019).
Indeed a further level of understanding of the metabolic reactions occurring within glial cells
and neurons derives from evaluating these cell types in a pathological context. In fact,

astrocytes and neurons have different abilities to survive upon damage and oxidative stress
(Wang and Michaelis, 2010).

CNS damage and neuronal-glia response

The delicate architecture and balance of functions within the CNS can be easily perturbed by
a variety of different pathological insults. These diverse stimuli trigger a multifaceted cellular
and molecular response, involving endogenous neuronal and glial cells, but also blood-
derived immune cells, which cooperate for wound repair and tissue replacement.
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Nevertheless, neurological damage often leads to severe cell death, causing disability and
representing a major cause of death worldwide (Jassam et al., 2017; Winblad et al., 2016).

CNS injuries can be broadly defined as acute and focal, such as the ones consequent to
ischemic stroke or traumatic brain injury (TBI), or diffuse and chronic neurodegenerative
diseases, like Alzheimer’s disease (AD), multiple sclerosis (MS), Parkinson’s diseases (PD)
and many more (Chen et al., 2016). The pathologies induce different response mechanisms in
the brain, triggering wound repair and tissue replacement when the insult is acute, or more
drastic tissue remodeling mechanisms when slow neurodegenerative diseases occur (Burda
and Sofroniew, 2014). The adverse output for the recovery of the patient, in all these
conditions, triggers the necessity for a deeper understanding of the molecular mechanisms
regulating the pathological process, where metabolic deregulation represents one of the major
challenges.

TBI, or stab-wound injury (SWI) when referring to animal models, can be considered as a
typical model of acute and focal injury. It largely varies as output for the recovery of the
patient according to the severity of the trauma, the injured area involved and how fast the
medical treatment occurs. TBI contributes to 30% of all injury-related deaths, leading also to
permanent disabilities in most of the millions of people yearly affected (Gyoneva and
Ransohoff, 2015; Jassam et al., 2017). Overall, at molecular and cellular level, it can be
divided into three temporal phases.

It is first characterized by disruption of blood vessels, inducing a lack of oxygen and glucose
for the affected area. In seconds to minute after the failure in energy supply neurons
depolarize, not being able to actively sustain their membrane potential. This has as a first
consequence the inability to remove the released neurotransmitters, like glutamate, from the
extracellular space, activating endogenous glutamatergic receptors triggering excitotoxicity.
As consequence of excessive neuronal activation, free radicals species are generated, further
damaging membranes, mitochondria and DNA, triggering caspase-mediated cell death
(apoptosis) (Arundine and Tymianski, 2004; Leker and Shohami, 2002). Moreover, the
extracellular concentration of potassium (K") rises, further propagating waves of
depolarization. According to the severity of the injury, accumulation of extracellular ions can
induce swelling and edema, while intracellular calcium (Ca®") within neurons can activate
enzyme systems, like lipases, endonucleases and proteases, which further promote early
neuronal death. Furthermore, early release of damage associated molecular patterns (DAMPs)
together with free radicals from the injured tissue elicit the second phase of the pathological
cascade, involving activation of microglia and recruitment of blood-derived leukocytes.

In this early phase, perturbed interactions among astrocytes and neurons play a key role in
spreading the pathological insult. Particularly relevant is the reliance of neurons on astrocytes
for anti-oxidants and substrates for survival. Thus, it is not surprising that when an energy
failure occurs and basic astrocyte functions are impaired, neurons are the first cells to suffer,
losing substrates as lactate and glutamate (Bélanger et al., 2011). It is rather surprising instead
that neurons, despite being stronger users of oxphos, are the most sensitive cell to ROS-
mediated damage in the brain.
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Figure 2. Phases and time course of multicellular responses following acute injury to the central
nervous system (Burda and Sofroniew, 2014. License Number: 4565530405973).

The most represented ROS are mitochondrial-derived superoxide radical (O,-), reactive
hydroxyl radical (OH), and hydrogen peroxide (H>O;) (Murphy, 2009). Many antioxidant
systems protect the cell from their action, such as superoxide dismutases (SOD), glutathione,
thioredoxins (TRX), peroxiredoxins (PRX) and catalases (CAT) (Birben et al., 2012).
Astrocytes possess higher amounts of these antioxidant molecules and couple their
bioenergetics system to neurons also with defense against ROS. Indeed, in different models of
injury, neurons rely on astrocytes to survive and cope with damage (Allaman et al., 2011;
Anderson et al., 2016; Chen et al., 2009). For example, astrocytes mostly synthesize and
provide GSH, through recycling of glutamate, which is then used within neurons as strong
anti-oxidant molecule, together with NADPH produced through neuronal PPP (Fernandez-
Fernandez et al., 2012). Neurons can anyway cope with stress relying on some self-produced
antioxidant molecules, such as PRX and SOD, up-regulated in situation of stress, or produced
through the PPP pathway (Boulos et al., 2007; Quaegebeur et al., 2016).

The second phase of events within the lesioned area occurs hours to days after the injury, and
is mainly characterized by tissue remodeling processes, such as cell proliferation and
13



migration, ongoing inflammation and secondary cell death (Burda and Sofroniew, 2014). In
particular, DAMPs and ROS lead to secretion of chemokines and pro-inflammatory cytokines
from the brain resident microglia and astrocytes, leading to activation of chemokine receptors
on endothelial cells, mediating recruitment and extravasation of leukocytes. Neutrophils and
macrophages are the first subtypes of leukocytes infiltrating the tissue, modulating and
decreasing the ongoing inflammation in the environment, actively secreting pro- and anti-
inflammatory cytokines. Cytokines further increase in a positive loop the recruitment of other
inflammatory cells on one side, and on the other side modulate glial function, activating
phagocytosis to remove cell debris and resolve the ongoing inflammation (Chen et al., 2016;
Gyoneva and Ransohoff, 2015; Silver et al., 2014). Shortly after early macrophage
infiltration, microglia and astrocytes further increase their reactivity, up-regulating Ibal and
GFAP expression respectively, and acquiring a further activated ameboid morphology. These
glial cells start to proliferate, forming the so-called “reactive gliosis”, contributing to the
resolution of ongoing inflammation and to the formation of a glial scar in the mammalian
brain (Dimou and Goétz, 2014).

In particular, the ambiguous role of reactive astrocytes in the injury environment has been
long debated (Liddelow and Barres, 2017; Pekny and Pekna, 2014). It is known that
astrocytes following an injury do not migrate to the injury site, unlike microglia or OPCs, but
rather proliferate locally, mostly at the peri-vascular location (Bardehle et al., 2013; Robel et
al., 2011). The local proliferation of astrocytes has been long considered as negative for the
neuronal regeneration, leading to the formation of a scar in mammals that hampers neuronal
axonal regrowth (Silver et al., 2014). However, growing pieces of evidence support beneficial
effects of reactive astrocytes in neuroprotection and neurorepair, rather than being detrimental
(Anderson et al., 2016; Frik et al., 2018; Tang, 2016).

In many paradigms of injury, innate immune infiltration characterized by macrophages and
neutrophils is usually followed by active induction and recruitment of lymphocytes,
characterizing the branch of the adaptive immunity. This feature is typical of insults where
bacterial, virus or autoimmune reactivity occurs. T lymphocytes exert the function of actively
recognizing specific antigens, which can belong to the invading pathogen, or in case of
autoimmunity to the host. This specific recognition leads to activation of pathways inducing
selective killing of the targeted cells. B lymphocytes, producing antigen-targeted antibodies,
further contribute to the killing of compromised cells and support the survival of T cells
(Koyuncu et al., 2013; Russo and McGavern, 2015). Usually in TBI lymphocyte infiltration is
absent or minimal, as most of the immune functions are performed from the non-specific
branch of innate immunity (Frik et al., 2018; Mattugini et al., 2018). Anyway, some degree of
T cell infiltration has been described in animal models of TBI and in patients following
injury, even if their role in the post-injury environment is not clear (McKee and Lukens,
2016).

