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Overview

With this thesis, we offer solutions to two barriers faced by scientist approaching
neurodegenerative diseases: first, a wider understanding of cellular and molecular pathways
disrupted in primary samples from patients affected by Amyotrophic Lateral Sclerosis at a
single cell resolution; and second, we put forward novel systems to model these disfunctions
in laboratory settings and the ability to study cells normally hard to reach.

In chapter 2, we review our work on single nucleus RNA sequencing of ALS cortices.
By examining cell-type specific expression of genetic risk factors for ALS/FTD, we found that
specific subclasses of excitatory neurons intrinsically express higher levels of these disease-
associated genes. We propose that these genes may be most essential in extratelencephalic
(L5-ET) motor neurons and that mutations might have large ramifications within them. To
further dissect the vulnerability of these cells we unbiasedly investigated transcriptomic
changes triggered by the disease and found that shared sets of genes are altered in groups
of L5-ETNs. The pathways that these genes play a role in includ unfolded protein responses,
proteosomal subunits and RNA metabolism. These disruptions revealed another contributor
to susceptibility: the genes identified, like genetic risk factors, are constitutively expressed at
higher levels in L5-ETNs. We hypothesize that these forms of sensitivity collaborate to make
L5-ETNs the “first over the line” to degenerate in ALS. These alterations are accompanied by
concurrent effects in other cells: neurons of upper layers upregulate synaptic genes, probably
to compensate for lost inputs to the cord; oligodendrocytes switch to a neuronally-engaged
state to the expense of myelinating abilities; microglia acquire a pro-inflammatory signature
associated with vesicles biology, likely triggered by neuronal apoptosis. We propose that the
intrinsic vulnerability of classes of neurons to ALS/FTD initiates responses in other cells but at
the same time show that genetic risk factors are involved in processes altered in different cell
types. This makes the promotion of neuronal survival undoubtedly crucial but suggests that
targeting other cell types might be as important in restoring a neuroprotective environment.

These novel insights are essential in widening our knowledge on disease mechanisms.
However, they are only a snapshot of disease, they are based on a small cohort not allowing
the full investigation of a highly heterogeneous disease like ALS/FTD, and they leave no room
for manipulations. To overcome these obstacles, we provide in vitro tools that would allow the
manipulations of human brain cells in a dish from a variety of individuals.

In chapter 3, we put together a compendium of protocols to differentiate hPSCs into
different brain cell types that could be used to further dissect multicellular contributions to
neurodegeneration. In this instance, we focus on studies that tested efficacy of transplantation

of these products in an effort to repopulate cells lost to degeneration but we also provide a
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detailed and valuable resource for researchers to draw from to model biology of the central
nervous system in vitro and dissect mechanisms disrupted by ALS in different cell types.

In chapter 4, we show that the combination of Ngn2 overexpression and ventralising
and caudalising factors can generate populations of cervical and brachial motor neuron (MNs)
from at least 47 human pluripotent stem cell lines, with extremely high reproducibility and the
amenability to expand to hundreds of lines. These MN-like cells, liMNs or liMoNes, express
canonical MN markers, resemble other hiPSC-derived MN and exhibit formation of synapsis
both in-network with muscle cells in vitro. Our pooled and multiplexed sequencing approaches,
Census-seq and Dropulation, revealed the exceptional reproducibility of this system in forming
anatomically distinct MN classes that in part resemble their cervical and brachial in vivo
counterpart. Moreover, our preliminary data provides new tools and technologies that can be
used as platforms to manipulate postmitotic neurons in vitro and to establish co-culture system
with glial cells to investigate biology disrupted in disease. We conclude that combining small
molecule patterning with Ngn2 overexpression can facilitate the high-yield, robust and
reproducible production of multiple disease-relevant MN subtypes, which is fundamental in
propelling our knowledge of motor neuron biology and its disruption in disease.

