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ABSTRACT

Recent decades have seen great expansion on our understanding on how neurons
communicate and process information, however, limited access to human brain
samples is a critical aspect preventing a greater understanding on the cellular and
molecular mechanisms underlying brain diseases. Additionally, animal models and in
vitro two-dimensional (2D) cell cultures fail to mimic the unique cellular and molecular
physiology of the human brain. Recently, the development of human brain organoids has
presented a new tool that may facilitate the study of functional human synapses and
neuronal networks, that may further our understanding of disease mechanisms.

Gestational transfer of brain-reactive antibodies is an important environmental risk
factor triggering neurodevelopmental disorders. CASPR2 is encoded by CNTNAP2, an
autism susceptibility gene and is a known target for pathogenic maternal autoantibodies
that can interfere with fetal neurodevelopment. CASPR2 was originally described to be
involved in the stabilization of voltage-gated potassium channels (Kv1.1 and Kv1.2) in
myelinated axons, and later to have a role in earlier phases of rodent brain development.
However, the effects induced by the presence of anti-CASPR2 antibodies (anti-CASPR2-
Ab) during human brain development have not yet been addressed.

To tackle this gap in knowledge we cultured human brain organoids for a period of
up to 6-months in media containing human anti-CASPR2-Ab. We found that this
challenge produced a decrease in CASPR2 and Contactin-2 protein levels, altered
spontaneous synaptic activity, and led to an increase in the frequency of action potential
firing upon current injection. These alterations were consistent with change in action
potential kinetics, suggestive of altered function in voltage-gated potassium channels.
In line with these observations, we also observed an overall increase in network activity
in acute brain organoid slices.

In parallel with this work, we also produced brain organoids from human induced
pluripotent stem cells (hiPSCs) generated de novo from individuals carrying a genetic
mutation associated with a neurological disease. The resulting mutated organoids
recapitulated the genetic and molecular features of the original patients’ cells and offer
a platform for further studying the mechanisms associated with the disease.

Therefore, our data highlights the value of using brain organoids as robust
models to study brain development and neurological disorders. These models may
ultimately allow us to interpret the underlying neurobiological mechanisms associated
with several disorders and lay the groundwork for identifying and testing novel

therapeutic approaches.
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RESUMO

Nas ultimas décadas temos visto uma grande expansao na nossa compreensao
sobre como os neurénios comunicam e processam informagdo, no entanto, o acesso
limitado a amostras de cérebro humano é um aspeto critico que impede uma maior
compreensao sobre os mecanismos celulares e moleculares subjacente as doengas
cerebrais. Adicionalmente, modelos animais e culturas celulares bidimensionais (2D) in
vitro ndao conseguem mimetizar a fisiologia celular e molecular unica do cérebro
humano. Recentemente, o desenvolvimento de organoides cerebrais humanos tem
apresentado uma nova ferramenta que pode facilitar o estudo de sinapses humanas
funcionais e redes neuronais, o que pode aprofundar a nossa compreensdao dos
mecanismos da doenga.

Atransferéncia gestacional de anticorpos cerebrais reativos é um importante fator
de risco ambiental que pode desencadear doengas do neurodesenvolvimento. CASPR2
é codificada por CNTNAP2, um gene de suscetibilidade ao autismo, e é um alvo
conhecido de autoanticorpos maternos patogénicos que podem interferir com o
neurodesenvolvimento do feto. CASPR2 foi inicialmente descrita como estando
envolvida na estabilizagdo dos canais de potassio sensiveis a voltagem (Kv1.1 e Kv1.2)
nos axoénios mielinizados e, mais tarde, por ter um papel em fases mais precoces do
desenvolvimento do cérebro de ratinhos. No entanto, os efeitos induzidos pela presenca
de anticorpos anti-CASPR2 (anti-CASPR2-Ab) durante o desenvolvimento do cérebro
humano ainda nao foram estudados.

Para resolver esta lacuna no conhecimento, cultivamos organoides cerebrais
humanos por um periodo de até 6 meses em meio contendo anti-CASPR2-Ab humanos.
Descobrimos que este desafio levou a uma diminuigdo nos niveis de proteina CASPR2
e Contactin-2, alterou a atividade sindptica espontdnea e levou a um aumento na
frequéncia de disparo de potenciais de agao apds injecao de corrente. Estas alteragbes
foram consistentes com alteragdo na cinética dos potenciais de agao, sugestivo de
alteragao na funcao dos canais de potdssio sensiveis a voltagem. Em linha com estas
observagoes, também observamos um aumento geral na atividade de rede em fatias de
organoides cerebrais.

Em paralelo a este trabalho, também produzimos organoides cerebrais humanos
a partir de células estaminais pluripotentes induzidas (hiPSCs) obtidas de novo de
individuos portadores de uma mutagao genética associada a uma doenga neuroldgica.

Os organoides resultantes recapitularam as caracteristicas genéticas e moleculares das
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células originais dos doentes e oferecem uma plataforma para estudar mais
aprofundadamente os mecanismos associados a doenga.

Deste modo, os nossos resultados destacam o valor do uso de organoides
cerebrais como modelos robustos para estudar o desenvolvimento cerebral e disturbios
neurolégicos. Estes modelos podem, em dultima analise, permitir-nos interpretar os
mecanismos neurobioldgicos subjacentes associados a varias doengas e fundamentar

para a identificagao e testagem de novas abordagens terapéuticas.
Palavras-chave: doengas do neurodesenvolvimento, hiPSCs, reprogramacao,

modelos de cérebro humano, organoides cerebrais, anticorpos anti-CASPR2, disfungao

de canais Kv1, excitabilidade neuronal.
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Chapter 1 — Introduction

1. Contactin-associated protein 2 (CASPR2) - general

introduction

Contactin-associated protein 2 (CASPR2) was identified by Poliak and colleagues
in 1999 as a new member of the neurexin superfamily (Poliak et al., 1999), a group of
transmembrane proteins that mediate cell-cell interactions in the central nervous
system. Initially, CASPR2, which is coded by the contactin-associated protein-like 2
(CNTNAP2) gene was described to have a crucial role in the stabilization of voltage-
gated potassium channels (VGKCs) at the juxtaparanodal (JXP) regions of the nodes of
Ranvier (Poliak et al., 1999). Throughout the years, CASPR2 has been associated with
several roles, including regulation of the excitation/inhibition balance (Jurgensen and
Castillo, 2015; Penagarikano et al., 2011; Vogt et al., 2018), neuronal networks and
neuronal migration (Pefiagarikano et al., 2011), neurite outgrowth (Anderson et al., 2012;
Canali et al., 2018; Varea et al.,, 2015) and synapse development and maintenance
(Anderson et al.,, 2012; Fernandes et al., 2019; Gdalyahu et al., 2015; Jurgensen and
Castillo, 2015; Varea et al., 2015). Moreover, since 2003, mutations in the CNTNAP2 gene
have been associated with several neurodevelopmental and neuropsychiatric disorders,
including obsessive-compulsive disorder (OCD) (Verkerk et al., 2003), epilepsy,
intellectual disability, autism spectrum disorders (ASD), schizophrenia, speech disorders
and attention deficit and hyperactivity disorder (ADHD) (Rodenas-Cuadrado et al., 2014).
CASPR2 was also identified as an antigen in autoimmune synaptic encephalitis (Irani et
al., 2010; Lancaster et al., 2011), a rare central nervous system (CNS) syndrome
characterized by memory dysfunction, temporal lobe seizures and frontal lobe
impairments. More recently, anti-CASPR2-Ab have been linked to neurodevelopmental
disorders due to the gestational transfer of those antibodies from the mother to the fetus
(Brimberg et al., 2016, 2013; Coutinho et al., 2017b).

1.1. Expression and structure of CASPR2

CASPR2 is expressed during embryonic stages, but its expression significantly
increases over development. In humans, it is mainly expressed in the CNS, including the
spinal cord and the brain, though lower mRNA levels are also detected in ovaries and
prostate (Poliak et al., 1999). During the early stages of development, CASPR2 is
enriched in the human anterior temporal and prefrontal cortex (Abrahams et al., 2007).
In rodents, embryonic expression of CASPR2 is detected near embryonic day 14 and is
mostly expressed in the ganglionic eminences and the ventricular proliferative zones

(Pefiagarikano et al., 2011). In adult rodents, CASPR2 is strongly expressed in the cortex.
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Additionally, it is also broadly expressed in other brain regions, including the
hippocampus, striatum, dorsal thalamus, amygdala, basal ganglia and substantia nigra
(Gordon et al., 2016; Pefiagarikano et al., 2011). It was also reported an enrichment of
CASPR2 in sensory system, including the olfactory, visual, auditory, gustatory and
somatosensory regions (Gordon et al., 2016).

At the cellular level, CASPR2 was primarily detected in neurons, namely in the
soma and dendrites of cortex pyramidal neurons and in pyramidal neurons of the CA3
region of the hippocampus (Poliak et al., 1999). It is also expressed in the axons,
specifically at the distal part of the axon initial segment (AIS) and in myelinated axons
in the JXP region of nodes of Ranvier (Inda et al., 2006; Ogawa et al., 2008; Poliak et al.,
1999; Scott et al., 2019) (Fig. 1.1A, C).

In cultured hippocampal neurons, it was observed that at early stages, CASPR2
was expressed in the soma, dendrites and axons, and at later stages, it was preferentially
distributed along axons (Pinatel et al., 2015). CASPR2 was also found in the synaptic
membrane (Bakkaloglu et al., 2008; Chen et al., 2015), being expressed in both
presynaptic and postsynaptic compartments (Fernandes et al., 2019; Pinatel et al., 2015;
Varea et al., 2015). However, a strong colocalization of CASPR2 with presynaptic
compartments was observed (Pinatel et al., 2015). Additionally, a higher expression of
CASPR2 in inhibitory neurons, relative to excitatory neurons, has also been reported
(Pinatel et al, 2015) (Fig. 1.1D). Moreover, disruption of the inhibitory system
development and function was observed in some CNTNAP2 mutant mouse models

(Jurgensen and Castillo, 2015; Pefiagarikano et al., 2011).
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Figure 1.1. CASPR2 expression in neurons. (A) CASPR2 can be expressed in different compartments of a
neuron, including the nodes of Ranvier (1), the axon initial segment (2) and the synapse (3). (B) At the node
of Ranvier, CASPR2 is expressed in the JXP region and it is involved in the clustering of TAG-1 (also known
as Contactin-2) and recruitment of Kv1.1 and Kv1.2 channels through its binding to the 4.1B-binding motif.
(C) At the axon initial segment, CASPR2 is mainly found in the distal part and it also involved in the clustering
of TAG-1, Kv1.1 and Kv1.2 channels, but it does not seem crucial for their correct localization. (D) At the
synapse, CASPR2 is mainly found in inhibitory pre-synaptic compartment. N: node, PN: paranode, JXP:
juxtaparanodal. (Saint-Martin et al., 2018) — License number: 5515401103324.

Regarding its structure, CASPR2 is composed of several domains, containing a
long extracellular and a short cytoplasmic region (Fig. 1.2). Its extracellular region is
composed of a signal peptide near the N-terminal, a discoidin homology domain, four
laminin G neurexin-like motifs (L1-L4), two epidermal growth factor-like (EGF) repeats
(E1-E2) and a fibrinogen-like domain (F) (Poliak et al., 1999). The C-terminal intracellular
region contains a juxtamembrane GNP (Glycophorin, Neurexin 1V, Paranodin) motif, also
known as 4.1B-binding motif, and a type Il PDZ-binding domain (Poliak et al., 1999).
CASPR2 is organized into three flexible lobes, giving it a vertical or horizontal orientation,
which could be responsible for its binding capacity to different binding partners and for

its subcellular localizations within neuronal regions (Lu et al., 2016).
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Figure 1.2. CASPR2 domains organization. CASPR2 contains a long extracellular and a short cytoplasmic
region. The extracellular region contains a signal peptide (SP), a discoidin homology domain (D; F58C), four
laminin G neurexin-like motifs (L), two EGF-like repeats (E) and one fibrinogen-like domain (F). The
intracellular region contains a GNP motif and a PDZ-binding domain (PDZ).

Extracellular CASPR2 is known to complex with the cell surface protein Contactin-
2, also called TAG-1 (transient axonal glycoprotein-1) or Axonin-1 that is present on both
axonal and glial membrane. This arrangement allows axon-glia interactions that are
essential for the recruitment and stabilization of VGKCs (Kv1.1 and Kv1.2) in the axonal
membrane (Poliak et al., 2003) (Fig. 1.1B).

Intracellular CASPR2 binds through the GNP motif to cytoskeleton-associated
proteins containing FERM (Four-point-one, Ezrin, Radixin, Moesin) domains, such as B1
integrins, cytoskeleton adaptor protein 4.1 and schwannomin, to anchor CASPR2 to the
actin-based cytoskeleton (Denisenko-Nehrbass et al., 2003a, 2003b). Also through its
GNP motif, CASPR2 interacts with Kv1.1 and Kv1.2 channels, playing an important role
in their stabilization at the JXP (Horresh et al., 2008). It also interacts with the G protein-
coupled receptor 37 (GPR37) (Tanabe et al., 2015) and ADAM (Disintegrin and
Metalloproteinase domain-containing protein) members, specifically with ADAM22
complexed with soluble LGI1 (Leucine-rich glioma-inactivated 1) protein (Chen et al,,
2015). Additionally, via its PDZ-binding domain, CASPR2 interacts with MAGUKS
(membrane-associated guanylate kinases), such as PSD93, PSD95, SAP97 (synapse-
associated protein 97) and CASK (calcium/calmodulin-dependent serine protein kinase)
(Chen et al., 2015; Ogawa et al., 2008; Poliak et al., 1999). Furthermore, it was also shown
to interact with carboxypeptidase E, allowing CASPR2 trafficking to the dendritic
membrane via a Golgi-dependent pathway (Qiso et al., 2009). Recently, it was observed
an interaction between the GluA1 subunit of AMPARs (AMPA-type glutamate receptors)
and CASPR2 (Fernandes et al., 2019).
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1.2. Biological functions of CASPR2

The first described role of CASPR2 was its involvement in the recruitment of
VGKCs to the membrane. Over time, other biological roles have been proposed, including
a potential role in axonal organization and action potential propagation, in cellular

development and network activity and more recently, its role in synaptic plasticity.

1.2.1. CASPR2 functions in axonal organization and action
potential propagation

CASPR2 may play a role in the axonal growth, since in CNTNAP2 KO mouse
embryos, a reduction in axonal growth was observed (Canali et al., 2018; Varea et al.,
2015). Moreover, CASPR2 may play a critical role in axonal organization at the nodes of
Ranvier, particularly in myelin sheathing and correct propagation of action potentials
(Poliak et al., 2003; Simons and Trajkovic, 2006).

Nodes of Ranvier are characterized by the presence of a high density of voltage-
dependent sodium channels linked to the cytoskeleton by ankyrinG (Bennett and
Lambert, 1999; Jenkins and Bennett, 2001; Rasband and Peles, 2015). On the other hand,
the JXP regions comprise high density clusters of Kv1 channels that colocalize with
CASPR2 and Contactin-2 (Poliak et al., 2003; Rasband et al., 2002; Traka et al., 2003).
Kv1 channels are crucial for axonal excitability regulation, due to their role in the
repolarization of neuronal membranes after an action potential (Debanne et al., 1997; Lai
and Jan, 2006). In the JXP region, CASPR2 is essential to cluster Kv channels in the
membrane (Pinatel et al., 2017; Poliak et al., 1999), but it is not responsible for Kv channel
clustering at the AIS, which in turn is mediated by PSD93/95 PDZ-binding domains.
(Ogawa et al., 2008). Conversely, CASPR2 and Contactin-2 are necessary for PSD93/95
accumulation at the JXP region (Horresh et al., 2008). In CASPR2 knock-out (KO) mice,
depletion of Kv1 and Contactin-2 was observed at the JXPs, with Kv1 channels seen to
diffuse along the internode region (Poliak et al., 2003). Surprisingly, no gross alterations
were detected in axonal myelination, neither in axonal excitability (Poliak et al., 2003),
probably due to a compensation by other potassium channels (Devaux et al., 2003).
Contrarily, others demonstrated, by functional magnetic resonance imaging, reduced
local and long range prefrontal functional connectivity, with no gross changes in
myelination, in CNTNAP2-lacking mice (Liska et al., 2018). Additionally, Dawes and
colleagues observed a reduction in Kv1 surface expression and smaller Kv1-mediated
currents (Dawes et al., 2018). More recently, also due to alterations in Kv1 clustering in

the JXP region, defects in nodal formation and delay in myelin sheaths were reported,
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together with alterations in action potential propagation, which included a decrease in
action potential repolarization velocity and an increase in excitatory postsynaptic
potentials (Scott et al., 2019). Accordingly, in the auditory cortex, loss of CNTNAP2 gene
also contribute to a hyperexcitability phenotype, most probably due to changes in VGKCs
(Scott et al., 2022).

Overall, these results strongly point to an important role of CASPR2 in VGKC

organization in the JXP and in axonal myelination.