The last phase of the recovery process occurs one week to months following injury, and is
mainly characterized by scar injury formation, BBB closure and neuronal rewiring to
compensate the lost network, according to the degree of damage (Burda and Sofroniew,
2014). Astrocytes orchestrate the process of BBB closure together with OPCs, microglia and
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macrophages, through the extensive remodeling of the extracellular matrix (ECM) and neo-
vasculogenesis (Dimou and Gotz, 2014). By 2 weeks post-injury, the brain has almost no
more infiltrating immune cells, however activated microglia and astrocytes, associated with
high levels of inflammatory cytokines, may persist for months. Indeed, a well-organized
compact glial scar usually surrounds the lesion core, physically limiting the inflammation and
allowing recovery. This reactive gliosis scar is characterized by high glial fibrillary acidic
protein (GFAP) and Vimentin reactivity, which partially reduce over time (Burda and
Sofroniew, 2014). Macrophages play a pivotal role in modulating the glial scar formation, as
a lack of their infiltration results in reduced scar formation, already one month after injury
(Frik et al., 2018). Interestingly, the capacity of the CNS to form a permanent scar opposed to
full scarless regeneration differs in evolution. Mammals have indeed the most complex but

also less plastic, in term of regeneration, central nervous system (Alunni and Bally-Cuif,
2016).

In mammals, the viable neuronal tissue surrounding the scar also faces a remodeling phase,
whose extent varies accordingly to the degree of damage. Depending on the neuronal network
involved, compensatory mechanisms exist to restore, at least partially, the lost neuronal

connections, for example by strengthening the contra-lateral ones or forming collateral fibers
(Carron et al., 2016; Nudo, 2013).

It is worthwhile mentioning that the delicate metabolic balance disrupted within the brain
following an injury has important consequence for mitochondria stability, which clearly plays
an essential role in physiology and pathology. Indeed following an injury, drastic alteration of
mitochondria morphology have been observed in astrocytes (Motori et al., 2013) as well as
neurons (Misgeld and Schwarz, 2017), with fundamental consequences for ROS homeostasis
and pathological progression (Knott et al., 2008; Sena and Chandel, 2012). Mitochondria are
indeed the primary functional regulators of cell survival and cell death, and are commonly
deregulated in diseases involving the CNS, consequently mainly affecting neuronal survival
(Kasahara and Scorrano, 2014).

Despite the endogenous attempt of the brain to fully restore neuronal function following a
brain injury, the outcome for the patient is often fatal. This is due to the fact that neurons
cannot regenerate like other glial cell types. It is thus not surprising that restoring lost
neuronal cells has always been the dream of regenerative medicine.

CNS repair: strategies

The attempts to repair the central nervous system have been long focused on rescuing the
remaining neurons, by providing chemicals and growth factors to stimulate neuronal
outgrowth and activity, or by directly pushing neural plasticity to create compensatory
networks for lost connection. Thus most of these treatments, including drugs and
rehabilitation techniques, aim at alleviating symptoms and promote brain functional plasticity
(Grade and Gotz, 2017). Despite that, the rate of success has been extremely low, mainly

restricted to combinatorial drug treatments in the very early phase after injury (Rajkovic et al.,
2018).
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The discovery that endogenous neurogenesis occurs also in mammals (Altman, 1962), even if
at a lesser extent than in other vertebrates (Alunni and Bally-Cuif, 2016), opened the door for
a new field of neuroregenerative medicine. The main limitation to the use of endogenous
neural stem cells (NSCs), for neuronal replacement therapies, is the restriction of adult
neurogenesis to only two neurogenic niches, the subventricular zone (SVZs) and the
hippocampus (Gongalves et al., 2016; Lim and Alvarez-Buylla, 2016), which give rise to a
limited number of specific long-term surviving and integrating interneurons (Bergami and
Berninger, 2012). Intriguingly, neurogenesis is increased to some extent in the lesion sites of
some pathologies (Hou et al., 2008; Kandasamy et al., 2015), even if proper integration of
these new neurons has been very limited or even detrimental (Cho et al., 2015). Furthermore,
the notion that in ageing, where most of the neurological diseases occur, NSCs decrease in
number and functionality, further cooled down the enthusiasm to apply this treatment for
brain disorders (Calzolari et al., 2015; Lazarov et al., 2010).

Excitingly, injury seems to elicit plasticity in glial cells to replace degenerated neurons, to
some extent. The discovery that reactive cortical astrocytes up-regulate some feature typical
of NSCs, and have neurogenic potential in vitro (Sirko et al., 2013), suggest that a better
understanding of the developmental origin and molecular cues regulating astrocyte fate may
be the future to foster neurogenesis after injury (Gotz et al., 2015). Interestingly, also other
cells within different brain regions, such as ependymal cells and striatal glia (Carlén et al.,
2009; Magnusson et al., 2014), or tanycytes in the hypothalamus (Goodman and Hajihosseini,
2015), have been proven to have some neurogenic potential.

More promising as strategy for brain repair has been transplantation of exogenous neurons or
neural stem cells, with broader applications in term of source and targeted area. Diverse
sources exist for neuronal replacement, such as primary fetal neurons and embryonic stem
cells (ESCs)-derived neurons, which have proven excellent degree of differentiation,
integration and survival in different mouse models (Falkner et al., 2016; Southwell et al.,
2014), and also some degrees of success when tested in human clinical trials (Curtis et al.,
2018; Politis and Lindvall, 2012; Yasuhara et al., 2017). Interestingly, transplantation of
NSCs supports recovery in some injury models remaining undifferentiated rather than by
differentiating into neurons, secreting molecules fostering the recovery; the so-called
bystander effect (Bacigaluppi et al., 2016; Martino and Pluchino, 2006).

Another promising source for transplantation are induced pluripotent stem cells (IPSCs)-
derived neurons. These cells have the advantages of reduced ethical concerns compared to
ESCs, of deriving from a source easy to obtain (e.g. fibroblasts) and of being genetically
matched with the patient, reducing the risks for immune response and rejection. The
discovery that murine and human adult somatic cells, through the expression of specific
embryonically-derived TFs, can be converted back to pluripotency, similarly to ESCs
(Takahashi and Yamanaka, 2006; Takahashi et al., 2007), opened a new approach for the field
of disease modeling and drug discovery, reaching nowadays the previously unthinkable
possibility of generating organs-like structures in vitro (e.g. organoids) (Rowe and Daley,
2019). Indeed, IPSCs can be converted virtually into any kind of differentiated cell type and
mature [PSCs-derived neurons were indeed amongst the first generated (Dimos et al., 2008).
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Most importantly, IPSCs-derived neurons can be efficiently transplanted in murine and non-

human primates disease models, leading to some extent of functional recovery (Hallett et al.,
2015; Wernig et al., 2008).
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International License).

The discovery that adult somatic cells can be directly converted into functional neurons, both
in vitro and in vivo, opened the door to an alternative strategy for neuronal regeneration:
direct neuronal reprogramming.

Direct neuronal reprogramming in vitro and in vivo
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The concept that adult somatic cells can be directly converted into other somatic cells was
first demonstrated when overexpression of MyoD in fibroblasts induced their conversion to
myoblasts (Davis et al., 1987). The first conversion of adult somatic cells into neurons,
without passing through an intermediate pluripotent or proliferative stage, was proved when
astrocytes were converted into neuronal cells through overexpression of Pax6, many years
later (Heins et al., 2002). These discoveries inaugurated direct reprogramming or
transdifferentiation.