In chapter 5, we describe how we are using the models established in chapter 3 and
4 in conjunction with changes identified in chapter 2 for the nomination of neuroprotective
targets under proteostatic stress conditions. Moreover, this section presents preliminary data
on the characterization of co-culture systems of different brain cell types derived from human
iPSCs described in chapter 3 that could be used to study changes identified in sporadic ALS
brain samples described in chapter 2. With this section we hope to provide new, more complex

in vitro systems to model degeneration and multicellular interactions disrupted in ALS.

Future Perspectives and concluding remarks

1. Expanding knowledge of neurodegeneration at a single cell resolution

In the introduction to this work we have highlighted how different cell types might play
pivotal roles in initiation, progression, exacerbation and/or resistance to ALS and even though
not described in this work this concerted dissonance has emerged for many other
neurodegenerative diseases. In order to understand the disruptions underlying these complex
interactions, several groups have undertaken the endeavour to dissect neurodegeneration
using single cell/nucleus RNA sequencing technologies.

In the last five years various groups have reported studies using primary samples from

patients of Multiple Sclerosis (MS)"2, Alzheimer’'s Disease (AD)?3, Parkinson’s Disease (PD)°
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and Frontotemporal Dementia (FTD)'. Many others have also looked at specific cell types
identifying disease relevant biology, however, only by looking at the complex composition of
the multicellular environment of the brain we might get further insights into disease pathology.

These studies have contributed answering a long-lasting question in the field: why are
certain classes of neurons selectively sensitive to specific diseases? Some of these reports
unravelled susceptibility of specific neuronal subtypes: mid-layer RORB* neurons accumulate
tau aggregates and are depleted in ADS; upper layer CUX2-neurons are more affected by
meningeal inflammation in MS'; ventral dopaminergic neurons in Parkinson’s Disease®; our
study that points at heightened intrinsic susceptibility and select vulnerability of classes of
cortical L5-ET neurons in ALS/FTD'"; recent reports that highlighted a similar scenario for
spinal MN in ALS'2. These findings are milestone in the quest to defining a disease-associated
signature that might be at the base of selective neuronal death and at the same time provide
a repository that should be compared and further investigated, marking the beginning of a new
era in the understanding of selective neuronal vulnerability to degeneration.

At the same time, these studies have provided insights into the role of other cell types
in degeneration. In some cases, the culprits might have been hypothesised suspects like
astrocytes®®’8 and microglia*” in AD or oligodendrocytes? in MS, pointing at cell-type-specific
molecular dysfunctions. In other instances, however, these reports highlighted new rolesfor
certain cell types in disruptions generated by the disease such as microglia’ in MS,
oligodendrocytes in AD® and brain vasculature in AD® and FTD8. We contribute by identifying
patient-specific changes in oligodendrocytes and microglia in ALS™.

Parts of this work specifically aim to highlight the multicellular complexity of
neurodegenerative diseases and the diverse role that various characters of the cerebral milieu
might play in the great masterpiece that is the human brain. The main point that we would like
to deliver is that, besides the central role that one cell type might play in a disease, no cell
reaches the role of soloist in the commonwealth that shapes the nervous system lyrical
ensemble and focusing on only one of them clashes with the final goal of understanding how

the harmony of the CNS is disrupted by degeneration.

2. hiPSC modelling: building complex, reproducible systems to mimic in

vivo function and encompass the diversity of the human brain
Despite the immense potential for in vitro modelling brought about by human induced

Pluripotent Stem Cells, many issues are still to be resolved: technical variability between

differentiations and immaturity of cultures, non-cell autonomous effects and cell-to-cell
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interactions but also variability between cell lines that highlight the need for increased
scalability to correctly represent the genomic, genetic and phenotypic diversity of humankind.