1.2.2. CASPR2 functions in cellular development and network
activity

In addition to the role of CASPR2 in the structural organization of axons, recent
evidence has also suggested an involvement in cellular development and migration. In
both animal models and neuronal cultures from human induced pluripotent stem cells
(hiPSCs), the presence of CASPR2 mutations was shown to impact neuronal migration
(Flaherty et al., 2017; Lee et al., 2015; Pefiagarikano et al., 2011). Moreover, a reduction in
subpopulations of GABAergic interneurons was also identified, which was shown to result
in impaired GABAergic inhibitory transmission and increased excitability in adult mice
(Anderson et al., 2012; Bridi et al., 2017; Jurgensen and Castillo, 2015; Lauber et al., 2018;
Lu et al,, 2021; Pefiagarikano et al., 2011; Vogt et al., 2018). Likewise, inhibitory neurons’
defects were also observed in mouse cortical organoids (Hali et al., 2020). Interestingly,
using optogenetics, Selimbeyoglu and colleagues reverted the alteration in
excitatory/inhibitory (E/I) balance in CNTNAP2 KO mice and rescued the hyperactivity
phenotype (Selimbeyoglu et al., 2017). However, depending on the brain region probed,
the effect of CASPR2 disruption have been reported to be distinct. For instance, Scott and
colleagues reported no changes in neocortical inhibitory circuits in developing and adult
CNTNAP2 deletion models (Scott et al., 2019). Whereas, more broadly, the excitatory
transmission is either normal (Jurgensen and Castillo, 2015) or decreased across
different CNTNAP2 deletion models (Anderson et al., 2012; Kim et al., 2019; Lazaro et al.,
2019; Lu et al.,, 2021; Vogt et al., 2018).

As previously indicated, CASPR2 is expressed also in the somatodendritic
compartment (Fernandes et al.,, 2019; Inda et al., 2006; Ogawa et al., 2008; Poliak et al.,
1999; Scott et al.,, 2019; Varea et al., 2015). Additionally, downregulation of CASPR2 also
led to a reduction in dendritic arborization (Anderson et al., 2012; Gao et al., 2018; Lu et
al., 2021), probably due to impairments in CASPR2 binding to the cytoskeleton adaptor
protein 4.1 that is necessary to recruit relevant elements for dendrite growth (Anderson et

al.,, 2012). In these studies, a decrease in both excitatory and inhibitory synaptic density
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and changes in spine morphology and dynamics were observed (Anderson et al., 2012;
Lazaro et al., 2019).
These findings suggest that altered CASPR2 expression induced changes in E/I

regulation.

1.2.3. CASPR2 functions in synaptic plasticity

The impact of CASPR2 mutation on network activity may be linked to altered
axonal conductivity, but also to alterations in synaptic transmission. In fact, CASPR2 has
been involved in the establishment and stabilization of newly formed synapses
(Anderson et al., 2012; Gdalyahu et al., 2015). Additionally, CASPR2 deletion caused a
decrease in both excitatory postsynaptic currents (EPSCs) mediated by AMPA- and
NMDA-receptors and inhibitory postsynaptic currents (IPSCs) mediated by GABARSs, in
primary cortical neurons and in the prefrontal cortex (Anderson et al., 2012; Sacai et al,,
2020). These results are consistent with a significant decrease in the frequency, but not
in the amplitude of both miniature EPSCs (MEPSCs) and miniature IPSCs (mIPSCs),
implicated in a reduction of excitatory synapses in these neurons (Anderson et al., 2012;
Sacai et al., 2020). However, others also reported decreased amplitude (Fernandes et
al., 2019; Kim et al.,, 2019; Lazaro et al., 2019), but no differences in the frequency of
mEPSCs (Fernandes et al., 2019; Kim et al., 2019). Moreover, a decrease in spontaneous
excitatory and inhibitory postsynaptic currents (SEPSCs and sIPSCs) in CNTNAP2
mutant cortical neurons was observed (Lu et al, 2021). Consequently, synaptic
transmission is affected by CNTNAP2 deletion with no reported alterations in the
membrane properties of the neurons (Anderson et al., 2012). Several studies have
suggested the involvement of CASPR2 in AMPAR trafficking (Anderson et al., 2012;
Fernandes et al., 2019; Kim et al., 2019; Varea et al., 2015). Absence of CASPR2 results
in a decrease of synaptic GluA1 — a AMPAR subunit — and an increase in GluA1l
cytoplasmic aggregates in excitatory neurons (Anderson et al., 2012; Fernandes et al.,
2019; Varea et al., 2015). Conversely, interneurons showed an increase in synaptic GIuA1
(Kim et al., 2019). Furthermore, it was demonstrated a relevant role for CASPR2 in
synaptic scaling, specifically in homeostatic plasticity since its deletion impeded the
correct trafficking of AMPARSs, perturbing the excitatory transmission (Fernandes et al.,
2019).

Altogether, these results suggest deficits in synaptic transmission which impact
homeostatic plasticity. Nevertheless, careful exploration of cell autonomous and non-
cell autonomous effects should be performed before drawing firm conclusions on the
effects of CNTNAP2 mutations.
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1.3. CASPR2 in the pathogenesis of neurodevelopmental and

neuropsychiatric disorders

Considering the biological roles of CASPR2, it is not surprising that alterations in
CASPR2 or in its gene — CNTNAP2 — may lead to neurological or neuropsychiatric
disorders.

The first described mutation in the CNTNAP2 gene was observed in a family with
Gilles de la Tourette syndrome, accompanied by OCD and ADHD (Belloso et al., 2007;
Verkerk et al., 2003). Over the years, other mutations in the CNTNAP2 gene have been
implicated in other neurodevelopmental and neuropsychiatric disorders, including ASD
(Alarcoén et al., 2008; Arking et al., 2008; Bakkaloglu et al., 2008; Chien et al., 2021),
intellectual disability (Mikhail et al., 2011), schizophrenia (Friedman et al., 2008;
O’Dushlaine et al., 2011), bipolar disorder (O’'Dushlaine et al., 2011), language impairments
(Sehested et al., 2010; Vernes et al., 2008), epilepsy (Friedman et al., 2008) and cortical
dysplasia focal epilepsy syndrome (Strauss et al., 2006), among others (Fig. 1.3). Some

of these phenotypes were also observed in CNTNAP2 mutation animal models, such as
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Figure 1.3. CASPR2-associated genetic diseases. Representation of the CNTNAP2 gene (black line) and its
24 exons (colored vertical lines) coding for the different domains of CASPR2. The colored horizontal lines
above the CNTNAP2 gene indicate copy number variations (CNVs). The arrows under the CNTNAP2 gene
indicate point mutations, and stop mutations are underlined. The clinical condition associated with each
mutation is presented in the left side of the image. Adapted from (Saint-Martin et al., 2018).
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hyperactivity and memory impairments, epileptic seizures and ASD-like symptoms
(Pefiagarikano et al., 2011; Sacai et al., 2020; Scott et al., 2019).

More recently, CASPR2 was also identified as an antigen in autoimmune synaptic
encephalitis (Irani et al., 2010; Lancaster et al,, 2011). Neuropsychiatric symptoms are
evident in patients that produce exacerbated levels of antibodies targeting CASPR2 (Irani
et al,, 2010; Lancaster et al., 2011; Liu et al., 2021; Schou et al., 2019). Additionally, anti-
CASPR2-Ab were also detected, during pregnancy, in mothers of children with ASD
(Brimberg et al., 2013) and intellectual disability (Coutinho et al., 2017a). This phenotype
was translated to the offspring of pregnant mice exposed to anti-CASPR2-Ab via maternal-
transfer of antibodies to the fetus (Brimberg et al., 2016; Coutinho et al., 2017b).

1.4. Autoimmune synaptic encephalitis: anti-CASPR2 antibodies

Autoimmune synaptic encephalitis is characterized by an exacerbated production
of antibodies that target specific neuronal cell-surface or synaptic epitopes. The major
antigens associated to autoimmune encephalitis are NMDARs (Dalmau et al., 2007),
AMPARs (Lai et al., 2009), GABARs (Lancaster et al., 2010; Petit-Pedrol et al., 2014), LGI1
(Lai et al.,2010) and CASPR2 (Irani et al., 2010), each of them with syndromes that include
memory deficits, cognitive impairment, mood and behavior disorders and variable
presence of seizure in the CNS and peripheral nerve hyperexcitability, movement disorders
and neuropathic pain in the peripheral nervous system (PNS) (Dalmau et al., 2017).

Autoantibodies targeting CASPR2 were identified not only in the serum but also in
the cerebrospinal fluid (CSF) of patients with severe neurological syndromes that included
neuromyotonia, Morvan’s syndrome and limbic encephalitis (Irani et al., 2010).
Autoimmune synaptic encephalitis is diagnosed based on a cell-based assay with serum
titers > 1:200, complemented with brain magnetic resonance imaging (MRI) (Bien et al.,
2017). Immunoglobulin G4 (IgG4) is the most abundant IgG in the serum of these patients,
although the more severe cognitive and psychiatric symptoms are associated with high
levels of the IgG1 subclass (Binks et al., 2018; Joubert et al., 2016). The treatment of this
condition is usually based on immunotherapies, with positive clinical outcomes but
recurrent relapse, implicating the need for chronic immunosuppression that is associated
with permanent cognitive problems in some cases (Bastiaansen et al.,, 2017; Liu et al.,
2021). Considering that symptoms are mostly reversible upon treatment, this indicates a
direct pathogenic role of CASPR2 antibodies. Hence, it is important to unveil additional
mechanisms underlying these disorders to provide more targeted and efficient therapies

to these patients.
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1.4.1. Pathogenic mechanisms associated with anti-CASPR2

antibodies

The vast majority of anti-CASPR2-Ab found in patients serum and CSF include the
IgG4 subclass (Binks et al., 2018; Joubert et al., 2016). IgG4 subclass undergoes the Fab-
arm exchange process, allowing the bispecificity of some IgG4 antibodies, suggesting
that the antibody may target more than one epitope, namely both laminin G1 and discoidin
domains that seem to be obligatory epitopes to bind (Joubert et al., 2016; Olsen et al.,
2015; van Sonderen et al., 2016). Furthermore, the binding of IgG4 subclass to the Fc-y
receptors is weak, consequently it does not activate the complement and immune
responses efficiently (van Sonderen et al., 2016). Therefore, it has been proposed that
IgG4 anti-CASPR2-Ab pathogenicity may be related to changes in protein-protein
interactions (van Sonderen et al., 2016). Indeed, it was shown that IgG4 anti-CASPR2-Ab
failed to internalize CASPR2 and inhibited the interaction between CASPR2 and Contactin-
2 in a sample-dependent manner (Patterson et al., 2018). Since CASPR2-Contactin-2
interaction is essential for VGKCs recruitment at the JXP region, stabilizing the conduction
at nodes of Ranvier and preventing hyperexcitability (Poliak et al., 2003; Traka et al., 2003),
these antibodies can disrupt this process. This was validated by Dawes and colleagues
showing that, after injection of human anti-CASPR2-Ab into wild-type mice, a
downregulation of both CASPR2 and Kv1 expression resulted in a pain-related
hypersensitivity phenotype and increased excitability of dorsal root ganglia neurons
(Dawes et al., 2018). Moreover, in cultured hippocampal neurons, patient-lgGs strongly
targeted inhibitory neurons, and led to changes in inhibitory synapses, which may
contribute to the hyperexcitability observed in patients with autoimmune encephalitis
(Pinatel et al., 2015). Alternatively, despite observing decreased interaction between
CASPR2 and Contactin-2, Saint-Martin reported an increase in the expression of Kv1.2 in
both HEK cells and hippocampal neurons and an increase in surface CASPR2 in CASPR2-
transfected neurons upon antibodies addition (Saint-Martin et al., 2019). A trend towards
higher levels of CASPR2 was also observed in brain extracts of CASPR2-injected mice and
again in hippocampal neurons and HEK cells (Giannoccaro et al., 2019). The increased
expression of CASPR2 and Kv1.2 might be due to compensatory mechanisms. The
observed discrepancies may also be due to distinct patient samples with different anti-
CASPR2-Ab concentrations, varying IgG subclasses targeting different epitopes, and also
due to different cell types used in each experiment.

Importantly, although most of the patients present IgG4 subclasses, there are cases

containing a mixture of different subclasses. Therefore, it was reported that non-lgG4-
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CASPR2-Abs also influence microglia and astrocytes activation (Giannoccaro et al., 2019;
Kortvelyessy et al., 2015). Behavioral impairments in CASPR2-injected mice (whose blood
brain barrier is temporarily destabilized) show higher levels of c-fos expression which
correlates with increased excitability, as observed by Dawes (Dawes et al., 2018;
Giannoccaro et al., 2019). Moreover, synaptic CASPR2 distribution was shown to be
decreased in neuronal cultures exposed to anti-CASPR2-Ab, suggesting an internalization
of the protein (Fernandes et al., 2019). Additionally, these antibodies also had an impact
on AMPARs trafficking with an increase in AMPARs endocytosis and consequently a
decrease in its synaptic expression (Fernandes et al., 2019). Along with the previous
findings, mice injected with anti-CASPR2-Ab presented a decrease in the amplitude of
mMEPSCs, suggesting that glutamatergic transmission impairment is another neuronal

alteration arising from anti-CASPR2 encephalitis (Fernandes et al., 2019).

1.4.2. Anti-CASPR2 antibodies and neurodevelopmental

disorders

It is well-known that maternal immune activation impacts the gestating fetus
(Silverstein, 1996). Maternal IgG binds to the neonatal Fc receptor (nFcR), which
transposes IgG into fetal circulation, thereby providing adaptive immunity to the newborn
before its immune system is fully developed (Simister and Mostov, 1989). IgG antibodies
are important to provide immunity against pathogens and toxins, however, this pathway
opens the possibility for pathogenic autoantibodies to also be transferred. Therefore,
maternal immune activation has been linked to neurodevelopmental disorders, such as
ASD and intellectual disability, which may be caused by autoantibody-dependent or -
independent mechanism (Estes and McAllister, 2016). For instance, maternal influenza
infection (Atladottir et al., 2012), as well as increased levels of MCP-1 (monocyte
chemoattractant protein-1) chemokine in the amniotic fluid (Abdallah et al., 2012) and
increased levels of interferon-y (IFNy), interleukin-4 and 5 (IL-4 and IL-5) (Goines et al.,
2011) were associated with increased risk of infantile autism. Importantly, both genetic
and environmental factors determine the severity of the disorder (Mazina et al., 2015).
More recently, maternal immune activation driven by viral infection was shown to be
mediated by IL-17 (Choi et al., 2016). Regarding instances leading to abnormal antibody
impacting the developing fetal brain, these have been shown to lead to
neurodevelopmental disorders in the offspring (Braunschweig et al., 2008; Brimberg et al.,
2013; Coutinho et al., 2017a; Croen et al., 2008; Singer et al., 2008). Several studies in

animal models — where serum or polyclonal antibodies were injected into a pregnant
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dams - revealed neurodevelopmental conditions in the animal offspring (Bauman et al.,
2013; Dalton et al., 2003; Singer et al., 2009). These studies provide additional support for
the “smoking gun” sign that is the presence of anti-CASPR2-Ab in mothers of a subset of
children with ASD (Brimberg et al., 2013; Coutinho et al., 2017a). Offspring exposed in
utero to anti-CASPR2-Ab displayed cellular and behavioral phenotypes with similarities to
those found in CASPR2-encephalitis patients and CNTNAP2-associated
neurodevelopmental/neuropsychiatric disorders (Bagnall-Moreau et al., 2020; Brimberg et
al., 2016; Coutinho et al., 2017b). Social interaction deficits and repetitive behaviors were
also observed in male offspring, as well as abnormal cortical development, reduced
dendritic arborization of excitatory neurons, decreased glutamatergic synapses, reduced
levels of GluA1, decreased number of inhibitory neurons and an increase in microglia
activation (Bagnall-Moreau et al., 2020; Brimberg et al., 2016; Coutinho et al., 2017b). This
phenotype was observed using both serum, total purified IgG or a monoclonal antibody
against CASPR2 (Bagnall-Moreau et al., 2020; Brimberg et al., 2016; Coutinho et al.,
2017b).