Since then, the field has been boosted by the discovery that other cells, not necessarily
deriving from the same germinal layer, can be converted into mature neurons, with different
efficiencies and degrees of maturation (Masserdotti et al., 2016). Beyond astrocytes (Heins et
al., 2002), fibroblasts (Vierbuchen et al., 2010), hepatocytes (Marro et al., 2011), pericytes
(Karow et al., 2012), microglia (Matsuda et al., 2019) and even lymphocytes (Tanabe et al.,
2018) have been reprogrammed into neurons, both of murine and/or human origin.

Overcoming the barrier of transitioning from one cell fate to another, even beyond germinal
layer origin as for fibroblasts (Vierbuchen et al., 2010), proved how few we knew about the
mechanisms regulating cell state, and how adult somatic cells can actually be plastic.
Unraveling new molecular and epigenetic mechanisms involved in this process has also
important applications for developmental neurogenesis (Masserdotti et al., 2016). Notably,
most of these early reprogramming approaches have in common that TFs alone, involved in
embryonic neurogenesis, were sufficient to generate mature neurons, like in the case of the
master TFs Neurogenin 2 (Neurog2) or achaete-scute homolog 1 (Ascll), inducing mostly
glutamatergic or gabaergic neurons respectively (Heinrich et al., 2010; Masserdotti et al.,
2015). Interestingly, while astrocytes are relatively easy to reprogram, this is not the same for
other cells, such as fibroblasts or hepatocytes, where a combination of several TFs and
molecules are required to generate a decent number of reprogrammed neurons (Pang et al.,
2011). Intriguingly, recent reports also highlighted the direct generation of neurons from
human and murine fibroblasts through microRNAs (miRNAs), alone or in combination with
TFs (Victor et al., 2014; Yoo et al., 2011), or even through combination of small molecules
alone (Hu et al., 2015; Li et al., 2015).

The biggest step forward was the proof of principle that in vivo direct neuronal conversion
was possible (Buffo et al., 2005), even if early studies generated rather neuroblast-like cells,
with short survival and rather immature morphology (Heinrich et al., 2014; Niu et al., 2013).

When translating to in vivo approaches, a fundamental consideration is the cell type we want
to target and reprogram. This has indeed a profound impact on the environment, as we
subtract functional cells from the brain. Thus, it is important we aim to target cells with
proliferative and homeostatic capacity, as we do not want to generate neurons at the expenses
of other important glial cell functions, as metabolic and trophic support.

The main cells targeted indeed are reactive and non-reactive astrocytes (Brulet et al., 2017),
OPCs (Torper et al., 2013, 2015) or a mixture of both (Grande et al., 2013). Interestingly,
according to the targeted region, usually striatum or cortex, as well as the targeted cells, OPCs
or astrocytes, different efficiencies of reprogramming and survival of induced neurons have
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been observed (Grade and Gotz, 2017). Recent advances in genetic studies, taking advantage
of transgenic mouse lines to selectively express the viral vectors carrying the neuronal TFs in
one glial cell or the other, further allowed us to elucidate which cell is more amenable to
neuronal reprogramming (Liu et al., 2015; Torper et al., 2015). The recent discovery that also
microglia and pericytes can be reprogrammed into neurons opens new possibilities for in vivo
studies, targeting these two CNS cell types. It would be further important to considerate
which delivery strategy could be optimal for direct neuronal reprogramming, as different viral
vectors can be modified to target specifically different brain cell populations, and have also
been shown to elicit diverse immune responses within the CNS, which are potentially harmful
for the newly generated neurons (Chew et al., 2016; Drokhlyansky et al., 2016; Mancini and
Horvath, 2018).

Surprisingly, in fact, very few papers have tested the possibility of direct neuronal
reprogramming in a pathological context, as most of the efforts so far focused on generating
mature and long-term survival neurons. Anyway, pioneering studies in mouse models of PD
and stroke showed first hints of improvement in motor functions, following in vivo neuronal
direct reprogramming (Guo et al., 2014; Rivetti di Val Cervo et al., 2017).

Even if we are now able to produce neurons that functionally integrate into the CNS, showing
electrophysiological properties and morphological features similar to the endogenous ones
(Liu et al., 2015; Rivetti di Val Cervo et al., 2017), we still miss fundamental pieces of
information to aim for proper neuronal replacement. Indeed, we are still lacking a
comprehensive understanding of how specific neuronal subtype can be generated, how to
foster their grafting and correct wiring within the lesioned area and which delivery method is
optimal. Thus, many hurdles still exist before an efficient in vivo translation is possible.

A deeper understanding of the epigenetic, transcriptional and metabolic processes regulating
reprogramming, and how the highly inflammatory and reactive pathological environment may
impact the conversion, are essential aspects to fill this gap in knowledge and boost direct
neuronal reprogramming to the next step (Gascon et al., 2017).

Hurdles to direct neuronal reprogramming

Understanding what defines a cell identity is a central question in the field of reprogramming,
which faces a further challenge when considering a neuron. Indeed, the advent of single cell
genomics added a further layer of complexity, revealing dozens of unpredicted neuronal
subtypes within the human and mouse brain (Lake et al., 2016; Luo et al., 2017), whose
molecular characterization is not yet completed. As the aim of reprogramming is to regenerate
bona fide neurons, a deeper understanding of which transcriptional and epigenetic networks
regulate them is necessary. Interestingly, also astrocytes heterogeneity has been recently
recognized as important for brain development and specification (John Lin et al., 2017;
Lanjakornsiripan et al., 2018; Morel et al., 2017). Indeed, neuron and astrocyte heterogeneity
seem to be intrinsically related and further associated to basic and specific cellular functions
(Morel et al., 2017; Polyzos et al., 2019). Interestingly, different astrocyte subtypes are
amenable to reprogramming with the same TFs, although generating different subtypes of
neurons (Chouchane et al., 2017; Hu et al.,, 2019). Changing the molecular program
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characterizing the starter cell is one of the greater challenges for the neuronal factors. Thus, a
better understanding of the molecular mechanisms regulating cell fate specification of each
starter cell can become an advantage to generate the correct neuronal subtype.

Indeed, recent papers highlighted how understanding and manipulating these genetic,
epigenetic or even metabolic hurdles in a cell-specific context, not only offer the possibility to
better understand the biology of the process, but can also greatly improve the neuronal
conversion (Masserdotti et al., 2015; Zhou et al., 2018).

General hurdles to reprogramming can be subdivided as cell-specific and general. The second
group encases mechanisms protecting genome stability, senescence or cell cycle re-entry
(Gascon et al, 2017). Genome stability can refer to cell-type-specific transcriptional
repressors or epigenetic barriers, which need to be manipulated for efficient neuronal
reprogramming. For example, ablation of the RE-1 transcription repressor complex (REST) in
astrocytes potently improves the conversion efficiency into neurons, as it competes for
binding to targets of Neurog2 (Masserdotti et al., 2015); while the transcription factor Mytll
regulates neuronal program activation from fibroblasts by repressing all others somatic
lineage programs (Mall et al., 2017). Understanding the epigenetic regulation of the
reprogramming process, like was recently done for microglia converting into neurons
(Matsuda et al., 2019), is essential, as epigenetic modulation has been shown to improve
neurogenesis (Albert et al., 2017) and can have important consequences to boost neuron
generation (Stricker and Gotz, 2018). The discovery of CRISPR-Cas9 technology and its huge
application for genome editing may offer great advantages in this regard (Barrangou et al.,
2007).

CRISPR-Cas9 technology offers indeed an amazing tool for fast and efficient manipulation of
gene expression, which has just been started to be exploited also in direct neuronal
reprogramming in vivo and in vitro (Black et al., 2016; Zhou et al., 2018). The applications of
Cas9 technology range from modulation of endogenous expression of multiple genes through
guide-RNAs (gRNAs) co-expression targeting promoter regions (Breunig et al., 2018a;
Chavez et al., 2015), screening of important proteins for neuronal metabolism and survival
(Arroyo et al., 2016; Rubio et al., 2016), regulation of proteins important for mitochondria
function and metabolic adaptation during reprogramming (Calvo-Garrido et al., 2019; Jo et
al., 2015).