Several groups have developed methods to improve consistency between
differentiations and to increase line-to-line reproducibility like the inclusion of small molecules
to boost the representation of a cell type'®, the use of enrichment strategy through the
identification of cell surface markers for cell types of interest'' or transgenic reporters'®.
Cellular maturity is a delicate subject in the field given the lack of consensus on the definition
of “maturity” and what criteria identify a cellular transition from a foetal to an adult state.
However, many have used co-cultures of cell type of interest with other cells of the brain,
isolated from primary rodent extracts or human foetal samples, to increase maturation through
exogenous factors' '8, Parts of our work aim at increasing reproducibility and standardization
of differentiation protocols to overcome many of these issues.

In recent years many have developed systems that allow differentiation of hiPSCs into
complex 3D structures composed of different cell types called organoids. These methods allow
a more physiological development of several cell types together, implementing maturation
stages driven by cell-to-cell contacts and allowing the possibility to widen our knowledge on
human cells interactions. Even though most research has been focusing on anterior regions
of the nervous system'®, a few groups have developed methods to differentiate organoids of
posterior identity for the isolation of specific cell types like spinal motor neurons?, astrocytes?’
and oligodendrocytes?>?3, The first report of a human iPSC-derived organoid generated
complex 3D structures containing motor neurons, inhibitory neurons and astrocytes of spinal
cord identity?* has now been followed by more advanced models of spinal organoids with
skeletal muscles that can form neuromuscular junctions?®. However, for the modelling of ALS,
more complex systems are needed since the motor circuit is shaped by cells in the cortex,
spinal cord and muscles. The ability of cortical organoids to extend axons towards muscles
was first proven by their co-culture with murine spinal cord extracts?® and later cortical, spinal
and muscular organoids were fused together proving a full human motor circuits can be built
in vitro?”. These models are extremely complex and not fully standardized yet efforts towards
the generation of more reproducible organoids?>2%2° give hope that one day these structures
could be used for the modelling of motor circuit. The work presented in this thesis tries to add
a block into the building of complex, multicellular, human systems.

Another caveat of using human stem cells for disease modelling is the current inability
to scale up and analyse cell lines from a high number of individuals. Currently, in vitro
modelling of ALS, especially sporadic, requires big number of lines and high-throughput
methods and needs further standardization®. This is why we believe the generation of more
efficient differentiation paradigms amenable to hundreds of stem cell lines could be highly

beneficial to the field. Moreover, the generation of different MN subtypes in our system could
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allow the identification of factors that renders certain motor neuron pools more susceptible or
more resistant to ALS®'. Finally, the intermediate penetrance of ALS-associated genes and
the complex genetics behind sporadic cases, generated by small effects from common
variants and stronger effects from rare variants, suggest that we do not fully understand the
full pictures of the genetics underlying ALS. Multiplexed, pooled approaches described in this
work323* might allow the simultaneous analysis of neurons from hundreds of patient-derived
hiPSCs and might allow firstly the hypothesis-driven assessing of disease relevant
perturbations in disease relevant cells but also shade a light on the complex interplay

underlying sporadic cases.

Confronting ALS: understanding multicellular contribution to

neurodegeneration
Computational analysis and hiPSCs in vitro modelling as a multidisciplinary

approach

Overall, with this work we hope to open the field to a more holistic approach to the study
of ALS and neurodegeneration as a whole, where multi-disciplinary techniques and the use of
different models might expand our knowledge on disease. This effort is just the beginning and
a lot more work is necessary to translate this knowledge into effective changes for ALS but |
do hope to have offered a different view on the need to merge new technologies in innovative
ways, stressed the importance of considering primary samples as the orchestra maestro and
main driver of our work and use models while being aware of their advantages but also their
shortcomings. Not all questions can be answered using one system just like different

instruments are needed to create a melody.

165/180



166

10

11

12

13

14

15

16

17

18

19

20

21

22

Schirmer, L. et al. Neuronal vulnerability and multilineage diversity in multiple sclerosis. Nature
573, 75-82, doi:10.1038/s41586-019-1404-z (2019).