These results strongly suggest that maternal CASPR2 antibodies may directly
influence gestating offspring and contribute to the appearance of neurodevelopmental

disorders.
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1.5. Modelling brain disorders

Despite great advances in modelling human diseases in simpler organisms, from
yeast to mice, it has been a challenge for the scientific community and pharmaceutical
industry to translate findings and treatments towards the benefit of patients. This is
speculated to be due to specific aspects of human cellular physiology and complexity
of the human brain. Thus, the limited access to human brain samples and appropriately
complex models (i.e. beyond limited 2D cultures), has stymied progress. Mice models,
due to the complexity associated with an intact animal, have allowed the study of brain
development and behavior, including the impact of specific genetic mutations and the
environment on brain function (Lima Caldeira et al., 2019; Peca and Feng, 2012; Ting et
al., 2012). However, these models cannot mimic the unique cellular and molecular
physiology of the human brain, which has compromised the success for clinical
translation into effective treatments (Akhtar, 2015; Seok et al, 2013; Zhao and
Bhattacharyya, 2018). Therefore, advanced human models are essential to study brain
development, function and disease. With this goal in mind, the reprogramming of human
somatic cells into pluripotent stem cells, including human embryonic stem cells (hESCs)
and hiPSCs, has allowed the creation of patient- and disease-specific stem cell
populations (Takahashi et al., 2007; Thomson et al., 1998). These can then be further
differentiated into various cell types, including neurons and glia, allowing for subsequent
studies with potential applications for drug discovery and neurological disease research,
while preserving the genetic background of each individual (Brennand et al., 2011; Park
et al., 2008; Wen et al., 2014). Notwithstanding, the lack of brain cytoarchitecture and of
a 3D microenvironment may compromise the reliability of the information on disease
phenotypes that can be extracted from patient-derived stem cells. Indeed, core
pathogenic deficits may arise only in the context of more complex structures capable of
displaying meaningful neuronal architecture and circuitry (Lancaster et al., 2013; Y. Li et
al., 2017). To overcome these limitations, in 2013, Lancaster and colleagues generated
and described human cerebral organoids (Lancaster et al., 2013). Essentially, cerebral
organoids, or brain organoids, arise from stem cell aggregates that self-organize to form
a structure that mimics, to a certain degree, the 3D and layer organization of the human
brain (Lancaster et al., 2013). At the same time, these models retain genetic and tissue-
specific features, such as patterns of cellular migration, transcriptional and epigenomic
programs and synaptic and network activity that resemble several aspects of the fetal
brain (Camp et al., 2015; Lancaster et al., 2013; Luo et al., 2016; Quadrato et al., 2017;
Trujillo et al., 2019).
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Thus, brain organoids are now considered emerging models that complement the
toolkit available to biomedical researchers and promise a renewed potential for

translational applications.

1.6. Brain organoids: from single cells to 3D models

While over the past few years brain organoids have seen an explosion of interest,
key discoveries on the organizing principle of cells dates back to Henry Wilson’s
demonstration that undifferentiated cells can reorganize and differentiate into a new
functional organism (Wilson, 1907). In 1960, Weiss and colleagues observed that a
single-cell suspension of chick embryos are able to reorganize and re-form the initial
organism without external signals (Weiss and Taylor, 1960). Then, due to stem cell
advances and generation of mouse embryonic stem cells (MESCs), embryoid bodies
(EBs) were generated and differentiated both in vivo and in vitro (Evans and Kaufman,
1981). Later, EBs were used to differentiate hESCs into neural precursors, within neural
rosettes, in the presence of external signals, and into mature neurons and glia (Reubinoff
et al., 2000; Zhang et al., 2001). Additionally, Watanabe and colleagues used the serum-
free floating culture of embryoid bodies (SFEB) to demonstrate that this method per se
allows for the autonomous neural differentiation (Watanabe et al., 2007, 2005). However,
extracellular patterning factors can be added to the medium to promote the
differentiation of distinct regions, fostering the selective neural differentiation of EBs in
vitro (Watanabe et al., 2007, 2005). In 2008, a 3D version of the latter method was
developed — SFEB, with quick aggregation (SFEBq) — to mimic the developing mouse
and human cortex (Eiraku et al., 2008). This method was based on a quicker re-
aggregation of the cells and the formation of uniform EBs in U-bottom plates, which
promoted an efficient differentiation of ESCs into cortical progenitors and functional
cortical neurons (Eiraku et al., 2008). Once again, by manipulating extrinsic factors,
regional and temporal identities could be influenced and controlled. The same method,
improved by the addition of basement-membrane matrix components (Matrigel), was
used for the generation of 3D neural retinal tissue (Eiraku et al., 2011). Subsequently, 3D
SFEBq-like structures were developed from hiPSCs, with expression profiles similar to
the embryonic telencephalon development in humans (Mariani et al., 2012). In 2013, a
landmark model of human 3D brain structures, termed cerebral organoids, was
developed by Lancaster and colleagues (Lancaster et al., 2013). This approach is devoid
of patterning growth factors and takes advantage of Matrigel, used as structural support
to promote proper tissue growth. Furthermore, to avoid the lack of oxygen and nutrients,

the structures are transferred to a spinning bioreactor (Lancaster et al., 2013).
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Brain organoids mimic the whole brain and have been shown to present different
and interdependent regions, indicative of cerebral cortex, choroid plexus, retina and
meninges, and recapitulate various aspects of human cortical development (Lancaster
et al,, 2013). In the same year, Matrigel was also used for the generation of neocortex-
like tissue using hESCs (Kadoshima et al., 2013). Nonetheless, considering that Matrigel
is obtained from tumors and its components depend on cultivation and purification that
may display batch to batch variability, Pagca and colleagues established a novel, simpler
and reproducible method for 3D cultures, termed 3D human cortical spheroids (hCSs)
(Pasca et al., 2015). In this approach, minimal external factors are added to the culture
for the patterning into cortex-like structures. These hCSs were shown to contain
spontaneously active excitatory neurons (Pasca et al., 2015).

Currently, numerous studies have been performed in order to overcome the
limitations and improve available methods, which include region-specific differentiation
(Jo et al,, 2016; Lancaster et al., 2017; Muguruma et al., 2015; Pasca et al, 2015;
Sakaguchi et al.,, 2015; Xiang et al., 2019), fusion of different type of organoids to create
circuit-specific models (Andersen et al., 2020; Bagley et al., 2017; Birey et al., 2017; Miura
et al., 2020; Xiang et al., 2019), axially patterned organoids (Cederquist et al., 2019), and
co-culture of organoids with other cell types (Cakir et al., 2019; Shi et al., 2020; Song et
al., 2019a, 2019b). The history timeline for the development of these models is

presented below (Figure 1.4).

Human neuronal rosettes
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(Reubiro et al 2000,
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Figure 1.4. Historical timeline for organoids generation. The first discoveries occurred early in the 20t
Century with significant improvements over the years.
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1.7. Brain organoids 2.0: assembloids

Multi-regional assembloids are now being used to model the interactions between
different brain regions, to offer insights on fundamental developmental processes, such
as migration of different cell types into another region, synaptogenesis occurring when
cells integrate a new neuronal circuit, and the formation of reciprocal and functional
projections (Bagley et al., 2017; Birey et al., 2017, Sloan et al., 2018; Xiang et al., 2019,
2017). One of the first attempts to recapitulate migration of different cell types to a
different patterned organoid was performed by Bagley and colleagues, who modelled
the migration of medial ganglionic eminence (MGE) neurons into cortical organoids by
modulating its activity (Bagley et al., 2017). These complex models have also been used
to study cellular and molecular mechanisms and circuit assembly associated with brain
disorders. For instance, dorsal-ventral assembloids were used to model Timothy
syndrome features, a severe neurodevelopmental disorder characterized by ASD and
epilepsy and caused by a mutation in the L-type calcium channel (LTCC) Ca,1.2 (Birey et
al., 2022, 2017).

Advances have been made and other complex multi-regional assembloids have
been developed, including thalamocortical assembloids (Xiang et al., 2019), cortico-
striatal assembloids (Miura et al., 2020), cortico-motor assembloids (Andersen et al.,
2020) and retina-cortical and retina-thalamic-cortical assembloids (Fligor et al., 2021).

In humans, the development of the thalamocortical circuit is characterized by the
formation of extensive reciprocal projections, whose function is to process
sensorimotor signals, attention and arousal. Defects in the development of this system
have been linked to neurodevelopmental disorders, including ASD, schizophrenia, and
epilepsy (Xiang et al., 2019). Xiang et al. established a method that models reciprocal
connectivity between thalamus and cortex by fusing regionally specific brain organoids.
Using this system, formation of reciprocal connections between the two patterned
organoids were observed, followed by synaptogenesis in the respective targeted regions
and functional maturation (Xiang et al., 2019).

Regarding cortico-striatal circuits of the forebrain, they are known to modulate the
motivated behaviors and movement. The structure of this system features cerebral
cortex projections directed towards the GABAergic medium spiny neurons, which
connect to the basal ganglia and acquire a physiologically mature state. Dysfunctions of
the cortical-striatal pathway may also contribute to neurodevelopmental and psychiatric
disorders such as Tourette syndrome, ASD, schizophrenia or OCD. Cortico-striatal
assembloids were characterized by cortical glutamatergic projections targeting the

striatal side, which was mainly composed of morphologically and functionally mature
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striatal neurons (Miura et al., 2020). This directionality in the interaction between cortex
and striatum is known to be present in vivo (Shepherd, 2013). This specific model
allowed the generation of cortico-striatal assembloids derived from patients with
22q13.3 deletion syndrome (Phelan-McDermid syndrome) (Miura et al., 2020).

Andersen and colleagues also developed a cortico-motor circuit, composed of
hCSs fused to a human spinal spheroid (hSpS) and a human skeletal muscle spheroid
(hSkM). This network involved cortical neurons that controlled the contraction of muscle
cells via the motor neuron component (Andersen et al., 2020).

Additionally, the generation of retina-thalamic-cortical assembloids was a great
improvement to the previous retina organoid models (Zhong et al., 2014). This model
promoted a significant increase in the survival of retinal ganglion cells, due to the signals
provided by thalamic organoids (Fligor et al., 2021), allowing the study of developing

human retina or retina injuries.

1.8. Limitations in cell diversity in brain organoids

Assessing the regional complexity and cell composition of brain organoids has
been crucial to determine the validity of these culture models. Single-cell transcriptomic
analysis has been used for the identification of different brain regions and various cell
types within brain organoids. For instance, self-patterned whole brain organoids display
heterogeneous tissues and regions, such as forebrain, midbrain, and hindbrain, but also
choroid plexus, retina and optic vesicles (Gabriel et al., 2021; Lancaster et al., 2013;
Quadrato et al., 2017). Moreover, it is also clear the heterogeneity of cellular populations,
which include neuronal progenitors at first and mature neurons in later stages, including
dopaminergic, glutamatergic and GABAergic neurons (Kanton et al., 2019; Lancaster et
al., 2013; Quadrato et al., 2017), with the latter being mainly restricted to older organoids
(6 to 10 months), which is in line with in vivo development (Trujillo et al., 2019). This
model also contains glial cells, such as astrocytes and oligodendrocyte precursor cells,
after long-term culture (Kanton et al., 2019; Quadrato et al., 2017), and according to
Ormel, microglia-like cells may be also observed within the organoid if mesodermal
precursors are present in the initial stages of organoid formation (Ormel et al., 2018).
Nevertheless, in most studies, microglial populations are not reported as present in
human brain organoids, but can be added by incorporating microglial progenitors into
the developing organoid (Abud et al., 2017; Bodnar et al., 2021; Fagerlund et al., 2021;
Popova et al., 2021; Sabate-Soler et al., 2022; Song et al., 2019b; Xu et al., 2021).
Moreover, endothelial populations may have been reported in organoids, however, with

no evidence of vascularization (Tanaka et al., 2020). This has led to efforts in creating

45



Chapter 1 — Introduction

brain organoids with vasculature (Cakir et al., 2019; Daviaud et al., 2018; Mansour et al.,
2018; Pham et al., 2018; Shi et al., 2020; Song et al., 2019a).

Despite the fact that self-patterned methods produce more heterogeneous cell
populations, with limited spatial organization, similar cell types, gene expression
profiles, and developmental trajectories were observed across distinct differentiation
methods (Tanaka et al.,, 2020), with exception of some metabolic genes that are
indicative of cell stress caused by in vitro culture (Bhaduri et al., 2020; Pollen et al., 2019).
Furthermore, studies have been performed to compare brain organoids with other
tissues, including non-human primates’ brains (chimpanzee and macaque) (Kanton et
al., 2019; Pollen et al., 2019) and human fetal brain (Amiri et al., 2018; Camp et al., 2015;
Gordon et al., 2021; Nascimento et al., 2019; Tanaka et al., 2020; Velasco et al., 2019).
Although some genes were differentially expressed, several gene networks are
conserved across human and non-human primates (Pollen et al., 2019), with human
organoids showing delayed maturation with respect to other primates (Kanton et al.,
2019). On the other hand, gene expression patterns of human brain organoids are
preserved comparing to human brain tissue and resemble aspects of in vivo human
corticogenesis, including the proliferation and self-renewal capacity of neural progenitor
cells, production of extracellular matrix, neuronal migration and differentiation (Camp et
al., 2015; Kanton et al., 2019). It was also reported that several cell types, such as mature
astrocytes, only appear later in organoid development, which is also in accordance with
the observed in human development (Gordon et al., 2021). Therefore, despite limitation
and lack of important cellular population that exist in the “natural” brain, long-term
maturation of brain organoids correlates with in vivo development not only at the
epigenetic and transcriptomic levels, but also in a chronological manner (Gordon et al.,
2021; Tanaka et al., 2020).

1.9. Functional properties of brain organoids

Together with the complexity and cell composition of brain organoids, it is crucial
to assess their maturation and the establishment of functional synapses and neural
networks. Patch-clamp, optogenetics, calcium (Ca?*) imaging and multielectrode arrays
(MEA) have been several of the different and complementary methods used to evaluate
the electrophysiological activity in brain organoids (Table 1 and Table 2). Patch-clamp
can give the most detailed information about an individual cell, including its intrinsic
properties, such as the membrane resistance, capacitance, resting membrane potential

and ion channel activity and even network connectivity.
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To overcome the variability associated with the production of whole-brain
organoids, improvements have been made, which included the generation of cell and
region-specific models (Andersen et al., 2020; Birey et al., 2017; Miura et al., 2020;
Monzel et al, 2017; Pasca et al., 2015; Xiang et al., 2019, 2017). In 2015, Pasca
developed the first human region-specific organoids, the hCSs. These cortical spheroids
presented spontaneous activity, evaluated by Ca?* imaging, at 130 days of age, and
present the capability to fire action potentials upon depolarizing current injection (Pasca
et al., 2015). Notably, at earlier ages, using the same amount of depolarizing currents,
less firing of action potentials was observed, with lower amplitudes, higher threshold
and slower kinetic of repolarization (R. Li et al.,, 2017). Similarly, SEPSCs were only
observed at later stages, following more pronounced neuronal maturation (R. Li et al.,
2017).

The assembly of organoids resembling different brain regions allowed to study
brain connectivity between multiple regions during brain development and disease. The
contribution of the inhibitory system is notorious upon migration of inhibitory neurons
from the ventral to the dorsal forebrain, with an overall increase in synaptic inputs and
in the frequency of the action potentials generated (Birey et al., 2017). Recently, thalamo-
cortical (Xiang et al., 2019), cortico-striatal (Miura et al., 2020), and cortico-motor
(Andersen et al., 2020) organoids were developed and in all these cases, functional
interactions were observed, as well as improvements in the electrophysiological
capability. For example, Xiang and colleagues showed by whole-cell patch clamp that
thalamic neurons from thalamocortical organoids (hThCOs) displayed increased firing
frequency compared to thalamic neurons from non-fused thalamus organoids (hThOs)
(Xiang et al., 2019). Moreover, striatal neurons (hStrS) from cortico-striatal assembloids
also showed increased frequency of action potentials and higher frequency of
spontaneous activity after fusion (Miura et al., 2020). Likewise, Andersen demonstrated
more spontaneous contractions after fusion of human cortical spheroids, human spinal
spheroids and human skeletal muscle spheroids (hCSs-hSpS-hSkM) (Andersen et al.,
2020). Additionally, in some of these studies, optogenetic stimulation was used to
validate the connections between assembloids (Andersen et al., 2020; Miura et al.,
2020).

In a recent and elegant study, the neuronal network dynamic was evaluated over
several months and compared with a human preterm neonatal electroencephalogram
(EEG) (Truijillo et al., 2019). Using whole-cell patch clamp, it was shown that action
potential firing activity was inhibited by glutamate receptor antagonists, revealing the

presence of functional excitatory synapses. At the mesoscopic level, MEA revealed
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increases in electrical activity over the course of 10 months. Additionally, the network
activity progressed from periodic but infrequent events to repetitive and regular nested
oscillatory networks, reaching a higher spatiotemporal complexity and variability, which
resemble self-organized networks. Moreover, using machine learning procedures, the
authors demonstrated similarities between the network transitions present in cortical
organoids to the EEG of a preterm human newborn (Truijillo et al., 2019).

Bioengineered neuronal organoids (BENOs) were generated to improve the
maturation time and functional properties of brain organoids (Zafeiriou et al., 2020). This
protocol was implemented using dispersed hiPSCs in collagen type |, followed by
controlled differentiation and maturation protocol using defined media and a variety of
factors (collagen, small molecules, and growth factors.) in a 1-step culture. Using Ca?*
imaging and MEA, the authors reported complex network function after 2 months of
culture. These features seem to be similar to the reported ones by Trujillo after 7 months
of brain organoids culture (Trujillo et al., 2019; Zafeiriou et al., 2020). BENOs displayed
an increase in the frequency of Giant depolarizing potential (GDP)-like events in earlier
stages of development and a decrease in later stages, as observed during fetal
development, as well as the switch of GABA from excitatory to inhibitory
neurotransmission — indicative of neuronal network maturation. Additionally, BENOs
showed long- and short-term potentiation (LTP/STP) or depression (LTD/STD), which is
a phenomenon associated with neuronal plasticity, validating the network function of
this model (Zafeiriou et al., 2020).