Also proteome regulation can be a barrier to reprogramming, as larger differences between
the starter and induced cell type, in term of protein composition, may elicit metabolic and
cellular stress. To sustain this hypothesis in IPSCs generation mitochondrial and protein
autophagy is essential and beneficial for cell fate conversion (Ma et al., 2015; Wang et al.,
2013). If Cas9 can be the future of reprogramming, the appropriate delivery method to
mediate its expression deserves some thoughtful revision.
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Figure 4. General hurdles common to direct neuronal reprogramming (Gascon et al., 2017).

Indeed, we know that most of the in vivo and in vitro reprogramming approaches so far
discussed overexpress the factors mostly through Lentivirus (LV), Retrovirus (RV) and
Adeno-associated virus (AAV). Each of these delivery methods have different advantages,
mostly linked to the properties of the viral vector from which they derive.

Lentivirus and Retrovirus share most of their components, deriving both from Retroviridae
and consisting of a linear positive-sense single-stranded RNA. The main difference amongst
LV and RV consists in the fact that the first can infect and replicate within quiescent cells, as
neurons, being able to cross the nuclear membrane and use the endogenous cell machinery for
viral replication, while the second is duplicated only in replicating cells with open nuclear
membrane. Both viruses have similar capacity in term of transgene, about 8kb, and can
virtually transduce any cell types, when pseudo-typed with vesicular stomatitis virus G (VSV-
G) envelope glycoprotein (Mancini and Horvath, 2018). A potential side effect for these viral
vectors is their ability to integrate into the host genome, with increased risk for insertional
mutagenesis and oncogenicity, although they tend to integrate distant from cellular promoters
(Naldini, 2011). LVs have been broadly used to target specific glial cells, as pseudo-typing
their envelope can restrict their selectivity (Buffo et al., 2008; Niu et al., 2013; Torper et al.,
2013), but RVs offer fundamental advantages. Retroviral-mediated reprogramming reduces
the risks for false positive neurons, as these post-mitotic cells do not express the transgene.
Furthermore, RVs target proliferating glial cells that will not be depleted and have strong
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homeostatic drive (Dimou and Go6tz, 2014; Gascon et al., 2017). Anyway, some of the
limitations of LV and RV, like low efficiency of transduction and immunogenicity of the
construct itself, can be overcome by AAV.

AAVs are small viruses of the Parvoviridae family, which require a co-helper virus to
properly replicate. The DNA consists of a single-stranded DNA filament, which exists in the
host nucleus in episomal state or selectively integrating in the chromosome 19. Limiting the
risk for insertional mutagenesis. However, the size of the transgene that they can carry is
relatively small, only 5kb. Interestingly, several AAV capsids have been generated allowing
selective targeting of cells, with higher transduction efficiency than RV or LV (Mancini and
Horvath, 2018). Furthermore, the overexpression of the transgene in AAV occurs slower than
for RV or LV, reducing the risks for the converting neurons to cope with the early highly
inflammatory injured environment (Burda and Sofroniew, 2014).

Indeed, an important factor to consider is that viral vector spreading, as it happens for
pathogens attack in the CNS, can induce a strong immune response, which can be elicited
both from the original viral components, as well as the transgene. This immune response can
be first innate and then adaptive, limiting the expression of the new transgene, inducing even
selective recognition and killing of the transduced cells. This can even increase inflammation
and worsen the outcome (Drokhlyansky et al., 2016; Lowenstein et al., 2007), even if in the
case of AAV this induced immune response does not seem to elicit cell death (Chew et al.,
2016). New technologies in the field of gene therapy are aiming at reducing side effects of
viral vectors, decreasing immunogenicity and increasing delivery rate (Ewer et al., 2016). All
of these hallmarks would also be useful for direct neuronal reprogramming. Indeed broad
immune reaction and selective killing of transduced cells, further increasing inflammatory
reaction in the environment, would enhance the pathogenic process and are fundamental
general hurdles to consider for efficient neuronal conversion.

Other general hurdles can be for example cell proliferation and DNA damage consequent to
ROS production (Gascon et al., 2017). It is known that cells need to exit the cell cycle to
efficiently convert into neurons, as for fibroblasts in which pushing the proliferation hampers
the conversion (Fishman et al., 2015). The metabolism is also emerging as a relevant and
preponderant mechanism regulating neuronal fate, which can be considered as cell-type
specific hurdle.

Indeed, it was already shown in other fields of cell fate decision, like IPSCs generation and
adult and developmental neurogenesis, that a switch from glycolytic to oxidative metabolism
occurs and is essential for proper neuronal generation (Khacho et al., 2016; Llorens-bobadilla
et al., 2015; Mlody and Prigione, 2016; Prigione et al., 2015). In fact down-regulation of key
glycolytic enzymes, increased mitochondrial biogenesis and enhanced oxidative
phosphorylation accompany the neuronal differentiation processes (Fang et al., 2016; Gascoén
et al., 2017). Also similar metabolic changes have been observed in IPSCs generation
(Prigione et al., 2010; Zhu et al., 2010). Furthermore, direct blockage of oxphos pathway, or
converse stimulation of glycolysis, further increased IPSCs generation from fibroblasts
(Folmes et al., 2011; Panopoulos et al., 2011; Son et al., 2013). This suggests that acting
directly on metabolic regulation might also improve neuronal generation, as modulation of
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oxygen availability increases direct neuronal reprogramming from fibroblasts (Davila et al.,
2013). Furthermore, modulation of oxygen availability is linked to increased IPSCs
generation through activation of the transcription factor HIF 1o, which enhances the glycolytic
rate (Papandreou et al., 2006; Prigione et al., 2014; Yoshida et al., 2009).

Interestingly, metabolic changes observed in IPSCs generation and developmental
neurogenesis are also associated to ROS production, with direct and indirect effects on the
converting cells (Le Belle et al., 2011; Khacho et al., 2016; Wu et al., 2013; Zhou et al.,
2016), in most cases affecting their survival. As neurons are extremely sensitive cells to ROS-
mediated damage (Wang and Michaelis, 2010), a better understanding of the consequences of
metabolic transition for converting neurons is required. The role of ROS in impairing the
generation of neurons might also have a big impact on the in vivo integration and survival of
these cells. Indeed, the highly inflammatory environment characterized by ROS and immune
cell infiltration might create a further barrier to the conversion process (Burda and Sofroniew,
2014). Furthermore, ROS might also interfere with other pathways and molecules required for
neuronal differentiation, such as fatty acid generation (Knobloch et al., 2012), prone to suffer
from ROS-mediated peroxidation. This leads to properly evaluate the best timing to apply
direct reprogramming following the pathological insult. A delayed treatment might be
beneficial, as ROS and inflammation are decreased, but the glial scar could interfere. Also the
viral vector used can influence this choice, as different times for transgene expression are
required (Gascon et al., 2017).

Notwithstanding, in the field of direct neuronal reprogramming not much is known on the
impact that metabolic changes might pose on the transitioning neurons.

To sum up, direct neuronal reprogramming future lies in unraveling the mechanisms that
burden its success application into pathological models first, and for clinical translation after.
Indeed, generation of specific neuronal subtypes that successfully integrate and correctly
project in the injured environment, replacing the lost ones from a functional, genetic and
metabolic point of view, are the main goals of the field now.