Jakel, S. et al. Altered human oligodendrocyte heterogeneity in multiple sclerosis. Nature 566,
543-547, doi:10.1038/s41586-019-0903-2 (2019).

Mathys, H. et al. Single-cell transcriptomic analysis of Alzheimer's disease. Nature 570, 332-
337, doi:10.1038/s41586-019-1195-2 (2019).

Zhou, Y. et al. Human and mouse single-nucleus transcriptomics reveal TREM2-dependent
and TREM2-independent cellular responses in Alzheimer's disease. Nat Med 26, 131-142,
doi:10.1038/s41591-019-0695-9 (2020).

Sadick, J. S. et al. Astrocytes and oligodendrocytes undergo subtype-specific transcriptional
changes in Alzheimer's disease. Neuron 110, 1788-1805 e1710,
doi:10.1016/j.neuron.2022.03.008 (2022).

Leng, K. et al. Molecular characterization of selectively vulnerable neurons in Alzheimer's
disease. Nat Neurosci, doi:10.1038/s41593-020-00764-7 (2021).

Grubman, A. et al. A single-cell atlas of entorhinal cortex from individuals with Alzheimer's
disease reveals cell-type-specific gene expression regulation. Nat Neurosci 22, 2087-2097,
doi:10.1038/s41593-019-0539-4 (2019).

Lau, S. F., Cao, H., Fu, A. K. Y. & Ip, N. Y. Single-nucleus transcriptome analysis reveals
dysregulation of angiogenic endothelial cells and neuroprotective glia in Alzheimer's disease.
Proc Natl Acad Sci U S A 117, 25800-25809, doi:10.1073/pnas.2008762117 (2020).

Kamath, T. et al. Single-cell genomic profiling of human dopamine neurons identifies a
population that selectively degenerates in Parkinson's disease. Nat Neurosci 25, 588-595,
doi:10.1038/s41593-022-01061-1 (2022).

Gerrits, E. et al. Neurovascular dysfunction in GRN-associated frontotemporal dementia
identified by single-nucleus RNA sequencing of human cerebral cortex. Nat Neurosci 25, 1034-
1048, doi:10.1038/s41593-022-01124-3 (2022).

Limone, F. et al. Single-nucleus sequencing reveals enriched expression of genetic risk factors
sensitises Motor Neurons to degeneration in ALS. bioRxiv [PREPRINT],
doi:doi.org/10.1101/2021.07.12.452054 (2021).

Yadav, A. et al. The Human Motoneuron Expression Signature is Defined by ALS-Related
Genes. bioRxiv [PREPRINT], doi:doi.org/10.1101/2022.03.25.485808 (2022).

Boulting, G. L. et al. A functionally characterized test set of human induced pluripotent stem
cells. Nat Biotechnol 29, 279-286, doi:10.1038/nbt.1783 (2011).

Klim, J. R. et al. ALS-implicated protein TDP-43 sustains levels of STMNZ2, a mediator of motor
neuron growth and repair. Nat Neurosci 22, 167-179, doi:10.1038/s41593-018-0300-4 (2019).
Barbar, L. et al. CD49f Is a Novel Marker of Functional and Reactive Human iPSC-Derived
Astrocytes. Neuron 107, 436-453 e412, doi:10.1016/j.neuron.2020.05.014 (2020).

Kiskinis, E. et al. Pathways disrupted in human ALS motor neurons identified through genetic
correction of mutant SOD1. Cell Stem Cell 14, 781-795, doi:10.1016/j.stem.2014.03.004
(2014).

Di Giorgio, F. P., Boulting, G. L., Bobrowicz, S. & Eggan, K. C. Human embryonic stem cell-
derived motor neurons are sensitive to the toxic effect of glial cells carrying an ALS-causing
mutation. Cell Stem Cell 3, 637-648, doi:10.1016/j.stem.2008.09.017 (2008).