Considering the lack of microglia as one of the limitations associated to these
models, several authors have been generating microglia from hiPSCs and seeding them
into brain organoids (Abud et al., 2017; Bodnar et al., 2021; Fagerlund et al., 2021; Popova
et al., 2021; Sabate-Soler et al., 2022; Song et al., 2019b; Xu et al., 2021). Xu et al. showed
that neurons from microglia-containing brain organoids were functionally mature,
presenting voltage-gated Na* and K* currents, firing action potentials upon current
injection, but also displaying spontaneous action potentials and spontaneous
postsynaptic currents (sPSCs) at 90 days (Xu et al., 2021). Nonetheless, the authors did
not compare microglia-containing brain organoids with brain organoids without
microglia, which would be essential to evaluate the microglia effect on brain organoids
development. More recently, hiPSCs differentiated into erythromyeloid progenitors were
allowed to mature into microglia-like cells within the organoid environment (Fagerlund
et al., 2021). The authors showed larger Na* and K* currents density, increased sEPSCs,
increased firing activity of action potentials and increased neuronal networks in

microglia-containing brain organoids than in their counterparts lacking microglia
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(Fagerlund et al., 2021). This was observed both at 107-120 days and 150-165 days with
a higher intensity in the later stage. However, at 200-213 days the same was not
observed, probably due to the excessive time spent in culture and increased cell death
(Fagerlund et al., 2021). This is correlated with other studies where the authors also
reported increased excitability of neurons in organoids containing microglia (Popova et
al., 2021; Sabate-Soler et al., 2022). These observations are in line with the known roles
of microglia in neurodevelopment, including synaptic pruning to eliminate extra and
inactive synapses, strengthening and supporting active synapses, contributing for
neuronal maturation, and support the relevance of introducing microglia into brain
organoids (Guedes et al., 2022).

Another drawback of these 3D models is related to the lack of vasculature, which
directly influences normal neuronal development, due to the formation of a nutrient and
oxygen gradient from the surface to the core of the organoids, leading to a cytotoxic
environment in the center of large organoids. Therefore, protocols have been developed
to create vascularized organoids (Cakir et al., 2019; Daviaud et al., 2018; Mansour et al.,
2018; Pham et al., 2018; Shi et al., 2020; Song et al., 2019a) and the functional properties
of the neurons were analyzed (Shi et al., 2020). The authors observed differences in the
intrinsic properties of neurons, but also in neuronal networks. Neurons in vascularized
organoids presented lower resting membrane potential, increases in outward current
amplitudes over time and higher firing frequencies. These results suggest that
vascularization supports neuronal maturation.

Overall, brain organoids display neuronal and network activity with signs of
increased neuronal maturation over time, resembling the human fetal development.
Moreover, microglia and vasculature may be important elements to consider for

additional complexity and maturation of the model.

1.10. Reliability of brain organoids

Brain organoids are known to be robust models to study neurodevelopmental
disorders as they recapitulate key features of human brain development. However,
several concerns have been pointed out in the field regarding the reproducibility of these
models, as they are based on cell culture and are subject of similar issues from the
traditional cell cultures, such as cell line differences and batch effects. To measure the
robustness and efficiency of these models it is important to assess the cell type
distribution among different batches of organoids and from different starting cell lines,
and whether the developmental and transcriptional timings are similar to those found in

the developing human brain.
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Variability is an important factor to keep in mind when performing disease
modelling studies using brain organoids, as these studies typically rely on comparing
multiple patient and control cell lines that have distinct genetic backgrounds. Recent
studies have shown that organoids generated from patient-derived cell lines showed
higher variability when compared to brain organoids from isogenic cell lines (Hernandez
et al., 2021). While this allows for the opportunity of having a more diverse and
representative cell-type composition, it decreases the predictability of this method in
terms of generating homogenous neuronal populations. Quadrato and colleagues used
single-cell RNA sequencing to assess 80,000 individual cells from brain organoids and
found that radial glia progenitors were present in all organoids samples, whereas cortical
interneurons and intermediate progenitors were present in only 50% of the organoids
(Quadrato et al., 2017). This variability has been the center point in the optimization of
self-patterned and patterned protocols that give rise to a more homogeneous, and thus
less diverse, population of cells. For instance, using poly(lactide-co-glycolide) copolymer
fiber microfilaments as floating scaffolds, an increase in organoid surface area and
facilitation in neuronal induction was observed (Lancaster et al., 2017). Additionally,
region-specific protocols have also shown to increase cell homogeneity. Cortical
spheroids that recapitulate ventral and dorsal forebrain development have shown to be
reproducible, upon differentiation from multiple human pluripotent stem cell lines, as
only 8.4% of the variance was due to cell line differences and overall variability was
shown to decrease with differentiation (Yoon et al., 2019). A recent study (Bhaduri et al.,
2020) has compared the transcriptional profile of brain organoids generated using both
self-patterned and patterned protocols and has shown that, although they do not fully
recapitulate transcriptional profiles of the fetal brain as they are missing key cell types
and extra cortical inputs, they are reproducible in terms of gross, overall cell

composition.

Taken together, these observations indicate that brain organoids are promising
models that have been improved to better recapitulate several features of the in vivo
brain development (Fig. 1.5). Overall, they present heterogenous populations of cells
that contribute for neuronal maturation and development of functional neuronal
networks. These models will allow the study of underlying cellular and molecular
features of several neurodevelopmental and neuropsychiatric disorders, including the

ones caused by anti-CASPR2 autoantibodies.
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Figure 1.5. Brain organoids features and technologies. Brain organoids present a wide variety of cell
populations and display neuronal activity. Different protocols have been generated to improve the field’s
needs, including the generation of region-specific organoids, assembloids, axially patterned organoids and
co-culture of organoids with different cells.
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Table 1. Functional properties of human brain organoids assessed by whole-cell patch clamp.

Protocol Main focus Electr.o physiological Organoid's Organou! S Drugs Main findings related to functionality References
technique age preparation
Dissociated Monolayer/slices:
hCSs APs (20pA)
. Model validation (cultured in TTX, D-AP5, P
Guided SEPSCs (Pasca et al,,
(hCSs) (cell-subtype Whole-cell patch clamp | ~130 days monolayer for 2 | NBQX, 2015)
specification) weeks) Kynurenic acid
Monolayer:
. Na* and K* currents
Slices
Guided Model validation . APs (10 PA) . .
(forebrain (regional Whole-cell patch clam 100 days Slices Gabazine, Rectifying membrane properties (Qian etal,
oraanoids) . gci fioation) P P y DNQX, TTX Na* and K* currents 2016)
g P SEPSCs and sIPSCs
1 Na* and K* currents over time
Guided Model validation 33-50 days _ CNQX, APS, ¥ Rmand T Cm over time (Joetal,
(midbrain (cell-subtype Whole-cell patch clamp Slices - APs (10pA)
; L PTX, Quinpirole 2016)
organoids) specification) 65-84 days SEPSCs, sIPSCs, sEPSPs
Rhythmic discharged (mDAs)
hSS:
APs (5pA)
sIPSCs
Guided Regional Gabazine hCS+hSS: (Birey et al
(assembloid: specification Whole-cell patch clamp | 96-141 days Slices K nureni(; acid 1 AP rate; DIxi1/2b::eGFP* cells that migrated into 201 7); N
hCS + hSS) and interaction Y the hCS display EPSCs and iPSCs

Glutamatergic cells from hCS display EPSCs and

iPSCs

Evoked EPSCs and iPSCs (neuronal integration

into a functional microcircuit)
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sEPSCs on day 121

Guided (hCOs) Cell-§gbtype Whole-cell patch clamp | 51, 62, 121 days Slices TTX APs with higher amplitude and faster kinetic of R Lietal,
specification o 2017)
repolarization on day 121 than 51
Guided Regional
(assembloid: P i ) . hMGEOs: (Xiang et al.,
hCOs + :ﬁzci:ltze:;ft?on Whole-cell patch clamp | Not defined Slices No drugs APS (+5pA) 2017)
hMGEOs)
APs
. Na* and K* currents
tlhngglsc)ied Model validation | Whole-cell patch clamp | 11-12 weeks Slices TTX Cells with APs: > Na*/K* currents fe\‘ivaara;g?;)
Intrinsic properties similar to slices of human fetal N
cortex from gestational weeks 16—22
Guided .
+ : .
(assembloid: Model validation | Whole-cell patch clamp | 90-100 days Slices No drugs hThCOs +hCOs (Xiang et al,
hThCOS) > frequency than non-fused hThCOs 2019)
Unguided (Giandomeni
(whole-brain Model validation | Whole-cell patch clamp | Not defined ALI-CO slices No drugs Trains of APs coetal,
organoids) 2019)

. APs "
Guided Model validation | Whole-cell patch clamp | 6 months Intact organoids | TTX, CNQX, AP5 | Na*and K* currents (Trujillo et
(hCOs) SEPSCs al., 2019)

Developing neurons:

APs with slow kinetics and small amplitudes

SEPSCs
Unguided Na* and K* currents
(whole-brain Model validation | Whole-cell patch clamp | 12, 24 weeks Slices No drugs (Sivitilli et al.,
organoids) Mature neurons: 2020)

APs with fast kinetics and high amplitudes
SEPSCs
Bigger Na* and K* currents than developing
neurons
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Guided A . EPSPs (Zafeiriou et
(BENOs) Model validation | Whole-cell patch clamp | 35-65 days Slices TTX Na* and K* currents al,, 2020)
Whole-cell patch clamp:
hStrS:
Inward rectification
APs (slow-ramp depolarization)
Hyperpolarized RMP (~ -80mV)
Guided Whol Il patch cl hCOs + hStrSs:
uide . Regional olecellpaten clamp | 110.120 days; (compared to hStrSs alone) )
(assembloid: . . o (Miura et al.,
specification . 160-170 days Slices No drugs T excitability
hCOs + . ) Optogenetics + whole- ) , 2020)
and interaction { spike half-widths
hStrSs) cell patch clamp
T SEPSCs
Optogenetics + whole-cell patch clamp:
hCOs + hStrSs:
oEPSCs (optically evoked)
OEPSPs
APs
Whole-cell patch clamp:
. hSpS:
Guided . Regional Whole-cell patch clamp APs
(assembloid: e ' . (Andersen et
specification Not defined Slices TTX
hCS + hSpS + i . . . al., 2020)
hskM) and interaction Optogenetics + whole- Optogenetics + whole-cell patch clamp:

cell patch clamp

hCS + hSpS
EPSCs after light stimulation
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Whole-cell patch clamp:
1 outward current amplitudes
1 APs firing frequency

. Model validation | Whole-cell patch clamp | 60, 80, 90, 210 . Bicuculline More negative RMP (Shi et al.,
Guided (hCOs) o Slices - .
(vascularization) days methiodide 1 spontaneous activity 2020)
Dual patch clamp:
Electrical synapses
Na* and K* currents
. Model validation | Whole-cell patch clamp . APs (Xu et al.,
Guided (microglia) 90-92 days Slices No drugs Spontaneous APs 2021)
sPSCs
Na* and K* t
Unauided Model validation | Whole-cell patch clamp | 107-120 days Slices No druds 1AI§ ?n fcurren S (Fagerlund et
9 (microglia) 150-165 days 9 s Tiring frequency al., 2021)
T SEPSCs
Guided . T Na* currents (Sabate-
(midbrain (I\:I:igi Vl?l:)datlon Whole-cell patch clamp 35days Intact organoids | No drugs { threshold potential Soler et al.,
organoids) 9 T excitability 2022)

hCSs: human cortical spheroids; hSS: human subpallium spheroids; hCOs: human cortical organoids; h(MGEOs: human medial ganglionic eminence organoids; hThCOs: human fused thalamus-
cortex organoids; ALI-CO: air-liquid interface cerebral organoids; BENOs: Bioengineered Neuronal Organoids; hStrSs: human striatal spheroids; hSpS: human spinal spheroids; hSkM: human
skeletal muscle spheroids; mDAs: midbrain dopaminergic neurons.
APs: action potentials; sPSCs: spontaneous postsynaptic currents sEPSCs: spontaneous excitatory postsynaptic currents; sIPSCs: spontaneous inhibitory postsynaptic currents; sEPSPs:

spontaneous excitatory postsynaptic potentials; RMP: resting membrane potential.
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Table 2. Functional properties of human brain organoids assessed by calcium imaging and multielectrode arrays.

Protocol Main focus Electrophysiological Organoid’s age Organoid’'s Drugs Main findings related to electrophysiology References
technique preparation
Unguided
Model L ter et
(whole-brain O. © . Ca?* imaging (Fluo4) Not defined - Glutamate, TTX | Spontaneous Ca?* activity (Lancaster e
. validation al.,, 2013)
organoids)
Dissociated
Model ?(Sjsltired in
Guided validation Ca?* imaging 130 davs monolaver for 2 | No druas Monolayer/slices: (Pasca et al,,
(hCSs) (cell-subtype (Fura2/Fluo4) y weeks) y 9 Spontaneous Ca?* activity 2015)
specification)
hCSs slices
Model
Guided Glutamate
lidati ’ Ca?*risei to GABA-induced ian et al.
(forebrain val 'a on Ca?*imaging (Fluo4-AM) | ~100 days Slices GABA, @ rlsg |nvresponse’ ° incce (Qian etal,
. (regional . . depolarization at earlier ages 2016)
organoids) - Bicuculline
specification)
Guided Regional .
hCS/hSS: B t al.
(assembloid: specification Ca?* imaging (Fura2) 43-52 days Intact organoids | KCI Ca2+/activit after denolarization (20|1re7); etal
hCS + hSS) and interaction y P
APs at 8mo
Excitatory monosynaptic connections
4 months Non-NMDAR-mediated excitatory synaptic
Unguided transmission
(whole-brain Mo.dell MEA 8 months Intact organoids TTX Network activity with self-organized patterns of (Quadrato et
. validation NBQX . al.,, 2017)
organoids) activity

7-9 months (light
stimulation)

Firing rate after light exposure (4 out of 10
organoids)
1 cFos after light exposure
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Ca?* imaging:

Ca?* imaging:
Spontaneous activity with regular firing patterns,

Guided Mgdel . Ca?*imaging (Fluo4-AM) | 50-52 days resembling the pacemaker activity of mDNs
validation (Monzel et
(midbrain (cell-subtype Intact organoids | Quinpirole al, 2017)
organoids) - ﬂcat’ggn) MEA MEA: MEA: g
P 82-84 days Spontaneous activity
Neuronal network synchronicity
. Cell-subtype . . . - (R.Lietal,
Guided (hCOs) specification Ca?* imaging (Fluo4-AM) | 85 days Slices TTX Spontaneous activity 2017)
Guided . Regional Ca?* imaging hMGEOs/hCOs: .
(assembloid: (Xiang et al.
hCOs + specification (AAV1.syn.GCaMP6s.WP | 40-50 days Intact organoids | TTX, Bicuculline | Spontaneous activity; synchronization (=functional 2017) '
hMGEOS) and interaction | RE.SV40) neuronal networks)
) Ca?*imaging (AAV1-
Unguided Model ) . L ) N (Watanabe
(hCOSs) validation g;In.GCaMP6f.WPRE.SV4 Not defined Intact organoids | No drugs Spontaneous activity with partial synchronization etal, 2017)
Guided Ca?*imaging ] )
(assembloid: Mgdel . (AAV1.syn.GCaMP6s.WP | 48 days Intact organoids | No drugs NThOS/hThCOS: . . (Xiang et al.
hThCOS) validation RE.SV40) Spontaneous synchronized activity 2019)
Intact organoids:
Asynchronous spontaneous activity
76-104 days
(intact organoids) ) Cells:
Intact organoids . -
Model Glutamate, 16 days after dissociation: Asynchronous (Sakaguchi
Guided validation Ca?*imaging (Fluo4-AM) | 16-30 days after Dissociated Bicuculline, spontaneous activity ot al 301 9)
dissociation cells CNQX, D-AP5 !
(dissociation: 70- 30 days after dissociation: Synchronized
100 days) spontaneous activity

Drug-induced dynamic change of the neural
networks
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Unguided

117 days (sliced

Spontaneous activity

(Giandomeni

(whole-brain Mo.dell MEA at 63 days plus 54 ALI-CO slices TTX Network bursts . coetal,
. validation days under ALI Muscle contraction after ALI-CO axon tracts
organoids) o . ; 2019)
conditions) stimulation
TTX, AP5, CNQX, | T electrical activity (channel-wise firing rate, burst
Bi lli i
Guided Model 2,4,6and 8 . !CUCU I.ne' frequency and sy'nf:hrony) overtime (Trujillo et
R MEA Intact organoids | Picrotoxin; Synchronous activity
(hCOs) validation months - . . ) al., 2019)
Baclofen; Network activity data in organoids correlates with
Muscimol EEG data of preterm human infants
Ca? imaging:
GDP-like events in early and intermediate BENOs
. ) . ) stages, but not in later BENOs stages, indicative of
Ca® imaging: Ca?* imaging: Ca?* imaging: a developmental switch of GABA from excitator
Ca?* imaging (FIu8-AM) | 20-98 days gng- 1 7y evelopmenta y
. Intact BENOs to inhibitory activity »
Guided Model PTX Paired-pulse depression (PPD) (Zafeiriou et
(BENOS) validation MEA MEA: VEA. CNQX P P al, 2020)
20-57 days Slices g"aﬁi?;n MEA:
1 individual bursts and network bursts at later
stages
LTP, LTD, STP and STD observed 1h after HFS
Unguided . . .
. Model 34, 64,99, 120, . 1 number of spikes, bursts and spike rates over (Fair et al.,
(whole-brain o MEA Intact organoids | No drugs .
organoids) validation 161 days time 2020)
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Ca?* imaging:

Ca?* imaging:
hStrS:

. Ca?* imaging NBQX, AP5, Spontaneous and synchronized activity
Guided . . .