My thesis aims to investigate and unravel common hurdles to the process of direct neuronal
reprogramming, focusing on cell intrinsic and cell extrinsic properties. In particular, I
investigate potential roles that metabolism, mitochondria and inflammation might play in the
process, with the aim to find potential strategies to improve the conversion efficiency. To do
so, | investigated in vivo the suitability of different viral vectors to direct neuronal
reprogramming after TBI, evaluating in particular the effect that they exert on the
environment and on the inflammatory processes. I then explored the mechanisms of metabolic
conversion of glial cells to neurons. To do so, I first examined to which extent conversion to
oxphos is required in the reprogramming process of astrocytes to neurons. Next, I asked how
mitochondria protein composition differs between the starting glial cells and the end product
of neuronal reprogramming, the neurons. I then investigated if mitochondria composition
changes during glia-to-neuron conversion and how its modulation might impact direct
neuronal reprogramming.
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Aim of the study I

The aim of the study is to investigate:

1. The effect that different viral vectors used to mediate in vivo direct neuronal
reprogramming exert on the injured brain parenchyma.

Region- and layer-specific differences in astrocyte-to-

neuron reprogramming
Nicola Mattugini, Riccardo Bocchi, Gianluca Luigi Russo, Olof Torper,
Chulan Lao and Magdalena Gotz

For this paper I was involved in testing the environmental response to
different viral vectors used for direct neuronal reprogramming. I was also
involved in writing, editing and reviewing the paper.

The paper is currently under second revision in Neuron.
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SUMMARY

Astrocytes are particularly promising candidates for reprogramming into neurons as they maintain
the original patterning information from their radial glial ancestors. However, to which extent the
position of astrocytes influences the fate of reprogrammed neurons remains unknown. To elucidate
this, we performed stab wound injury covering an entire neocortical column, including the Grey
Matter (GM) and White Matter (WM), and targeted local reactive astrocytes via injecting FLEx
switch (Cre-On) adeno-associated viral vectors (AAV) into mGFAP-Cre mice. Single proneural
factors were not sufficient for adequate reprogramming, while their combination with the nuclear
receptor related 1 protein (Nurrl) potently improved reprogramming efficiency. Nurrl and
neurogenin 2 (Ngn2) in combination resulted in high efficiency reprogramming of targeted astrocytes
into neurons that develop lamina-specific hallmarks including the appropriate long-distance axonal
projections. Surprisingly, astrocytes in the WM entirely fail to become reprogrammed, thereby

unveiling a crucial role of region- and layer-specific differences in astrocyte reprogramming.



INTRODUCTION

The mammalian neocortex is a complex and highly organized structure containing many different
types of neurons and glial cells. The intricate specificity of neuronal subtypes is established via a
sequence of transcriptional regulators during development when neurons of different layer positions
are generated in a sequential order from radial glial cells (Govindan and Jabaudon, 2017; Lodato and
Arlotta, 2015; Greig et al., 2013). In the injured cerebral cortex, various combinations of transcription
factors have been used to turn reactive glial cells (proliferating glia, NG2* oligodendrocyte
progenitors or GFAP" cells; for review see (Gascon et al., 2017; Wang and Zhang, 2018)) into
neurons. While much progress has been made since the first report describing in vivo glia-to-neuron
reprogramming (Buffo et al., 2005), an efficient and reliable cocktail of regulators driving sustained
and adequate reprogramming of cerebral cortex neurons is still to be revealed. Importantly, long
distance axonal projections have never been reported for in vivo reprogrammed neurons and hence,
little is known about the generation of adequate layer-specific neuronal subtypes achieved by such
glia-to-neuron reprogramming in the cerebral cortex.

Recent data has shown that astrocytes display an amazing diversity in terms of positional identity,
partly inherited from their radial glia ancestors (John Lin et al., 2017; Bayraktar et al., 2014) or
instructed by surrounding neurons (Farmer et al., 2016; Lanjakornsiripan et al., 2018). Indeed,
astrocytes at different positions within the neocortical Grey Matter (GM) differ in their morphology
and gene expression through processes acquired during development that are associated with their
neuronal laminar organization (Lanjakornsiripan et al., 2018). This suggests that either surrounding
neurons, or intrinsic hallmarks of astrocytes at different laminar positions, may also influence the
neuronal identity in direct reprogramming.

Indeed, laminar differences of excitatory projection neurons are key for cerebral cortex function.
Pyramidal neurons differ in their identity according to their laminar position, molecular hallmarks,
morphology and input-output connectivity (Molyneaux et al., 2007; Harris and Shepherd, 2015;
Jabaudon, 2017). For instance, according to their laminar position, pyramidal projection neurons
receive distinct inputs and project to different target regions in the brain, thereby exerting distinct
roles in the cortical neuronal network (Tomassy et al., 2010; Lodato and Arlotta, 2015). For this
reason, in order to functionally replace lost neurons upon injury, it is essential to obtain reprogrammed
neurons recapitulating the original identity features. While this has been achieved with transplantation
(Falkner et al., 2016), the characterization of specific neuronal subtype identities induced by
reprogramming is still in its infancy, as only Gascon et al., 2016 reported expression of deep layer

hallmarks in reprogrammed neurons. Thus, a comprehensive analysis of in vivo directly



reprogrammed neuron identity in the cerebral cortex is lacking. Moreover, we recently discovered
profound differences in reactive gliosis between GM and White Matter (WM) in a stab wound injury
lesion model covering the entire depth of the cortex without extending into the ventricle (Mattugini
et al., 2018). Here, we use this model for direct reprogramming to determine if and how GM and WM

astrocytes may differ in their reprogramming capacity.

RESULTS

Nurrl1 supports proneural factors to achieve high efficiency direct reprogramming of cortical
astrocyte into neurons

Different vectors, such as lentivirus (LV), retrovirus (RV) and adeno-associated-virus (AAV) have
been used for in vivo reprogramming, achieving a great range of reprogramming efficiencies and
neuronal survival (Gascon et al., 2017; Wang and Zhang, 2018). However, no direct comparison of
these vectors on long-term immunogenicity in the injured brain has been performed despite previous
data describing substantial differences in this regard (Nayak and Herzog, 2010; Lentz et al., 2012).
We therefore injected viral vectors commonly used in direct reprogramming into our stab wound
injury model. The injured site was then analyzed for infiltration of leukocytes (CD45"/Ibal" cells),
microgliosis (Ibal™ cells) and astrogliosis (GFAP" cells) at a time point when acute inflammation
and reactive gliosis have normally already receded (13 days after injury; (Simon et al., 2011; Sirko et
al., 2015)). When LV or RV were injected 3 days after stab wound and analyzed 10 days later (i.e.
13 days after stab wound injury and 10 days post viral vector injection, dpi), CD45" leukocytes were
still abundant and reactive gliosis was very strong at the site of injection (Figure S1A). Conversely,
AAVs injection shows very low levels of reactive gliosis and few immune cells in the brain
parenchyma (Figure S1A). The low reactivity upon AAVs injection was independent of the number
of vectors used (1 to 3) and whether or not they contained the reprogramming factors or only
fluorescent proteins (data not shown).

Based on these results, we used AAVs for reprogramming for cell-type specific targeting,
independent of the proliferation status (Lentz et al., 2012). To specifically target astrocytes we used
FLEx (flip-excision) switch AAVs which are Cre-recombinase-dependent (Cre-On) as they are in
inverted orientation and flanked by two pairs of loxP (Figure 1A; (Atasoy et al., 2008)). These
constructs were injected 3 days after stab wound injury as described above into transgenic mice
(mGFAP-Cre mice) expressing the Cre recombinase under the murine promoter of GFAP (Figure 1B;
(Gregorian et al., 2009)). This lead to Green Fluorescence Protein (GFP) expression selectively in

astrocytes (Torper et al., 2013; Wang et al., 2016) starting at 8-10 dpi (Figure S1B). To allow



sufficient time of gene expression we quantified GFP* cells at 24 dpi and found that virtually all had
astrocyte morphology (Figure 1C for GM, for WM see below) and expressed the sex-determining
region Y-box 9 (SOXO9; Figure S1C; (Sun et al., 2017)). About 50% of these cells were also positive
for GFAP (Figures 1D and 1E). Consistently, only a small fraction of cells (less than 10%) were
positive for neuronal markers, such as RBFOX3 (NeuN; Figures 1D and 1E), suggesting a small
degree of leakiness of the mGFAP-Cre expression. Importantly, this percentage did not increase at
later time points (at 72 dpi) with mostly astrocytes and only less than 10% NeuN" cells amongst the
GFP population (Figures 1F and 1G). Since injections into wild type mice did not result in any GFP*
cells (data not shown), these controls confirm the tight Cre dependence and predominant astrocyte-
specificity of the FLEx-switch AAV constructs of this model.