Nehme, R. et al. Combining NGN2 Programming with Developmental Patterning Generates
Human Excitatory Neurons with NMDAR-Mediated Synaptic Transmission. Cell Rep 23, 2509-
2523, doi:10.1016/j.celrep.2018.04.066 (2018).

Del Dosso, A., Urenda, J. P., Nguyen, T. & Quadrato, G. Upgrading the Physiological
Relevance of Human Brain Organoids. Neuron 107, 1014-1028,
doi:10.1016/j.neuron.2020.08.029 (2020).

Rigamonti, A. et al. Large-Scale Production of Mature Neurons from Human Pluripotent Stem
Cells in a Three-Dimensional Suspension Culture System. Stem Cell Reports 6, 993-1008,
doi:10.1016/j.stemcr.2016.05.010 (2016).

Douvaras, P. & Fossati, V. Generation and isolation of oligodendrocyte progenitor cells from
human pluripotent stem cells. Nat Protoc 10, 1143-1154, doi:10.1038/nprot.2015.075 (2015).
Douvaras, P. et al. Efficient generation of myelinating oligodendrocytes from primary
progressive multiple sclerosis patients by induced pluripotent stem cells. Stem Cell Reports 3,
250-259, doi:10.1016/j.stemcr.2014.06.012 (2014).

166/180



167

23

24

25

26

27

28

29

30

31

32

33

34

Marton, R. M. et al. Differentiation and maturation of oligodendrocytes in human three-
dimensional neural cultures. Nat Neurosci 22, 484-491, doi:10.1038/s41593-018-0316-9
(2019).

Ogura, T., Sakaguchi, H., Miyamoto, S. & Takahashi, J. Three-dimensional induction of dorsal,
intermediate and ventral spinal cord tissues from human pluripotent stem cells. Development
145, doi:10.1242/dev.162214 (2018).

Faustino Martins, J. M. et al. Self-Organizing 3D Human Trunk Neuromuscular Organoids. Cell
Stem Cell 26, 172-186 €176, doi:10.1016/j.stem.2019.12.007 (2020).

Giandomenico, S. L. et al. Cerebral organoids at the air-liquid interface generate diverse nerve
tracts with functional output. Nat Neurosci 22, 669-679, doi:10.1038/s41593-019-0350-2
(2019).

Andersen, J. et al. Generation of Functional Human 3D Cortico-Motor Assembloids. Cell 183,
1913-1929 1926, doi:10.1016/j.cell.2020.11.017 (2020).

Velasco, S. et al. Individual brain organoids reproducibly form cell diversity of the human
cerebral cortex. Nature 570, 523-527, doi:10.1038/s41586-019-1289-x (2019).

Paulsen, B. et al. Autism genes converge on asynchronous development of shared neuron
classes. Nature 602, 268-273, doi:10.1038/s41586-021-04358-6 (2022).

Baxi, E. G. et al. Answer ALS, a large-scale resource for sporadic and familial ALS combining
clinical and multi-omics data from induced pluripotent cell lines. Nat Neurosci 25, 226-237,
doi:10.1038/s41593-021-01006-0 (2022).

Kanning, K. C., Kaplan, A. & Henderson, C. E. Motor neuron diversity in development and
disease. Annu Rev Neurosci 33, 409-440, doi:10.1146/annurev.neuro.051508.135722 (2010).
Limone, F. et al. Efficient generation of lower induced Motor Neurons by coupling Ngn2
expression with developmental cues. bioRxiv [PREPRINT],
doi:doi.org/10.1101/2022.01.12.476020 (2022).

Mitchell, J. M. et al. Mapping genetic effects on cellular phenotypes with “cell villages”. bioRxiv
[PREPRINT], doi:https://doi.org/10.1101/2020.06.29.174383 (2020).

Limone, F. et al. Efficient generation of lower induced motor neurons by coupling Ngn2
expression with developmental cues. Cell Rep, 111896, doi:10.1016/j.celrep.2022.111896
(2022).

167/180


https://doi.org/10.1101/2020.06.29.174383