. Regional (AAV.GCaMPe6) Bicuculline .
(assembloid: e . . b N (Miura et al.,
hCOs + specification 90-145 days Intact organoids Optogenetics + Ca“* imaging: 2020)
hStrSs) and interaction | Optogenetics + Ca?* Optogenetics + | hCOs + hStrSs:

imaging Ca?* imaging: 1 activity after light stimulation
NBQX, AP5 * signal at later stages
Glutamatergic transmission from hCSs to hStrSs
. ) Optogenetics + Ca?* imaging:
Ca** imaging: hCS + hSpS:
Ezd':) daf (hCS + 1 activity after light stimulation
P Glutamatergic transmission from hCSs to hSpS.
Ca?* imaging (Cal590- Obtogenetics +
AM, AAV.GCaMP7s) ng+ ?ma o Optogenetics + | hCS + hSpS + hSkM:
45 weeki 79 Ca?* imaging: T Ca?* spikes in hSkM fibers upon light
Guided . Optogenetics + Ca?* ' NBQX, APS stimulation
. Regional . - 8weeks .
(assembloid: specification imaging Intact organoids (Andersen et
hCS + hSpS + asd interaction Glutamate Optogenetics + Glutamate uncaging: al., 2020)
hSkM) Glutamate uncaging uncaging: glutamate hCS+ hSpS + hSkM:
Not dgefig;ed uncaging: 1 spontaneous contractions compared to hSkM
Optogenetics + NBQX, AP5 alone or hCS-hSkM assembloids
glutamate uncaging Optogenetics + More coordination
lutamate
Sncaging' Optogenetics + glutamate uncaging:
Not defined hCS+ hSpS + hSkM: ‘ ‘ .
hSkM contraction after light stimulation
Model TTX, CNQX, APS,
validation . . bicuculline . (Shi et al.
i 2+ i 2+ R ’
Guided (hCOs) (vascularizatio Ca?* imaging 50, 85 days Slices methiodide, Spontaneous Ca?* activity 2020)
n) glutamate
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Model .
Unguided validation 3D MEA 150-165 days Slices NMDA ) sppntaneously .actlve glfectrodes (Fagerlund et
) ) 200-213 days * firing and bursting activity al., 2021)
(microglia)
Guided Model MEA (Sabate-
(midbrain validation 35days Intact organoids | No drugs { interspike interval Soler et al.,
organoids) (microglia) 2022)

hCSs: human cortical spheroids; hSS: human subpallium spheroids; hCOs: human cortical organoids; h(MGEOs: human medial ganglionic eminence organoids; hThCOs: human fused thalamus-
cortex organoids; ALI-CO: air-liquid interface cerebral organoids; BENOs: Bioengineered Neuronal Organoids; hStrSs: human striatal spheroids; hSpS: human spinal spheroids; hSkM: human
skeletal muscle spheroids; mDNs: midbrain dopaminergic neurons; daf: days after fusion.
APs: action potentials; LTP: long-term potentiation; LTD: long-term depression; STP: short-term potentiation; STD: short-term depression; GDP: Giant-depolarizing potential, EEG:
electroencephalogram.
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Objectives

OBJECTIVES OF THE PRESENT STUDY

Considering the contribution of anti-CASPR2-Ab to neuropsychiatric and
neurodevelopmental disorders, our main aim was to evaluate the impact of these
antibodies in an earlier phase of human brain development, using human brain
organoids. To assess the ability of this new model to recapitulate the early stages of

human brain development, we:

1. Generated and characterized hiPSCs-derived whole-brain organoids (Task 1).
1.1. Expression levels of neuronal and glial markers over time in brain organoids
1.2. Functional neurophysiological properties of brain organoids and key timelines

to observe robust neuronal activity

2. Evaluated the effect of anti-CASPR2-Ab on neurodevelopment and characterized
hiPSCs-derived whole-brain organoids after exposure to anti-CASPR2-Ab (Task 2).
2.1. Binding specificity of anti-CASPR2-Ab to the CASPR2 protein in cortical neuronal
cultures and HEK cells

2.2. Expression levels of CASPR2-related proteins and genes in brain organoids
exposed to anti-CASPR2-Ab

2.3. Functional neuronal properties changes in brain organoids exposed to anti-
CASPR2-Ab

Furthermore, we aimed to assess the potential of whole-brain organoids use as
models for genetic-driven frontotemporal lobar degeneration. Specifically, new human
disease-specific hiPSCs lines from patients with mutation in the granulin gene (GRN)
(Task 3). In this part of the work, we assessed the pluripotency and trilineage
differentiation capacity of the generated lines; characterized these cells and their ability

to generate whole-brain organoids for future studies.
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2.1. Fibroblasts culture from skin biopsy

Skin punch biopsies were collected at Centro Hospitalar e Universitario de
Coimbra (CHUC), according to the approval of the Ethics Committee of the Faculty of
Medicine, University of Coimbra (Project CE-028/2016) and following the guidelines of
the Declaration of Helsinki. Data were treated confidentially according to the General
Data Protection (GDPR), Regulation (EU) 2016/679 of the European Parliament and of
the Council of 27 April 2016. The dissection of each skin punch biopsy and isolation of
fibroblasts were performed following the protocol described by Vangipuram
(Vangipuram et al., 2013). In brief, the epidermis was excluded, and the dermis was cut
into small pieces and placed into a 6-well plate (Thermo Fisher Scientific) (3
pieces/well). The samples were covered with a coverslip and fibroblasts medium
(DMEM - D5648 (Sigma), supplemented with 44 mM NaHCOs; (Fisher Scientific), 1 mM
Na-pyruvate (Gibco), 1% penicillin/streptomycin (Gibco) and 10% of heat-inactivated
FBS, pH 7.3). The cells were maintained at 37°C in a humidified atmosphere containing
5% CO,. Once fibroblasts were confluent, the cells were expanded and subsequently

used for reprogramming.

2.2. HEK293T cell line culture and transfection

Human embryonic kidney (HEK) 293T cell line was maintained at 37°C in a
humidified atmosphere containing 5% CO, in DMEM D5648 (Sigma), supplemented with
44 mM NaHCOs (Sigma), 1% penicillin/streptomycin (Gibco) and 10% of heat-inactivated
FBS, at pH 7.2.

HEK293T cells were cultured in 12-well plates (Thermo Fisher Scientific) with 18
mm poly-L-lysine-coated glass coverslips at a density of 1 x 10°cells/well. The following
day, cells were transfected using the calcium phosphate method. Briefly, 4 ug of
pCASPR2-EGFP or pCTR(control)-EGFP diluted in ddH,0 were added dropwiseto a2 M
CaCl;, solution. This mixture was then added to a HEPES Buffered Saline solution (HBS:
50 mM HEPES, 280 mM NaCl, 1.5 mM Na;HPO,, pH 7.05) and immediately added,
dropwise, to the cells. The cells were incubated at 37°C, 5% CO; for 5 h. After 5 h, fresh
culture medium was added and the cells were kept in the incubator (37°C, 5% CO,) for
48 h.

65



Chapter 2 — Methods

2.3. Primary culture of rat cortical neurons

Low-density Banker primary cultures of rat cortical neurons were prepared from
the cortices of E18 Wistar rat embryos. All procedures were reviewed and approved by
the Portuguese National Authority for Animal Health (DGAV). Shortly, the tissue was
dissected and treated for 15 min at 37°C with 0.06% trypsin (Gibco) in Ca%*- and Mg?*-
free Hank’s balanced salt solution (HBSS: 5.36 mM KCI, 0.44 mM KH;P0O4, 137 mM Nacl,
4.16 mM NaHCOs;, 0.34 mM Na;HP04.2H,0, 5 mM glucose, T mM Na-pyruvate, 10 mM
HEPES and 0.001% phenol red). Then, cells were washed 6 times in HBSS and
mechanically dissociated. Cells were plated in neuronal plating medium (Minimal
Essential Medium (MEM) supplemented with 10% horse serum, 0.6% glucose and 1T mM
pyruvic acid) onto poly-D-lysine-coated (0.1 mg/mL) coverslips in 60 mm tissue culture
plates at a density of 3 x 10° cells/plate. After 2 — 4 h, coverslips were flipped over an
astroglial feeder layer in Neurobasal medium (NBM) supplemented with SM1 neuronal
supplement (Stem Cell Technologies), 0.5 mM glutamine (Sigma) and 0.12 mg/mL
gentamycin (Gibco). Neurons were grown faced down over the feeder layer and wax dots
on the neuronal side of the coverslip allowed the physical separation of neurons from
glial cells. To further prevent glia overgrowth, neuronal cultures were treated with 10 uM
of 5-Fluoro-2'-deoxyuridine (Sigma) after 3 days in vitro (DIV). Cortical cultures were

maintained at 37°C in a humidified atmosphere containing 5% CO,, for up to 13 DIV.

2.4. Live cell-based assay

The specificity of binding to CASPR2 was assessed using a live cell-based assay
in transfected HEK293T cells and DIV 11-13 cortical neurons, where patient and healthy
plasma (20 pg/mL) were diluted and added, for 1h, to live HEK293T cells expressing
EGFP-CASPR2 or EGFP-CTR and to live cortical neurons.

To evaluate antibodies depletion in organoids medium over time, brain organoids
medium containing patient and healthy plasma was collected and re-incubated in
HEK293-transfected cells.

Afterwards, cells were fixed in 4% PFA for 10 min at room temperature (RT) and

kept at 4°C in PBS 1x for subsequent immunocytochemistry experiments.

2.5. Clinical history of anti-CASPR2 encephalitis patient

Plasma exchange samples obtained from a 72-year-old male patient with anti-
CASPR2 autoimmune encephalitis, experiencing periods of disease exacerbation, were

collected at the John Radcliffe Hospital, Oxford University. The patient presented high
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levels of CASPR2 autoantibodies, developed Morvan's syndrome, progressive
neuropathic pain, episodes of lack of perception with goosebumps, and memory
complaints (short- and long-term memory, including word-finding difficulties), with no
indication of paraneoplastic causes. Written informed consent was obtained from

patient and healthy controls.

2.6. Generation and maintenance of human induced pluripotent
stem cells (hiPSCs)

Human dermal fibroblasts were reprogrammed by episomal nucleofection of
Yamanaka factors as described by Howden et al. with several modifications (Howden et
al., 2015). Human dermal fibroblasts were cultured in fibroblast medium at 37°C in a
humidified atmosphere containing 5% CO,. Cells were harvested and 1 x 10° cells per
condition were resuspended in 100 uL PBS 1x. The cell suspension containing 1.5 ug of
the following reprogramming constructs: pCXLE-hOCT3/4-shp53-F (Addgene, #27077),
pCXLE-hUL (Addgene, #27080), pCXLE-hSK (Addgene, #27078) and pSimple-
miR302/367 (Addgene, #98748) was added to a 0.2-cm cuvette (Mirus) and
electroporated on an Amaxa Nucleofactor Il (Lonza) device. Following electroporation,
cells were plated on a 10-cm gelatin-coated tissue culture plate with the respective
medium and incubated at 37°C and 5% CO,. Then, the medium was replaced every day
with fresh medium containing 0.5 mM sodium butyrate (Stem Cell Technologies). On day
7, cells were dissociated and plated on 6-well Matrigel-coated plates (Thermo Fisher
Scientific) with medium containing 0.5 mM sodium butyrate (Stem Cell Technologies).
On day 8, medium was replaced by mTeSR Plus (Stem Cell Technologies) with 0.5 mM
sodium butyrate (Stem Cell Technologies) and changed every other day until day 12.
From day 12, medium was replaced every other day with mTeSR Plus (Stem Cell
Technologies) until iPSCs colonies emerged. Emerging colonies were manually collected
for single cell clone expansion. After iPSCs isolation, cells were maintained and
expanded in mTeSR Plus (Stem Cell Technologies) with manual passages until around
passage 4. Hereafter, the ReLeSR (Stem Cell Technologies) passaging reagent was used
for gentle colonies dissociation. After expansion, the cells were used for characterization
and further experiments.

31f-r1 hiPSCs were kindly provided by Prof. Dr. Oliver Briistle from the University of
Bonn (iLB-C-31f-r1). These cells were reprogrammed from human dermal fibroblasts by
lentiviral infection of Yamanaka factors (Oct3/4, Sox2, c-Myc, KlIf4). 31f-r1 hiPSCs were
cultured in Matrigel-coated plates (Thermo Scientific) with mTeSR Plus (Stem Cell
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Technologies), supplemented with 1% Penicillin/Streptomycin (Gibco), at 37°C and 5%
CO.. The cells were passaged every 3-5 days using ReLeSR (Stem Cell Technologies) for

gentle colonies dissociation.

2.7. Trilineage assay: in vitro spontaneous differentiation

iPSCs differentiation into the three germ layers was performed as described by
Varga and colleagues (Varga et al.,, 2017). Firstly, cells were harvested for embryoid body
(EB) formation (Lancaster et al., 2013). Five days later, the EBs formed were plated on
Matrigel-coated p-slide 8-well ibiTreat chamber slides (ibidi) in differentiation medium
(DMEM/F-12 (Gibco), 20% heat-inactivated FBS, 1% MEM non-essential amino acid
solution (Gibco), 0.1 mM B-mercaptoethanol (Sigma) and 1% penicillin/streptomycin
(Gibco)). The medium was changed every other day until day 14 of differentiation. On day
14, the cells were fixed with 4% PFA for 20 min at RT and kept at 4°C in PBS 1x for later

validation by immunocytochemistry and qPCR.

2.8. Karyotyping

Karyotype processing and analysis was performed by Laboratérios Germano de

Sousa (Lisbon, Portugal). Thirty independent metaphases were counted.

2.9. Sequencing
DNA was extracted from hiPSCs using the NZY Tissue gDNA Isolation kit

(Nzytech), following the manufacturer’s instructions. The entire coding region of the GRN
gene (NM_002087.3) was amplified by PCR using specific primer sequences flanking
the intron-exon boundaries. Genomic DNA (100 ng) was amplified in a 25 L reaction
volume, using 0.5 uM of each primer, 1.5 mM MgCl, 0.2 mM dNTPs, and 0.5 unit of Taq
polymerase (Promega). The amplicons were purified using a High Pure PCR Product
Purification Kit (Roche), according to the manufacturer's protocol. Subsequently, the
PCR products were directly sequenced on a capillary automated sequencer CEQ 8000
(Beckman Coulter). The presence of the pathogenic variant and the co-segregation
studies were performed on a separate amplification of the exon 9 of the GRN gene with

subsequent direct sequencing.

68



Chapter 2 — Methods

2.10. Immunocytochemistry
The binding specificity of CASPR2 plasma was assessed in HEK293T transfected

cells and in rat cortical neurons. Briefly, cells were washed 3 times with PBS 1x and
permeabilized with 0.25% Triton X-100 in PBS 1x for 5 min at 4°C and non-specific
binding epitopes were blocked by incubating cells with PBS 10% BSA for 30 min at 37°C.

For the transfected HEK 293T cells, a rabbit anti-GFP primary antibody (1:750; MBL
#598) was used and for the cortical neurons a guinea pig anti-MAP2 primary antibody
(1:1000, Synaptic Systems #188004). The primary antibodies were incubated in a 3%
BSA solution in PBS 1x, overnight, at 4°C. The following day, cells were washed twice
with PBS 1x and incubated for 1 h at RT with the secondary antibodies anti-rabbit Alexa
Fluor-488 conjugate (Invitrogen A-11008), anti-human Alexa Fluor-568 conjugate
(Invitrogen A-21090) and anti-guinea pig Alexa Fluor-647 conjugate (Invitrogen A-
21450), diluted 1:500 in PBS 1x 3% BSA in PBS 1x. Finally, nuclei were stained with
Hoechst 33342 (1 pg/mL) for 5 min in the dark and cells were again washed twice in
PBS 1x and kept in PBS 1x at 4°C until observation.

Images were acquired using a Zeiss Axiovert 200M microscope with a 40x NA 1.4
oil or 63x NA 1.4 oil objective and processed using Zen Software (Zeiss).