In order to directly reprogram the local reactive astrocytes into neurons, we used FLEx-switch AAVs
containing either Neurogenin 2 (Ngn2) or Achaete-scute homolog 1 (Ascll; Figure 1C). The
proneural transcription factor Ngn2 is sufficient to convert astrocytes into glutamatergic neurons in
vitro (Heinrich et al., 2010), but rather inefficient on its own in proliferating reactive glia using RVs
(Gascon et al., 2016). Given the high leukocyte invasion and reactive gliosis elicited by the RV, we
first tested if more neurons could be detected using the AAV-FLEx-Ngn2, injected 3 days after stab
wound injury. However, only a small percentage of GFP* cells was NeuN" (Figure S2A). We then
chose to combine AAV-FLEx-Ngn2 with AAV-FLEx-Nurrl (nuclear receptor related 1, Nr4a2),
given the role of the later in improving reprogramming (Gascén et al., 2016) and neuroprotection
(Saijjo et al., 2009; Sousa et al., 2007). Indeed, when AAV-FLEx vectors carrying GFP, Ngn2 and
Nurrl were injected simultaneously at 3 days after stab wound, a significant increase (about 53%) in
the proportion of induced NeuN" neurons (iNs) was observed 24 dpi, with the remainder being largely
astrocytes (determined by morphology or GFAP; (Figures 1D and 1E). To determine whether Nurrl
is also effective with other proneural factors, we tested this combination with GFP and Ascll,
previously used in other reprogramming cocktails (Masserdotti et al., 2016). AAV-FLEx-Ascll
injection with GFP resulted in only 20% NeuN" iNs (Figures S2B), while its combination with GFP
and Nurr1 doubled the proportion of iNs to about 40% (Figures 1D and 1E). Conversely, injection of
AAV-FLEx-Nurrl alone (Figure S2C) or the combination of AAV-FLEx-GFP, AAV-FLEx-RFP and
AAV-FLEx-Ngn2 showed low efficiency in direct neuronal reprogramming (data not shown),
indicating that the combination of a proneural factor with Nurrl is necessary to achieve efficient
reprogramming. Analysis of long-term survival at 72 dpi showed even higher proportions of neurons
induced by Ngn2 and Nurrl (80% NeuN") or Ascll and Nurrl (70% NeuN"; Figures 1F and 1G),

indicating that the combination of proneural factors with Nurrl provides a powerful and highly



efficient in vivo reprogramming protocol. Notably, Ngn2/Nurrl iNs exhibited a very mature

pyramidal cell morphology, prompting us to examine their identity in more detail.

Neurons induced with Ngn2 and Nurrl acquire mature pyramidal neuron hallmarks and
molecular identities according to their laminar position

To examine the identity of these Ngn2/Nurrl iNs in more detail, we analyzed the origin, laminar
identity, morphology and axonal projections using an AAV-FLEx expressing the fluorescent reporter
mScarlet-I under the human synapsin (hSyn) promoter, to selectively visualize the converted neurons
(Figure 1A). To determine if and how iNs derive from proliferating astrocytes, EQU was provided
directly after stab wound for 10 days, i.e. during the entire period of reactive astrocyte proliferation
in this injury model (Mattugini et al., 2018; Buffo et al., 2008). At 24 dpi, about 1/5" (21%) of Syn-
Scarlet” iNs were derived from proliferating EQU™ astrocytes (Figure S3A), consistent with the overall
proliferation rate of reactive astrocytes (Buffo et al., 2008). Thus, the origin of iNs is not restricted or
skewed to, but includes, the proliferating astrocyte population.

As the lesion paradigm extended throughout all cortex layers, we next compared the distribution of
iNs (labeled with a AAV-FLEx-hSyn-mScarlet-I) and endogenous neurons (labeled with a AAV-
hSyn-mScarlet-I) and found that reprogrammed neurons distribute within an entire cortical column
(i.e. upper and lower layers), similarly to endogenous neurons (Figure S3B). In order to molecularly
discriminate subtypes of pyramidal cells, we stained for CUX1, characteristic for upper layer neurons,
and CTIP2 for lower layer neurons (Lodato et al., 2015). CUX1- and CTIP2-immunoreactivity was
only weakly detected in few iNs at 24 dpi, while many more were strongly positive at 72 dpi (Figure
S3C). Interestingly, most iNs expressing CUX1 were located in upper layers and virtually all CTIP2*
iNs were found at deeper positions, closely resembling the distribution of the endogenous neurons
(Figure 2A). Remarkably, both CUX1* and CTIP2" iNs display a stereotypical pyramidal shaped cell
soma, a large apical dendrite oriented radially towards the pial surface, and an elaborated basal
dendritic arbor (Figure 2B) similar to endogenous neurons (Harris and Shepherd, 2015). This was not
the case when combining Ascll and Nurrl, which instead generated iNs of more variable
morphologies (Figure 1F) and marker expression (Figure S3D). Notably, Ngn2/Nurrl iNs matured
over time (Figure 2B). The number of Ngn2/Nurr1 iNs with an apical dendrite was significantly lower
at 24 dpi compared to the endogenous neurons, while this difference was reduced at 72 dpi (Figure
2C). Likewise, the thickness of the iN apical process grew between 24 and 72 dpi (Figure 2D), and
the soma was initially significantly more circular at 24 when compared to both iNs at 72 dpi and
endogenous neurons (Figure 2E), demonstrating that iNs had acquired a pyramidal neuron shape.

Moreover, the number of primary basal dendrites was reduced between 24 and 72 dpi, indicating



pruning processes as observed in transplanted neurons (Falkner et al., 2016) reaching a mean number
(Figure 2F) and orientation, highly reminiscent to the basal dendritic arbor of endogenous pyramidal
cells (Figure 2G). Together these data show that iNs adopt over time the congruent assignment of

laminar, molecular and morphological features of mature pyramidal neurons.

Neurons induced with Ngn2 and Nurrl develop mature spine numbers and axonal projections
Given the morphological maturation of the iNs described above, we next examined parameters
indicative of connectivity and synaptic integration. As spines act as postsynaptic sites, we assessed
their number on secondary dendrites and found a significant increase from 24 to 72 dpi with
Ngn2/Nurrl iNs reaching numbers comparable to endogenous pyramidal neurons (Figure 3A).

Importantly, pyramidal neurons located at different laminar positions project to distinct target regions
(Harris and Shepherd, 2015; Molyneaux et al., 2007): neurons in lower layers predominantly send
ipsilateral corticofugal projections, towards the striatum, thalamus, midbrain or corticospinal tract,
while many upper layer 2/3 neurons and a subpopulation of layer 5 neurons send callosal projections
to the contralateral cortex hemisphere (Figure 3B). Following the axonal projections from mScarlet-
I (Figure 3) and GFP* (Figure S4) iNs at 72 dpi, we observed subcortical axons in the striatum (Figure
3C), thalamus and midbrain (Figure S4A) as well as axons travelling through the corpus callosum
and reaching the contralateral cortex (Figure 3D; Figure S4A). In order to investigate the neuronal
subtype-specific origin of these projections, we performed retrograde labelling from the contralateral
hemisphere by Fluorogold injection and stained for SATB2 that is characteristic of callosal projection
neurons in layers 2/3 and 5. This confirmed that most Fluorogold” iNs (were SATB2" most often
located in L2/3 but also in L5, while fewer were CTIP2" cells in L5 (Figure 3E). Together these data
reveal for the first time a consistent reassignment of axonal target selection by reprogrammed neurons

after cortical injury in vivo.