After reprogramming, the expression of pluripotency and three germ layers
markers were evaluated. The following primary antibodies were used: anti-OCT4 (1:400,
Abcam ab19857), anti-SSEA4 (1:66, Abcam ab16287), anti-TRA-1-60 (1:100, Abcam
ab16288), anti-SOX2 (1:1000, Abcam ab97959), anti-NESTIN (1:500, Merck Millipore
ABD69), anti-B-Ill TUBULIN (1:200, Merck Millipore MAB163) anti-SMA (1:200, Dako
MO0851) and anti-GATA4 (1:500, Santa Cruz Biotechnology sc-25310). Succinctly, after
fixation with 4% PFA for 20 min at RT, cells in p-Slide 8-well ibiTreat chamber slides (ibidi)
were washed twice with PBS 1x and permeabilized with 0.2% Triton X-100 in PBS 1x for
2 min at RT. Non-specific binding epitopes were blocked by incubating cells with a 3%
BSA solution in PBS 1x for 30 min. Primary antibodies were incubated in a 3% BSA
solution in PBS 1x overnight at 4°C. The following day, cells were washed twice with PBS
1x and incubated for 2 h with the secondary antibodies anti-rabbit Alexa Fluor-488
conjugate (Invitrogen A-11008) and anti-mouse Alexa Fluor-568 conjugate (Invitrogen A-
11031), diluted 1:200 in 3% BSA in PBS 1x. The nuclei were stained with Hoechst 33342
(1 pg/mL) for 5 min in the dark and cells were again washed twice in PBS 1x and kept in
PBS 1x at 4°C until observation. Images were acquired using a Zeiss Confocal LSM 710
microscope with a 20x NA 0.8 or 40x NA 1.4 oil objective and processed using Zen

Software (Zeiss).
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2.11. Generation of whole-brain organoids and plasma incubation

Whole-brain organoids were generated based on the protocol published by
Lancaster et al. (Lancaster et al., 2013; Lancaster and Knoblich, 2014), with the
modifications presented in the STEMdiff Cerebral Organoid Kit (Stem Cell
Technologies). In brief, iPSCs colonies were dissociated using Accutase (Stem Cell
Technologies) and 9 000 cells per well were plated on a 96-well cell suspension plate
(greiner bio-one) in EBs formation Medium with 10 pM of the ROCK inhibitor Y-27632
(Stem Cell Technologies). Embryoid bodies were fed on day 2 and day 4 with EB
Formation Medium and transferred to 24-well cell suspension plates (greiner bio-one) in
Induction Medium, on day 5. On day 7, EBs were embedded on droplets of cold Matrigel
(corning) on a sheet of Parafilm. The droplets were allowed to polymerize at 37°C for 30
min and were subsequently removed from the Parafilm and grown in Expansion Medium
for 3 days in ultra-low-attachment 6-well plates (Corning). Afterwards, the EBs droplets
were kept in suspension in Maturation Medium and placed on an orbital shaker at 65
rpm. Whole-brain organoids were maintained in Maturation Medium for up to 6 months,
with media changes every 3-4 days, and were collected each month for further analysis.

For CASPR2-related experiments, brain organoids were exposed to anti-CASPR2
encephalitis patient or healthy control plasma (20 pug/mL), from 2 months of
differentiation onwards. The media was changed every 3-4 days with addition of fresh

plasma and were collected at different ages for further analysis.

2.12. Immunohistochemistry

Brain organoids were collected at different ages, from 1 to 6 months of
differentiation. Upon collection, they were fixed in 4% PFA for 90 min and then
transferred to a solution of 30% sucrose in PBS 1x for cryoprotection. Subsequently, they
were transferred into OCT embedding matrix (VWR), snap-frozen on dry ice and stored
at -80°C until further use for immunohistochemistry experiments.

Using a cryostat, 20 um thick sections were obtained and collected directly into
adhesive Superfrost Plus slides (Thermo Scientific Menzel). Cryosections were washed
twice with PBS 1x and permeabilized with 0.5% Triton X-100 in PBS 1x for 15 min at RT.
Sections were then blocked in 3% BSA in PBS 1x for 1 h at RT and incubated with primary
antibodies diluted in 3% BSA in PBS 1x, overnight, at 4°C. In the next day, sections were
washed twice with PBS 1x and incubated for 2 h, at RT, with the secondary antibodies
anti-rabbit Alexa Fluor-488 conjugate (Invitrogen A-11008), anti-mouse Alexa Fluor-568

conjugate (Invitrogen A-11031) and anti-guinea pig Alexa Fluor-647 conjugate
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(Invitrogen A-21450) diluted 1:200 in 3% BSA in PBS 1x. Nuclei were stained with
Hoechst 33342 (1 pg/mL) for 5 min in the dark. Sections were washed twice in PBS 1x
and mounted for microscopy using Dako Fluorescent Mounting Medium (Dako). Images
were acquired using a Zeiss Confocal LSM 710 microscope with a 20x NA 0.8, 40x NA
1.4 oil or 60x NA 1.4 oil objective and processed using Zen Software (Zeiss). The
following primary antibodies were used: anti-NESTIN (1:500, Merck Millipore ABD69),
anti-NEUN (1:100, Merck Millipore MAB377), anti-MAP2 (1:1000, Synaptic Systems
#188004), anti-IBA1 (1:1000, Wako #019-19741), anti-GFAP (1:400, Neuromab #73-240),
anti-SOX10 (1:250, Abcam ab155279), anti-OLIG2 (1:200, ab109186), anti-TH (1:500,
Merck AB152), anti-VGLUT1 (1:5000, Merck Millipore AB5905), anti-GAD67 (1:100,
Merck Millipore MAB5406B), anti-TBR1 (1:300, Abcam ab31940) and anti-SATB2 (1:200,
Abcam ab51502).

2.13. Real time quantitative PCR (qPCR)

RNA was extracted from hiPSCs and frozen whole-brain organoids from 1 to 6
months of differentiation using the NucleoSpin RNA Isolation Kit (Macherey-Nagel),
according to the manufacturer's recommendations for cultured cells. Complementary
DNA (cDNA) was synthesized from 150 ng (chapter 4), 400 ng (chapter 5) and 800 ng
(chapter 3) of total extracted RNA using the NZY First-Strand cDNA Synthesis Kit
(Nzytech), following the instructions from the supplier. The synthesized cDNA was
further diluted 20 times with RNase-free water and stored at -20°C until required for
quantitative PCR analysis.

gPCR was accomplished in a StepOnePlus thermocycler (Applied Biosystems)
using 96-well low-profile microtitre plates (Nerbe Plus) and employing the NZYSpeedy
gPCR Green Master Mix 2x (Nzytech) for mRNA quantification. Relative mRNA levels
were determined following the Pfaffl method (Pfaffl, 2001), taking into consideration the
different amplification efficiencies of each primer, obtained from a standard curve of
serial sample dilutions, determined according to the formula E = 101-"/s'°r¢l, Values were
normalized to the average expression of GAPDH and HPRT, except in reprogramming
characterization experiments, where HPRT was the only gene used for normalization.
The majority of the primers were designed through the Ensembl and Primer-Blast

softwares (primer sequences are listed in Table 2.1).
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Table 2.1. Primer sequences for qPCR analysis and respective melting temperatures (Tm) and
product size.

Primer Primer sequence (5°-3’) Tm Product
(°C)  length (bps)

FOXGT FW: AACCTGTGTTGCGCAAATGC 60.9

RV: AAACACGGGCATATGACCAC 58.5 95
PAXG FW: AGGAGGGGGAGAGAATACCA 58.6

RV: TGGGTTCTCTCAAACTCTTTC 55.0 156
BRI FW: TGCAAAAGGATTTCGGGAT 55.0

RV: TGCTCACGAACTGGTCCT 58.0 155
DLX2 FW: ACGGGAAGCCAAAGAAAGTC 58.3

RV: TTTTGGAAACGCCGCTGAAG 60.0 82
NKX2.1 FW: AGCACACGACTCCGTTCTC 59.7

' RV: GCCCACTTTCTTGTAGCTTTCC 59.8 68

FW: CTCAGCTTTCAGGACCCCAA 50 6
NESTIN RV: ACAGGTGTCTCAAGGGTAGC 200 134
Bl FW: CGTCCACAGTTCTGGGAAGT 59.6
TUBULIN | RV: TGTGAGAAGAGGCCTCGTTG 59.7 124
MAP2 FW: CCACCAGGTCAGAGCCAATT 60.0

RV: AATAACTTGGTGGGGTGCCA 59.5 102
SCNIA FW: TGTGTGAAAGCTGGTAGAAATCCC 61.0

RV: CAGCAGCACGTAATGTCAGTTGAT 61.9 136
KCNAT FW: CATCGTGGAAACGCTGTGTAT 59.0

RV: AACCCTTACCAAGCGGATGAC 60.3 232
KCNA2 FW: CTTACCGGTCCCTGTCATTGTG 60.9

RV: CTTTAGGTCAGGGGAGGATGGG 61.6 127
sic17a7 | FW: GCAGCCAACAGAGTTTTCGG 60.0

RV: TGACCCCCTCTACCAACCC 60.2 133
GADT FW: ATGCAACCAGATGTGTGCAG 2 140

RV: TGCCCTTTGCTTTCCACATC '
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SOX6 FW: TGAGGAGCTACCAACACTTGTC 60.0

RV: CTCTGATTCCATTCTTTGCTGAG 57.5 88
GEAP FW: GACCTGACAGACGCTGCTG 60.7

RV: AGGGACTCGTTCGTGCC 58.9 131
oLIG2 FW: TCGCCAGAGCCCGATGAC 61.8

RV: ACACGGTGCCCCCAGT 60.5 79
CNTNAP2 FW: ATGTGATGAGCCACTTGTCTCTG 60.6

RV: ATCCCCCAGCACCTCCTCTCTTG 65.6 119
GRIAT FW: GGAAGAGACCCAAGTACACCTC 59.8

RV: GAACAGCTGGGTTAGCCAGAC 60.8 141
GRIA2 FW: GACAGTGACAGAGGCTTATCAAC 59.1

RV: GTGATCGGTACATCTCATCTTTCTTG 59.8 127
SOX2 FW: GCCGAGTGGAAACTTTTGTCG 60.3

RV: GGCAGCGTGTACTTATCCTTCT 60.2 155
0CT4 FW: TATTTGGGAAGGTATTCAGCC 55.0 150

RV: CTGCTTTGCATATCTCCTGAAG 57.0
NANOG FW: CGTCACACCATTGCTATTCTTG 58.0 115

RV: CTCCAACATCCTGAACCTCAGC 61.0

FW: GACATCACCTGCTACTTCCTG 58.1
NCAMT RV: GGCTCCTTGGACTCATCTTTC 58.4 e
GAPDH FW: CATGAGAAGTATGACAACAGCCT 58.5 113

RV: AGTCCTTCCACGATACCAAAGT 59.1
HPRT FW: TGACACTGGCAAAACAATGCA 60.0 94

RV: GGTCCTTTTCACCAGCAAGCT 61.0
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2.14. Tissue/cells collection and biochemical analysis

hiPSCs pellets and 6-months whole-brain organoids were collected and stored,
individually, at -80°C. Subsequently, samples were homogenized at 4°C in RIPA lysis
buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate (SDS), 25 mM Tris pH 7.4), supplemented with 10% CLAP, 0.5 mM dithiothreitol
(DTT) and T mM Phenylmethylsulfonyl fluoride (PMSF). Freeze and thaw cycles were
complemented with sonication to improve cell membrane disruption. Then, samples
were centrifuged at 14 800 rpm, for 20 min at 4°C. The supernatant was collected, and
protein content was determined using the DC Biorad protein assay kit (Bio-Rad),
following the manufacturer’s instructions. Protein samples (30 and 50 ug - chapter 5
and 4, respectively) were denatured with 4x Laemmli buffer (Bio-Rad) and 10% B-
mercaptoethanol and boiled at 95 °C for 5 min. Samples were frozen at -20°C until

further use in western blots.

2.15. Western blotting

Equal amounts of proteins were run on 8% polyacrylamide gels at 70-90 V. Proteins
were transferred to Immobilon-P PVDF membranes (Merck Millipore) for 2 h at 1000 mA
and blocked at RT for 1 h in 5% non-fat milk diluted in TBS 1x (25 mM Tris-HCI, 150 mM
NaCl) with 0.1% Tween-20 (TBS-T), following primary antibody incubation at 4°C
overnight. After 3 washes in TBS-T, the membranes were incubated with the appropriate
secondary antibody (1:10000) at RT for 2 h. Then, the membranes were washed 3 times
in TBS-T and incubated with Vistra EFC (Enhanced Chemifluorescence) substrate
(Sigma) for 5 min at RT. Signal was visualized using a ChemiDoc System (Bio-Rad) and
analysis was performed using the Image Lab Software (Bio-Rad). Primary antibodies
used were the following: anti-CASPR2 (1:1000, Abcam ab137052), anti-Contactin-2
(1:500, R&D Systems AF4439), anti-Kv1.2 (1:200, Abcam ab192758) and anti-PGRN
(1:1000, Abcam ab208777). Anti-GAPDH (1:5000, Merck Millipore MAB374) was used
as loading control. Secondary antibodies used were alkaline phosphatase affinipure
goat anti-mouse IgG (Jackson Immunoresearch, #115-055-146), alkaline phosphatase
affinipure mouse anti-rabbit IgG (Jackson Immunoresearch, #211-055-109) and alkaline

phosphatase affinipure rabbit anti-goat IgG (Jackson Immunoresearch, #305-055-003).
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2.16. Slice preparation for whole-cell patch clamp and Ca?* imaging

Brain organoid slices were obtained as previously described by Anca M. Pasca
(Pasca et al., 2015) with some modifications. Brain organoids were removed from
Maturation Medium and placed into a mold with a 3% low-melting agarose solution
prepared in PBS 1x. After gelification, the agarose containing the organoid was quickly
removed and glued to a vibratome support filled with ice-cold oxygenated (95%:5%
02:C0, mix) N-Methyl-D-Glucamine-enriched artificial cerebrospinal fluid (NMDG-aCSF)
containing 99.69 mM NMDG, 2.55 mM KCI, 30 mM NaHCOs, 1.23 mM NaH,P04.H,0, 20
mM HEPES, 25 mM glucose, 1.97 mM thiourea, 4.99 mM Na-ascorbate, 2.99 mM Na-
pyruvate, 10 mM MgSO. and 0.5 mM CaCl,. Slices of 250 um were obtained using a
vibratome (Leica VT1200s, Leica Microsystems, USA) and immediately recovered in a
bath at 32°C for 8 min in NMDG-aCSF. Slices were then moved to a holding chamber that
contained oxygenated aCSF at 25°C (127.48 mM NaCl, 2.55 mM KCl, 24.04 mM NaHCOs,
1.23 mM NaH2P04.2H,0, 12.49 mM glucose, 2 mM MgSO0. and 2 mM CacCl,. Slices were
maintained in aCSF for at least 1 h before recording.

The osmolarity of NMDG-aCSF and aCSF was adjusted to 300-310 mOsm and the
pH was adjusted to 7.3-7.4 with HCI.

2.17. Whole-cell patch clamp recordings

Whole-cell patch clamp recordings were registered in a recording chamber
perfused with aCSF (2-3 mL/min) at 25°C. The cells were visualized with an Axio
Examiner.D1 microscope (Carl Zeiss, Germany) equipped with a Q-capture Pro7 camera
(Teledyne, USA) and putative pyramidal-shaped neurons, near the surface of organoids,
were identified under infrared-differential interference contrast visualization with a 40x
objective. Cells were patched with borosilicate glass recording electrodes (3-7 MQ;
Science Products, Germany) filled with an internal solution of potassium-gluconate (K-
int) containing: 145 mM K-gluconate, 10 mM HEPES, 1 mM EGTA, 2 mM ATP-magnesium
salt, 0.3 mM GTP-sodium salt and 2 mM MgCl,.6H20, pH adjusted to 7.36 with NaOH
(298-300 mOsm). The recorded neurons were voltage-clamped at -70 mV to record
sEPSCs and the recording was performed for 3 minutes. The resting membrane potential
(RMP) and action potential (AP) parameters were estimated under current-clamp mode.
The RMP and the neuronal excitability were obtained by stepped current injection (1000
ms duration, 10 pA stepwise from -80 pA to +170 pA). The kinetics of the APs was
acquired by stepped current injection (10 ms duration, 20 pA stepwise from 0 pA to +380
pA). Criteria for acceptance of cells was determined as stable access resistance under

25 MQ, meaning an increase smaller than 30% during the recording, RMP < - 40 mV and
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cells firing activity upon current injection. Recordings were filtered at 2 kHz and digitized
at 20 kHz. All electrophysiology data was acquired with a Multiclamp 700B amplifier and
Digidata 1550A (Molecular Devices, USA). Voltage clamp data was analyzed using
Clampfit software (v10.7, Molecular Devices) and current clamp data was analyzed
using Easyelectrophysiology Software (v2.4.0). All electrophysiological experiments

were performed between weeks 25 and 28 of in vitro differentiation.

2.18. Ca?* imaging recordings

Slices were loaded with 4.5 uM Fluo-4 AM (acetoxymethyl ester) (Invitrogen) in
aCSF solution for 30 min in an incubator at 37°C, 5% CO,. After 30 min, slices were
washed with PBS 1x and mounted on an inverted fluorescence microscope (Zeiss Cell
Observer Spinning Disk). Imaging was performed at 37°C and 5% CO2 and the emission
fluorescence was recorded at 506 nm by a highly sensitive electron multiplying camera
(EM-CCD Evolve Delta). The time course of the experiments consisted of 200 ms of
exposure for a total of 750 frames. Imaging processing, including background
subtraction, frame alignment and bleach correction, was performed using ImageJ (Fiji).
ROIs and their related activity were selected using the calcium imaging analyzer
(CALIMA) software and the frequency of firing was calculated using Clampfit software

(v10.7, Molecular Devices).

2.19. Statistical analysis

Data is represented as mean values * SEM (standard error of the mean). Statistical
analysis was calculated using unpaired two-tailed Student t-test, two-tailed Mann-
Whitney test, one-way ANOVA, following Dunnet’s multiple comparisons test, two-way
ANOVA or Kolmogorov-Smirnov test. Sample normality was tested using D’Agostino-
Pearson normality test. Analysis was performed using the standard statistical software
GraphPad Prism 8. Differences were considered statistically significant for P values <
0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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RESULTS AND DISCUSSION

BRAIN ORGANOIDS AS ROBUST MODELS TO STUDY
HUMAN BRAIN DISORDERS
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CASPR2 autoimmune antibodies modify the neuronal and network activity in human
brain organoids. (in preparation).






Chapter 3 — Results and discussion
Brain organoids as robust models to study human brain disorders

3.1. Introduction

The ability of embryonic stem cells (ESCs) and induced pluripotent stem cells
(iPSCs) to differentiate and self-organize into whole tissues has allowed the generation
of different models to study distinct diseases, including brain disorders. In 2001, in the
presence of external cues, human ESCs (hESCs) were used to generate neuroectoderm
from embryoid bodies (EBs), allowing the differentiation into mature neurons and glia
(Zhang et al., 2001). More recently, Kadoshima and Lancaster developed new protocols,
where no external signals are used, rather relying on the intrinsic mechanisms that drive
brain development (Kadoshima et al.,, 2013; Lancaster et al., 2013; Lancaster and
Knoblich, 2014). While Kadoshima used hESCs, Lancaster used human iPSCs (hiPSCs).
Both methods allowed the rapid appearance of neuronal identity and the organization of
human brain development was recapitulated (Kadoshima et al., 2013; Lancaster et al.,
2013). However, Kadoshima only observed the development of human neocortex with
dorsal-ventral specification, while Lancaster and colleagues observed different brain
regions using their protocol. The authors termed these 3D structures as cerebral
organoids (Lancaster et al., 2013). It was shown that cerebral organoids developed a
variety of brain regions, mimicking the whole brain, with proper organization, expressing
not only markers of dorsal cortical identity, but also of ventral cortical identity, showing
the tangential migration of interneurons. Also, cerebral organoids presented markers of
the hippocampus, yet without formation of the entire structure, choroid plexus, retina
and meninges. Importantly, the neuronal functional ability of these cerebral organoids
was determined through spontaneous calcium spikes that increased upon glutamate
exposure and were blocked after tetrodotoxin (TTX) addition (Lancaster et al., 2013).
Therefore, however presenting several limitations, including high batch-to-batch
variability, this method offers a great potential to create different brain-like structures,
recapitulating the human brain development to a great extent.

In this study, we developed whole-brain organoids following the Lancaster’s
protocol adaptation by Stem Cell Technologies. The generated brain organoids were
characterized considering the expression of neuronal precursor markers, neuronal
markers, and different cell subtypes’ markers. The functional activity of the generated
neurons was also assessed. The results herein achieved indicate a decrease of the
expression of neuronal precursors and an increase of mature neuronal markers over
time, with increased expression of voltage-gated channels. Expression of excitatory,
inhibitory and dopaminergic markers was also observed. Glial cells and

oligodendrocytes expression was observed at later stages of development, but no
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expression of microglia was observed. Later in development, we observed, by whole-cell
patch clamp, that brain organoids’ neurons displayed spontaneous activity and fired
action potentials upon current injection. Therefore, the implementation and
characterization of this model convinced us of its usability to study the cellular and

molecular mechanisms of brain disorders.

3.2. Results

3.2.1. Human brain organoids have increased expression of mature
neuronal-related markers over time

hiPSCs were used for the generation of brain organoids, following the established
protocol by Stem Cell Technologies, as represented in Figure 3.1A. On day 0, cells were
plated on round-bottom plates, which allowed the formation of EBs in suspension. After
5 days, the medium was replaced with EB Induction Medium, which allowed the
formation of neuroectoderm in the outer surface of EBs. EBs were then embedded in
droplets of Matrigel to allow the formation of neuroepithelium. Neuroepithelium
protruded from the EB with fluid-filled structures similar to ventricles. On day 10, Matrigel
droplets containing EBs were transferred to an orbital shaker to facilitate oxygen and
nutrients diffusion, improving tissue survival and development. Brain organoids were
kept in suspension in Maturation Medium for up to 6 months.

We tested for the expression of markers of neuronal progenitors, mature
neurons, glia and of neuronal subtypes using immunohistochemistry and qPCR between
1 and 6 months in vitro (Fig. 3.1B-K). Mature neurons, positive for NeuN, appeared
reliably after 3 months, when there was also an increase in MAP2 expression levels (Fig.
3.1B, H). Additionally, we could observe an expected variety of cell types, including
astrocytes, that start to show intense labeling for GFAP after 3 months in culture (Fig.
3.1C) and oligodendrocyte precursors (Fig. 3.1G), after the 5 month time-point. At later
stages, excitatory and some GADG67-positive inhibitory neurons and TH-positive
dopaminergic neurons, could also be observed (Fig. 3.1D-E). TBR1 and SATB2 showed
early-born and late-born neurons, respectively, in organoids grown for 6 months in vitro
(Fig. 3.1F). At this age, we observed the presence of significant number of neurons that
migrated through the existing layers (Fig. 3.1F).

During prolonged maturation, we observed a small decrease in the expression of
neuronal progenitor genes (SOX2 and NESTIN), followed by an increase in the early
neuronal gene £l TUBULIN. However, MAP2 and f#Ill TUBULIN expression levels were

highest in brain organoids with 3 months (Fig. 3.1H). This may be associated with cell
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death at later ages (Tanaka et al., 2020) or due to a skew in the prevalence of certain
cellular populations that may appear only at later ages (e.g. astrocytes and
oligodendrocytes). This dynamic change could lead to a dilution of neuronal-specific
mRNAs at later timepoints.

Additionally, we evaluated the expression of sodium- and potassium-voltage
gated channels, as well as markers for excitatory and inhibitory neurons (Fig. 3.11-J).
Again, we found a similar decrease expression at later timepoints, coinciding with the
increased expression of astrocyte and oligodendrocyte markers (Fig. 3.11-K). As
previously reported (Renner et al., 2017), GFAP and OLIG2 showed an increase in their
expression over time, with little to no expression in the first months of differentiation
(Fig. 3.1K). Together, these results suggest that in our experimental conditions, the
presence of neurons and glia - which are important for proper neuronal activity -

converge at the timepoint of 5-6 months in culture.
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Figure 3.1. Human brain organoids show robust presence of glial cells at 6 months of culture. (A)
Schematic representation of organoids generation, following the Stem Cell Technologies protocol. (B-G)
Representative images of brain organoids maturation, pictured at different ages. (B) Maturation of brain
organoids leads to a decrease in the levels of the neuronal progenitor marker NESTIN and an increase in the
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8

\S}



Chapter 3 — Results and discussion
Brain organoids as robust models to study human brain disorders

(GFAP), (G) oligodendrocytes precursors (SOX10 and OLIG2), (C) but not microglia (IBA-1). (E) Mature
organoids express the glutamatergic marker VGLUT, the GABAergic marker GAD67 and (D) the
dopaminergic marker TH. (F) Early- and late-born neurons staining reveals an inside-out migration at 6
months. Scale bars: 50 um, except for the whole-slice: 500 um. (H-K) Brain organoids maturation, showed
by mRNA levels expression over time. (H) Maturation of brain organoids leads to a decrease in the
expression of proliferative neuronal progenitors (SOX2 and NESTIN) and an increase in neuronal markers
(BIII-TUBULIN and MAP2), comparing to the first month of differentiation. (I) The expression of Na+ (SCN1A)-
and K+ (KCNAT and KCNA2)-voltage-gated channels is substantially higher at later ages. (J) Brain organoids
show increased expression of both excitatory glutamatergic gene (SLC77A7) and inhibitory gene (GAD17)
and a decrease of the neuronal inhibitory progenitor SOX6. (K) Astrocytes (GFAP) and oligodendrocytes
precursors (OLIG2) appear later in development. n = 2 — 7 organoids.

gPCRs normalized to HPRT and GAPDH; fold change to the 1st month of differentiation, except for
astrocytes (fold change to 3 months). Data are presented as mean * s.e.m.

3.2.2. Human brain organoids display neuronal activity

In addition to cell complexity, it is crucial to assess neuronal maturation to ensure
that the model is accurate both from the morphologic/structural perspective but also
from the functional point of view. For that, we performed whole-cell patch clamp in
voltage and current clamp modes. We observed that at earlier stages of differentiation,
neurons did not have spontaneous activity (Fig. 3.2B-3mo) and we could not observe
firing of action potentials upon depolarization of patched cells (Fig. 3.2C). Later in
development, at around 6 months of differentiation, patched neurons already displayed
mature features, including spontaneous activity and action potentials upon current
injections (Fig. 3.2B-6mo, D). Considering fully mature and functional neurons only at
later stages, we performed our trials only after the 5-month period. The intrinsic neuronal
properties, capacitance (Cm), membrane resistance (Rm) and resting membrane
potential (RMP), were measured (Fig. 3.2E-G). The threshold potential of these neurons
averaged -30 mV, while the rheobase was about 50 pA (Fig. 3.2H-I). We observed that
neurons were capable of firing spontaneously (Fig. 3.2J-L), but also upon current
injection, having increased action potential (AP) firing frequency with increased amounts
of injected current (Fig. 3.2M-N). Afterwards, different parameters of the action
potential kinetics were also analyzed, including latency, peak amplitude , half-amplitude,
half-width, rise time and decay time (Fig. 3.20-U).

83



Chapter 3 — Results and discussion
Brain organoids as robust models to study human brain disorders

A B c D

0 mV

3 mo | l |_
6 mo Tl Me——

100 pA 100 pA
50 pA 50 pA
El_ 3 mo 6 mo
200 ms
E F G H |
100 15009 0 o 150
—~ > <
i S 10004 ° s ZE™ <00
LIQ-_ 60 o s oo £ .40 2 = 2 2% [0} °
= o0 ~ 8_go E: 2.3 gg % 0900
4 0-8,0 } & 0 E o
§“1 & E s & s £ § 0] 888 3 50
204 99° 8888 X 804 o F g .40 © 2
o ooo 4 05
0 0 100 -50 o4 o
J K < L § M N
g o L 10 r
6
S 3 s ° Z e
S 5 fs2ete] S ° g 3
= 10 céy 3 6 ~ 200 ms S 4
< € ° o) © >
g ® E 4 3 D 2
200 ms 8 -15 8 8 2 8%0 “q__)
(%) n X 0
o -20 o O 50 pA Q 0 20 40 60 80 100
L [T (2] .
» » Injected current (pA)
(o] P Q R S T U
20 Z 100 > 50 10 3 15
2 - 3 1S ) ° @ ® )
s 2} o 80 o >~ 404 o £ 8 o 8 £
] £ 15 2 g R =5 o 3 ) = 0 °
10ms - 2 60 C%c’ S 30 0‘%’ £ 6 © ol
3 10 s o = o i) o £ o ,’é ®
c o g 404 Q204 % S 4 = % Z
g4 518 5.le & 8 g °
© < 20 J 10 T & § 80 3
o] © I a
0 o 0 £ o 0 0 o
a

Figure 3.2. Brain organoids display neuronal activity. Upon maturation, brain organoids show an increase
in synaptic activity. (A) Image of a recorded neuron using a 40x water immersion objective. (B)
Representative traces of spontaneous activity at 3- and 6-months, showing mature neurons with
spontaneous excitatory postsynaptic currents (SEPSCs) only at 6 months. (C-D) Upon injection of the same
amount of current, brain organoids show action potentials at 6 months, but not at 3 months. (E-G)
Physiological properties of the patched neurons (Cm - capacitance, Rm — membrane resistance, RMP -
resting membrane potential). (H) Minimum voltage at which a neuron fires an action potential (threshold
potential) and (I) amount of current needed to fire an action potential (rheobase). (J-L) SEPSCs amplitude
and frequency. (M-N) Increase in the spike frequency, upon increased amounts of current injection. (0-U)
Kinetics of a single action potential. n = 17 — 22 cells; 2 — 4 organoids. Data presented are as mean + s.e.m.
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3.3. Discussion

The brain is one of the most complex organs in the human body, but it is also one
of the most difficult to access. This enormous limitation prevents our ability to
unraveling cellular and molecular mechanisms underlying brain disorders. Implementing
this model allow us to observe that neuronal progenitors are most frequent in earlier
stages and are replaced by mature neurons over time. There was also a decrease in
proliferative neuronal progenitors, such as SOX2 and NESTIN (Fig. 3.1B, H) and an
increase in mature neuronal markers (Fig. 3.1B, H). Also, these organoids show cellular
heterogeneity and different cellular types, such as astrocytes and oligodendrocytes,
dopaminergic, glutamatergic and GABAergic neurons (Fig. 3.1C-D, E, K) (Kanton et al.,
2019; Lancaster et al.,, 2013; Quadrato et al., 2017; Renner et al., 2017), being the glia
cells and inhibitory neurons mostly expressed at later ages (Fig. 3.1C, J, K,
Supplementary Fig. 3.2-3.3), which is consistent with in vivo development (Truijillo et al.,
2019). It was previously shown that astrocytes with a strong positive staining only
appears around 100 days (Supplementary Fig. 3.2, 3.4) (Renner et al., 2017). In contrast
to Ormel’'s findings (Ormel et al,, 2018), and in line with most of the literature (see
previous chapter) our brain organoids do not show microglia cells (Fig. 3.1C).

We also noted an inside-out neuronal migration as described by Lancaster
(Lancaster et al., 2013), with higher presence of early-born deep neurons and late-born
superficial neurons migrating from the existing layers (Fig. 3.1F, Supplementary Fig.
3.4). Fully mature and functional neurons depend also on the expression of voltage-
gated ion channels (Beck and Yaari, 2008; Lai and Jan, 2006). As organoids mature, an
increase in the expression of Na*-and K*-voltage gated channels was observed (Fig.
3.11). By whole-cell patch clamp (Fig. 3.2), we observed that brain organoids did not have
spontaneous or induced APs at 3 months in culture (Fig. 3.2B-3mo, C). This matches
previous findings where the authors identified different degrees of neuronal maturation:
immature, developing, and mature neurons (Sivitilli et al., 2020). Sivitilli demonstrated
that developing neurons have firing activity with slow kinetics and lower amplitudes,
while mature neurons fire APs with fast kinetics and higher amplitudes. Moreover, our
values are within the range reported by the authors. Neurons with higher peak amplitude
correspond to mature cells (Fig. 3.2Q, R). On the other hand, neurons with higher half-
width, rise time and decay time may be indicative of developing neurons (Fig. 3.2S, T,
U).

In conclusion, we were able to reproduce Lancaster’'s protocol and correlate the

long-term maturation of brain organoids with in vivo development, at the transcriptomic
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and electrophysiological level, in a chronological manner, supporting the use of these in

vitro human models to study brain development and disease.
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3.4. Supplementary information
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Supplementary Figure 3.1. Human brain organoids recapitulate human brain identities (NESTIN, NEUN,
MAP2). Upon maturation, the expression of the neuronal progenitor NESTIN decreases, while the expression
of the neuronal marker MAP2 and NEUN increases. Scale bars: 50 um, except for the whole-slice: 500 um.
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Whole-slice SOX10 GFAP HOECHST Merge

Supplementary Figure 3.2. Human brain organoids recapitulate human brain identities (SOX10, GFAP).
Glial cells, such as astrocytes (GFAP) appear in a later phase of development (around 3 months). SOX10, a
transcription factor involved in neural crest differentiation and modulation of oligodendrocytes production
is mainly expressed in early stages. Scale bars: 50 um, except for the whole-slice: 500 um.
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Whole-slice VGLUT1 GAD67 HOECHST Merge
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Supplementary Figure 3.3. Human brain organoids recapitulate human brain identities (VGLUT1, GAD67).
Brain organoids express both excitatory (VGLUT1) and inhibitory (GAD67) markers with higher E/I ratio,
being the inhibitory neurons expressed in later stages (> 3 months). Scale bars: 50 um, except for the whole-
slice: 500 um.
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Whole-slice SATB2 HOECHST Merge

Supplementary Figure 3.4. Human brain organoids recapitulate human brain identities (TBR1, SATB2).
Neurons in brain organoids show an inside-out migration firstly with expression of early-born deep neurons
and later expression (> 3 months) of late-born neurons in the surface of the organoids. Scale bars: 50 um,
except for the whole-slice: 500 um.
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CASPR2 AUTOANTIBODIES MODIFY THE
DEVELOPMENTAL TRAJECTORY AND NETWORK

ACTIVITY IN HUMAN BRAIN ORGANOIDS
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4.1. Introduction

Contactin-associated protein 2 (CASPR2), was originally identified as member of
the neurexin superfamily (Poliak et al., 1999), a group of transmembrane proteins that
mediate cell-cell interactions in the central nervous system. Described to colocalized
with Shaker-like K* channels in the JXP region, this protein was hypothesized to stabilize
voltage-gated potassium channels (VGKCs) in nodes of Ranvier (Poliak et al., 1999).
Throughout the years, CASPR2 has been associated to many other roles, including
regulation of the excitation/inhibition (E/I) balance (Jurgensen and Castillo, 2015; Vogt
et al.,, 2018), synapse development and maintenance (Anderson et al., 2012; Fernandes
et al., 2019; Gdalyahu et al., 2015; Varea et al., 2015), neuronal migration (Pefiagarikano
et al., 2011) and neurite outgrowth (Anderson et al., 2012; Canali et al., 2018; Varea et
al., 2015). Mutations in CNTNAP2 - the gene that encodes CASPR2 - have been
associated to several neurodevelopmental and neuropsychiatric disorders (Rodenas-
Cuadrado et al.,, 2014). CASPR2 was also identified as an antigen in autoimmune
synaptic encephalitis (Irani et al., 2010; Lancaster et al., 2011), a rare CNS syndrome
characterized by memory disorders, temporal lobe seizures and frontal lobe
impairments. More recently, anti-CASPR2-antibodies (anti-CASPR2-Ab) have been linked
to neurodevelopmental disorders due to gestational transfer from mother to fetus
(Brimberg et al., 2016, 2013; Coutinho et al., 2017b, 2017a). These studies emphasize
the multiple functions of CASPR2, including its involvement and importance in brain
development. However, the neurobiological mechanism behind the pathogenic effects
of CASPR2-abs in neurodevelopment was unknown.