White Matter astrocytes fail to undergo neuronal reprogramming

Given the amazing specificity of neuronal reprogramming seen in the GM, we turned our attention to
cells in the WM. Surprisingly, we virtually never detected any iNs in the WM at both 24 and 72 dpi
(Figure 4). Some animals did not even display a single GFP" cell in the WM when using the
neurogenic constructs (i.e. Ngn2/Nurrl and Ascl1/Nurrl), despite GFP* cells present in all animals
injected with the control virus containing only GFP (Figure 4A). In the few animals, where GFP*
cells were detectable in the WM, the majority had maintained their astrocyte identity despite the
expression of neurogenic factors Ngn2/Nurrl (Figure 2B) or Ascll/Nurrl (Figure 4C). Thus, the

injections and astrocyte targeting worked well also for WM astrocytes, but upon transduction with



neurogenic factors many seem to die rather than reprogram. Taken together, these data suggest that
both neurogenic combinations were not sufficient to successfully convert WM astrocytes into

neurons, while they were very efficient to reprogram GM astrocytes.

DISCUSSION

Direct neuronal reprogramming from local glial cells after injury represents a promising strategy for
brain repair (Barker et al., 2018; Grade and Gé6tz, 2017). However, acquisition of adequate neuronal
subtype identity and target region innervation is key for functional repair. Here we describe a novel
reprogramming protocol using Ngn2 and Nurrl sufficient to turn astrocytes with high efficiency into
mature pyramidal neurons with different laminar and axonal projection identities after stab wound
injury. Strikingly, Nurrl is necessary for proneural factors to achieve the high reprogramming
efficiency and this is specific for GM astrocytes, with WM astrocytes failing to be efficiently
reprogrammed with these factors in the same lesion paradigm. These data therefore unravel a great
specificity for in vivo direct neuronal reprogramming that is beneficial in achieving correct neuronal

subtypes at different layer positions, but deleterious as observed in the WM.

Nurrl1 is required for highly efficient astrocyte-to-neuron reprogramming

In the cerebral neocortex, proliferating glial cells have been targeted for reprogramming into neurons
(Gascon et al., 2017). In contrast to striatal glia that could be converted into neurons using only Sox2
(Niu et al., 2013; Wang and Zhang, 2018) cortical glia require a combination of proneural factors
with Sox2 or Bcl-2 to improve the reprogramming efficiency (Gascon et al., 2016; Heinrich et al.,
2014). While Sox2 resulted in immature young neurons (Heinrich et al., 2014), Ngn2 and Bcl2
(Gascon et al., 2016) or NeuroD1 (Guo et al., 2014) achieved more mature neurons from proliferating
GFAP- or NG2-expressing glia. However, none of these protocols have achieved adequate axonal
projections and pyramidal neuronal hallmarks. Here, we tested several combinations of proneural
factors and unveiled a relevant role of the orphan nuclear receptor Nurrl in direct neuronal
reprogramming. The combination of Nurrl with the proneural factor Ngn2 achieved over 80%
efficiency in converting reactive astrocytes into neurons. Notably, efficiency and maturity of the
converted neurons was much higher when Nurrl was combined with Ngn2, compared to the proneural
factor Ascll. Nurrl has also been previously used in reprogramming cocktails in vivo and in vitro
towards generating dopaminergic neurons (Torper et al., 2015; Rivetti di Val Cervo et al., 2017) and
although it is a well-known factor in specifying dopaminergic neurons in the ventral midbrain, it is
also expressed in cortical and olfactory bulb neurons (Perlmann and Wallén-Mackenzie, 2004;

Watakabe et al., 2007; Saino-Saito et al., 2004). Moreover, Nurrl belongs to the orphan NR4A family



exerting anti-inflammatory effects in different tissues (Rodriguez-Calvo et al., 2017). In the central
nervous system Nurr] is recruited by the NF-kB promoter to regulate inflammatory genes and inhibit
inflammatory signals in microglia and astrocytes (Saijo et al., 2009). This may be crucial for
reprogramming given the sensitivity of this process to reactive oxygen species (Gascon et al., 2016).
Indeed, Nurrl overexpression in neural stem cells upregulates trophic and survival signals to improve
their response to oxidative stress, while downregulating cell cycle genes (Sousa et al., 2007). These
multiple pathways controlled by Nurrl may be key in its potent role in improving the efficiency and

efficacy of cortical astrocyte-to-neuron reprogramming as uncovered here.

Distinct reprogramming efficiencies of astrocytes from Gray and White Matter

Astrocytes located in the GM and the WM are known to differ in many aspects and are generally
discriminated as protoplasmic (GM) and fibrous (WM) astrocytes, respectively (Lundgaard et al.,
2014). While the former wrap synapses in the GM, the latter are more in contact with nodes of Ranvier
in the WM. This functional difference is also reflected by many molecular differences. They express
different levels of GFAP (Lundgaard et al., 2014) and Olig2 deletion decreases the number of WM,
but not GM astrocytes (Cai et al., 2007). Glial cell heterogeneity significantly affects the outcome of
brain injury (Adams and Gallo, 2018; Dimou and Goétz, 2014). However, astrocyte proliferation is
similar between WM and GM after stab wound injury during the course of the first week, after which
it quickly declines (Mattugini et al., 2018).

Surprisingly, WM astrocytes differ profoundly from GM astrocytes in their capability to be
reprogrammed into neurons. One possible cause for the reprogramming failure could be an adverse
environment as stab wound injury elicits a wave of monocyte invasion close to the WM (Mattugini
et al., 2018). Additionally, activated microglia cells are still present in the WM 14 dpi (Mattugini et
al., 2018), possibly contributing to render the WM environment less permissive for survival of iNs.
In addition, the failure of iN survival in the WM may be due to the lack of neuronal input as there are
fewer neurons surrounding the iNs in WM. Finally, given the profound differences in astrocyte gene
expression in different brain regions (Boisvert et al., 2018; John Lin et al., 2017) WM astrocytes may
exhibit expression profiles less amenable to neuronal reprogramming. Indeed, reactive astrocytes in
GM increase the expression of some neurogenic transcription factors, such as Pax6, Sox4 and Sox11
(Gotz et al., 2015) that help in neuronal reprogramming (Buffo et al., 2005; Ninkovic et al., 2013).
Thus, both intrinsic and extrinsic factors may contribute to the profoundly different outcome in the

reprogramming capacity of GM and WM astrocytes.



The combination Ngn2/Nurrl converts Gray Matter astrocytes into neurons acquiring
neuronal subtype identities according to their laminar position

The mammalian neocortex is a complex structure, radially organized in six layers populated by
different subtypes of projection neurons. Each subtype exhibits unique pyramidal morphology, has a
specific gene expression profile, and accordingly serves distinct functions (Harris and Shepherd,
2015; Lodato and Arlotta, 2015). We report here that the combination of Ngn2 with Nurrl not only
achieved high efficiency in direct neuronal reprogramming, but also that the resulting iNs displayed
mature molecular, morphological and axonal projections adequate for their laminar position. iNs
expressed CTIP2 and CUX1 according to their laminar position. Both these iNs developed the typical
morphology of pyramidal cells, with a prominent apical dendrite and an elaborated basal dendritic
arbor which gradually developed to resemble that of endogenous neurons. Finally, iNs acquired spine
density and long distance axonal projections to the striatum, midbrain and thalamus as well as the
contralateral cerebral cortex hemisphere. Most strikingly, these projections were not random, but
rather iNs expressing SATB2 were found to project through the callosum, as is the case normally.
Thus, these data show for the first time adequate neuronal subtype specification by direct in vivo
reprogramming.

The precise identity reassignment according to the iN location raises concerns about possible viral
labelling artefacts. However, neither GFP on its own (Figure 1), nor Ngn2 or Nurrl combined with
GFP (Figure S2), nor GFP and RFP combined with Ngn2 (control for use of 3 viral vectors) resulted
in any substantial labelling of mature pyramidal neurons. Moreover, pyramidal neuron maturation
was achieved gradually with e.g. initially more dendrites than at later mature stages, a phenotype
difficult to explain by labelling artefactual a mature neuron. These data, together with the 20% of iNs
achieved by Ngn2/Nurrl transduction deriving from proliferating EdU-incorporating cells leads us to
exclude the possibility of artefactual labelling of mature neurons and favor the conclusion that the
targeted astrocytes convert into neurons. This then prompts the question the intriguing question of
whether the region- and layer-specific reprogramming is driven by cell-intrinsic mechanisms or
environmental cues. Interestingly, astrocytes located in upper versus lower layers differ not only in
their morphology but also in gene expression (Lanjakornsiripan et al., 2018). Surrounding neurons
may play a key role in this process, as demonstrated in the cerebellum where neuron-released Sonic
hedgehog influenced local astrocyte transcriptional activity (Farmer et al., 2016). This supports the
intriguing hypothesis that layer-dependent differences in cortical astrocytes might affect the outcome
of reprogramming in terms of neuronal subtype identity. Together, these results highlight the potential

of astrocytes as promising starting cell population for direct neuronal reprogramming upon brain
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injury and highlight the fundamental importance of astrocyte subtypes not only to determine the

efficiency of direct neuronal reprogramming, but also the emerging neuronal subtype.
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MAIN FIGURES TITLES AND LEGENDS

Figure 1. Neurogenic factors reprogram cortical Grey Matter astrocytes into neurons after
traumatic brain injury.

(A) Scheme of the AAV-FLEx constructs. (B) Timeline of the experimental design. (C)
Photomicrographs showing an overview with GFP* cells at 24 dpi of AAV encoding for GFP,
GFP/Ngn2/Nurrl and GFP/Ascl1/Nurrl. (D) Photomicrographs showing GFP*/NeuN* neurons
(yellow arrowheads) and GFP*/GFAP" astrocytes (white arrowheads) at 24 dpi of GFP, Ngn2/Nurrl
and Ascl1/Nurrl. (E) Histograms showing the percentage of NeuN" (top) and GFAP" (middle) among
the GFP" cells at 24 dpi of the viral vectors indicated on the x-axis. The lower panel show a Z-
projection of NeuN and GFP colocalization at 24 dpi of GFP/Ngn2/Nurrl neuron (dashed square).
(F) Photomicrographs showing GFP*/NeuN" neurons (yellow arrowheads) and GFP*/GFAP*
astrocytes (white arrowheads) at 72 dpi. (G) Histograms of NeuN" (top) and GFAP" (middle)
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percentage and Z-projection as described above. Each dot represents one experimental animal; n = 3,
4 and 4 for GFP, Ngn2/Nurrl and Ascll/Nurrl, respectively. Data are shown as median + IQR.
Significance between mean was tested using the t-test after testing for normal distribution with the
Shapiro test, * p < 0.05 ** p < 0.01, **** p < 0.0001. AAV: adeno-associated virus; dpi: days post
injection. Scale bars: 100 pm (C left), 50 um (C right), 10 um (D, F). See also Figure S1 and S2.

Figure 2. Neurons reprogrammed from astrocytes with Ngn2/Nurrl acquire adequate laminar
identity and pyramidal morphology.

(A) Photomicrographs of endogenous (top) and reprogrammed (bottom) neurons 72 dpi of AAV-
mScarlet-I and AAV-FLEx-mScarlet-I/Ngn2/Nurr1, respectively. CUX1 and CTIP2 intensity levels
are layer specific. The vertical dashed line in the right panel represents the intensity threshold
(intensity of 0.2) defining positive cells. High magnification shows the co-localization of mScarlet-
I with CUXI1 in upper L2/3 neurons and with CTIP2 in lower L5/6 neurons outlining a mScarlet-I*
neuron. The heatmap shows the cell distribution in ten bins. The color-coded columns represent the
percentage of mScarlet-I"/CUX1* or mScarlet-I'/CTIP2 cells per bin, of the total number of
mScarlet-I"/CUX1" or mScarlet-I"/CTIP2", respectively, in an entire column. Histograms illustrate
the average of percentage for each bin; n = 5 animals. (B) Photomicrographs showing pyramidal
morphology of mScarlet-I" endogenous and reprogrammed neurons at 24 and 72 dpi. (C-F)
Histograms depicting the morphological analyses of endogenous neurons, younger (24 dpi) and older
(72 dpi) iNs for the parameters indicated in the panels, supporting the maturation process of
reprogrammed neurons. Each dot represents one experimental animal; n = 4. Data are shown as
median + IQR. Significance between median was tested using the Kruskal-Wallis test followed by
the Dunn's multiple comparisons test, * p < 0.05, ** p <0.01. dpi: days post injection, L: layer. Scale

bars: 100 um (A and B; overview), 20 pum (A; close up), 5 um (G). See also Figure S3.

Figure 3. Neurons reprogrammed with Ngn2/Nurrl develop spines and project to the
appropriate brain regions.

(A) Photomicrographs of secondary dendrite segments of endogenous (top) and reprogrammed
(bottom) neurons at 24 and 72 dpi of mScarlet-I/Ngn2/Nurrl. Histogram on the right displays the
number of spines per um (spines density). Each dot represents one experimental animal; n = 4. (B)
Cartoon summarizing examples of cerebral cortex efferent projections. (C-D) Photomicrographs
illustrating axons of iNs at 72 dpi in the ipsilateral (C) and contralateral (D) cortical hemisphere. (E)
Schematic drawing indicates the experimental schedule and positions of callosal neurons to the left

with a low power overview photomicrograph depicting the Fluorogold injection site. Retrogradely
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traced iNs at 72 dpi are mainly located in L2/3 and L5. Histograms illustrate the percentage of
Fluorogold® endogenous or reprogrammed neurons in L2/3 that are SATB2*/CTIP2" and in L5 that
are SATB2"/CTIP2 or SATB27/CTIP2" neurons. Each dot represents one experimental animal; n =
3. Data are shown as median + IQR. Significance between median was tested using the Kruskal-
Wallis test followed by the Dunn's multiple comparisons test, * p < 0.05. cc: corpus callosum, Crb:
cerebellum, Ctx: cortex, dpi: days post injection, ic: internal capsule, OB: olfactory bulb, LV: lateral
ventricle, SC: spinal cord, Str: striatum Th: thalamus. Scale bars: 100 pm (C left and D left), 50 um
(C right), 10 pm (D right). See also Figure S4.

Figure 4. Neocortex White Matter astrocytes are not reprogrammed into neurons by Ngn2,
Ascll and Nurr1 after traumatic brain injury.

(A-C) Photomicrographs showing GFP* cells at 24 and 72 dpi of GFP (A), GFP/Ngn2/Nurrl (B) and
GFP/Ascl1/Nurrl (C). Histograms show the percentage of NeuN*, GFAP* and NeuN/GFAP- cells
among the GFP™ cells for each experimental animal (3 or 4 per condition). Data are shown as median
+ IQR of different technical replicates, i.e. immunostainings of different sections. Note that in some
animals (B and C) GFP" cells were either not detectable or they were largely positive for GFAP

(grey), but virtually none are NeuN™ (black) neurons. dpi: days post injection. Scale bars: 20 um.
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