VGKCs are a diverse family of K* channels (Kv1 to Kv12), and chief regulators of
neuronal excitability due to the production of hyperpolarizing currents in response to
membrane depolarization (Bertil Hille, 1992). For instance, Kv1.1. and Kv1.2 belong to
the abundant Kv1 subtype and mutations in these channels have been linked to severe
neurological defects (Coleman et al., 1999; Adelman et al., 1995; Xie et al., 2010). Kv1.2
mutant mice models display pronounced seizures, ultimately leading to death within
weeks of birth (Brew et al., 2007). Moreover, alterations in Kv1.2 regulation and
expression have been associated with cellular excitability and excitability-associated
diseases (Brew et al., 2007; Dodson et al., 2003; Palani et al., 2010). Notably, in
autoimmune encephalitis associated with anti-Kv1.1 and anti-Kv1.2 autoantibodies,
there is increased seizure susceptibility (Kleopa et al., 2006). Considering the link
between CASPR2 and VGKCs and the involvement of anti-CASPR2-Ab in
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neurodevelopmental disorders, we hypothesized that these antibodies would influence
human brain development.

To tackle this, we generated and characterized whole-brain organoids from
human induced pluripotent stem cells (hiPSCs) (Lancaster et al., 2013; Watanabe et al.,
2017). To study the impact of anti-CASPR2-Ab during early brain development, we
exposed brain organoids to plasma containing anti-CASPR2 antibodies or to control
plasma from a healthy individual. Our data showed that presence of human anti-CASPR2
antibodies led to decrease in protein levels of CASPR2 and Contactin-2 in 6-month-old
organoids. Neuronal network dynamics showed increased spontaneous calcium
transients in CASPR2-exposed organoids, increased frequency and amplitude of
spontaneous excitatory postsynaptic currents (SEPSCs) and higher spiking frequency.
Importantly, we observed an increase in the fast-after hyperpolarization (fAHP) voltage
of the action potential, which is congruent with the neuronal excitability phenotype and

supports a role for CASPR2 in regulating VGKCs.

4.2. Results

4.2.1. Autoantibodies from encephalitis patient-derived plasma bind
specifically to CASPR2

We first tested the binding specificity of plasma containing anti-CASPR2-Ab to
CASPR2 (Supplementary Fig. 4.1). For this assessment, and as previously reported
(Coutinho et al.,, 2017b; Fernandes et al., 2019) we showed that anti-CASPR2-Ab from
the patient plasma binds to the surface of both rat cortical neurons and HEK cells
overexpressing CASPR2 (Supplementary Fig. 4.1). This same plasma did not show
activity to HEK cells transfected with a control plasmid (Supplementary Fig. 4.1).
Importantly, we also showed that the control (CTR) plasma from a healthy individual did
not react with cortical neurons, nor to CASPR2- or CTR-transfected HEK cells
(Supplementary Fig. 4.1). This indicates that the control plasma does not contain
antibodies against CASPR2 or other neuronal proteins.

Additionally, we also assessed if antibodies present in the plasma would become
depleted over time or if they could remain active in culture between media changes. For
this experiment, “spent” media containing CTR or CASPR2 plasma (at an initial
concentration of 20 ug/mL) was collected from the organoid cultures before a fresh
media exchange and was then used to re-incubated HEK-transfected cells

(Supplementary Fig. 4.2). In this experiment, we could still observe significant IgG
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staining in CASPR2-transfected cells after exposure to “spent” media, suggesting anti-

CASPR2-Ab are not completely depleted from the medium during 3-4 days in culture.

4.2.2. Exposure of brain organoids to anti-CASPR2 antibodies alters
the expression of CASPR2

Human brain organoids were then exposed to anti-CASPR2 or CTR plasma from
months 2 to 6 of differentiation, with twice weekly changes of medium containing fresh
plasma (20 ug/mL) (Fig. 4.1A). At 6 months, brain organoids were collected and protein
levels of CASPR2, Contactin-2 and Kv1.2 channels were assessed by western blot (Fig.
4.1B-D). We also measured mRNA expression levels of CNTNAP2, KCNA2, GRIA1, GRIA2,
GFAP, and OLIG2 (Fig. 4.1E-J). Interestingly, we found a decrease in CASPR2 and
Contactin-2 protein levels, but not in total levels of Kv1.2. We also found a reduction in

the mRNA of GRIAT and an increase in OLIG2 expression.
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Figure 4.1. Anti-CASPR2-Ab exposed organoids present changes in CASPR2 and Contactin-2 expression.
(A) Schematic representation of organoid generation with incubation of 20 ug/mL of control or CASPR2-
encephalitis patient plasma, from 2 to 6 months of differentiation, with 2 weekly changes of medium and
addition of fresh plasma. (B-D) CASPR2 and Contactin-2 protein levels are decreased in CASPR2-exposed
organoids. n = 10 — 13 organoids (CTR), n = 9 — 12 organoids (CASPR2); (E-J) CNTNAP2, KCNA2, GRIAT,
GRIA2, GFAP and OLIG2 mRNA levels. n = 7 — 8 organoids (CTR), n = 10 — 11 organoids (CASPR2). Each dot
represents an organoid. Unpaired two-tailed Student t-test. Data are presented as mean + s.e.m. Statistical
significance: *p < 0.05, **p < 0.01.
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4.2.3. Exposure of brain organoids to anti-CASPR2 antibodies
increases neuronal excitability

Considering the role of CASPR2 in regulating voltage-gated potassium channels,
we sought to determine the effect of anti-CASPR2-Ab on neuronal excitability during
early brain development. For this, we performed whole-cell patch clamp in individual
neurons in acute brain organoid slices (Fig. 4.2A). Cells were included in the analysis
based on the following criteria (depicted in detail in the methods section): i) access
resistance (Ra) < 25 MQ; ii) difference between the initial Ra and the final Ra < 30 %; iii)
resting membrane potential (RMP) < -40 mV; iv) competency to fire APs under current
clamp protocols. Therefore, from a total 62 cells in CTR condition and 75 cells in CASPR2
condition, we retained 35 cells in CTR condition and 57 cells in CASPR2 condition (56%
versus 76% cells in CASPR2-exposed organoids), used across different protocols. From
these, control organoids showed 71% of neurons with action potential activity, while in
the CASPR2-exposed organoids condition, 79% of neurons could reliably fire action
potentials (Fig. 4.2B, D). Moreover, not all cells responded across all current injection
protocols; here, anti-CASPR2-Ab exposed neurons showed an increased ability to fire
both single APs and burst APs (89% versus 60% in the CTR-exposed organoids
condition) (Fig. 4.2C, D).

We also measured intrinsic neuronal properties, including capacitance (Cm),
membrane resistance (Rm) and RMP, in both conditions and no gross differences were
observed (Fig. 4.2E-G). We also measured spontaneous excitatory postsynaptic
currents (SEPSCs) and observed an increase in amplitude and frequency of events in
anti-CASPR2-Ab exposed organoids (Fig. 4.2H-K). We also determined neuronal
excitability upon current injection and observed increased AP firing frequencies in the
anti-CASPR2-Ab condition with any amount of current injection (Fig. 4.2L-N).

Altogether, these results suggest that exposure to anti-CASPR2-Ab impacts
spontaneous synaptic activity and the spiking frequency upon current injection,

indicating an increase in neuronal excitability.
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Figure 4.2. Increased neuronal excitability in human neurons following incubation with anti-CASPR2-Ab.
(A) Whole-cell patch-clamp was performed in brain organoid slices of 250 ym and four different protocols
were used: gap free (voltage-clamp), short- and long-square and ramp (current clamp). (B) CASPR2-exposed
organoids show a higher percentage of cells presenting neuronal activity (79% CASPR2 vs 71% CTR). (C-D)
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In CASPR2-exposed organoids, more cells fire both burst and single action potentials (89% CASPR2 vs 60%
CTR). (E-G) The intrinsic neuronal properties are similar in both conditions (Cm - capacitance, Rm -
membrane resistance, RMP - resting membrane potential). (H-K) CASPR2-exposed organoids display
increased amplitude and frequency of spontaneous excitatory postsynaptic currents (SEPSCs). (L-N) Upon
injection of the same amount of current, CASPR2-exposed organoids present increased frequency of action
potential firing. n = 16 — 25 cells, 7 organoids (CTR), n = 37 — 45 cells, 7 organoids (CASPR2). Data in (K) is
presented as a cumulative frequency plot, all other data are presented as mean * s.e.m. (K) Student t-test,
Kolmogorov-Smirnov test; (M) Two-way ANOVA, column factor (F (1, 68) = 9,020); all the others are two-
tailed Mann-Whitney test. Statistical significance: *p < 0.05, **p < 0.01, ****p < 0.0001.

4.2.4. Exposure of brain organoids to anti-CASPR2 antibodies
influences the action potential repolarization and network activity

Since changes in neuronal excitability may be a consequence of alterations in the
action potential kinetics, we aimed to analyze the waveform of single action potentials.
For this analysis, we determined different parameters (Fig. 4.3A), including AP threshold
and rheobase, peak voltage, half-width, rise time, decay time and fast-
afterhyperpolarization voltage (fAHP) (Fig. 4.3C-I). The fAHP voltage were higher in
CASPR2-exposed organoids (Fig. 4.3B, I), which is indicative of a depolarization shift in
this condition. No significant differences were observed in the other parameters (Fig.
4.3C-H).
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Figure 4.3. Action potential kinetics in brain organoids incubated with anti-CASPR2-Ab. (A) Schematic
representation of the waveform parameters analyzed. (B) Representative traces of the action potential
waveform in both conditions. (C-H) Brain organoids do not show differences in most parameters, including
(C) threshold potential, (D) rheobase, (E) peak voltage, (F) half-width (G) rise time and (H) decay time. (1)
CASPR2-exposed organoids present changes in the fast-afterhyperpolarization (fAHP), corroborating with
the increase observed in neuronal excitability. CASPR2-exposed organoids show an increase in the voltage
of the fAHP peak. n = 17 cells, 7 organoids (CTR), n = 41 cells, 7 organoids (CASPR2). (i) Unpaired two-tailed
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Student t-test; all the others are two-tailed Mann-Whitney test. Data are presented as mean t s.e.m.
Statistical significance: *p < 0.05.

Finally, to determine whether increased neuronal excitability would translate to
increased network dynamics in a larger population of cells, brain organoids were loaded
with Fluo-4 AM and spontaneous Ca?* transients were measured. Neurons in CASPR2-
exposed organoids exhibited augmented frequency in Fluo-4 fluorescence dynamics
(Fig. 4.4), suggesting an impact of anti-CASPR2-Ab in neuronal hyperexcitability and in

increased network activity in 6-month-old organoids.
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Figure 4.4. Long-term incubation with anti-CASPR2-Ab produces network hyperexcitability in human brain
organoids. (A) Ca%* imaging was performed in brain organoids slices of 250 um. (B) Time course of live
calcium imaging in neurons from CTR and CASPR2-exposed brain organoids and respective traces. (C)
Representative traces of the frequency of firing, showing increased network activity in CASPR2-exposed
organoids. Each dot represents the ROIs (region of interest) average of each video. n = 8 organoids (CTR),
n =9 organoids (CASPR2). Two-tailed Mann-Whitney test. Data are presented as mean * s.e.m. Statistical
significance: *p < 0.05.
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4.3. Discussion

Autoimmune encephalitis is characterized by an overproduction of antibodies
that target specific neuronal cell-surface or synaptic epitopes. In the case of CASPR2-
encephalitis patients, they present higher levels of CASPR2 antibodies in the serum and
in the cerebrospinal fluid (CSF) (Irani et al., 2010). These patients can be afflicted by
several syndromes that include neuromyotonia, Morvan’s syndrome and limbic
encephalitis (Irani et al., 2010). In addition to these syndromes, anti-CASPR2-Ab have
been associated with neurodevelopmental disorders arising from gestational maternal
transfer of antibodies that attack the brain of the fetus (Braunschweig et al., 2008;
Brimberg et al., 2013; Coutinho et al., 2017a; Croen et al., 2008; Singer et al., 2008).
However, the alterations inflicted on neurophysiology and neuronal network activity
during human brain development have not been studied. Here, using a model of early
human brain development (Lancaster et al., 2013; Lancaster and Knoblich, 2014), we
show that human anti-CASPR2 antibodies directly impact neuronal function and brain
development.

When performing a long-term exposure of human brain organoids to anti-
CASPR2-Ab, we observed a decrease in the protein levels of CASPR2 and Contactin-2,
which are known to regulate VGKCs (Poliak et al., 2003). The role of CASPR2 and
Contactin-2 in axonal organization is well described, with these proteins being known to
cluster Kv channels at the JXP regions (Pinatel et al., 2017; Poliak et al., 2003, 1999;
Traka et al., 2003). Therefore, a disruption in this complex is thought to compromise the
clustering of VGKCs, namely Kv1.2 channels (Savvaki et al., 2008; Traka et al., 2003).

At the electrophysiological level, we observed a difference in the number of cells
that respect neuronal criteria, as well as in the percentage of active versus inactive cells
in both conditions. Brain organoids exposed to anti-CASPR2-Ab presented more cells with
the ability to fire action potentials. However, within these, no differences were observed
in cell capacitance, membrane resistance, resting membrane potential, action potential
threshold potential or rheobase. On the other hand, we observed an increase in the
amplitude and frequency of spontaneous excitatory events in CASPR2-exposed
organoids. While the increased frequency in spontaneous synaptic events could be
directly explained by the changes in overall network activity, the changes in amplitude of
these events may be interpreted in different ways. sEPSC amplitude changes could be due
to alterations in the postsynaptic site directly by i) a mechanism directly interfering with
CASPR2 and glutamate receptors at the synapse; ii) be due to changes in synaptic

physiology and synaptic maturation, secondary to the overall increase in neuronal activity;
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or iii) a combination of both mechanisms. Mechanistically, however, this increase in
neuronal and synaptic activity are most likely a consequence of membrane repolarization
deficits following action potential firing, which is in line with putative alterations in Kv
channel function and impaired CASPR2/Contactin-2 complex. This is in agreement with
several studies showing reduced expression of Kv channels in different CASPR2 models
(Dawes et al., 2018; Fernandez et al., 2021; Patterson et al., 2018). Finally, our observed
reduction in GRIAT expression, could suggest either a direct impact on AMPA receptor
(Fernandes et al., 2019) or a compensatory/homeostatic plasticity mechanism aimed to
tune-down the higher activity rates (Fernandes and Carvalho, 2016; Tatavarty et al., 2013;
Turrigiano, 2017) present in our model. In fact, network hyperexcitability may indeed
present as a key consequence of CASPR2 alterations and point also to early defects in
excitation/inhibition ratio as an underlying alteration in ASDs (Manyukhina et al., 2022;
Rubenstein and Merzenich, 2003; Sohal and Rubenstein, 2019). Excitatory transmission is
either normal or altered in CNTNAP2 deletion models (Anderson et al., 2012; Jurgensen
and Castillo, 2015; Kim et al., 2019; Lazaro et al., 2019; Lu et al.,, 2021; Vogt et al., 2018).
Moreover, in several studies, CASPR2 loss reduces GABAergic interneurons
subpopulations, resulting in impaired GABAergic inhibitory transmission and increased
excitability during postnatal development (Anderson et al.,, 2012; Bridi et al., 2017;
Jurgensen and Castillo, 2015; Lauber et al., 2018; Lu et al., 2021; Pefiagarikano et al., 2011;
Vogt et al., 2018). Additionally, during early development, in a CNTNAP2 KO mouse cortical
organoid model, deficits in inhibitory neurons were also observed, contributing for E/I
imbalance (Hali et al., 2020). Interestingly, by restoring the E/I balance, it was possible to
rescue the hyperactivity phenotype observed in models lacking the autism candidate gene
CNTNAP2 (Hali et al., 2020; Selimbeyoglu et al., 2017), demonstrating the importance of
this gene for E/I ratio and network activity (Selimbeyoglu et al., 2017).

In conclusion, our data supports the view that in early human brain development
models, the presence of anti-CASPR2-Ab may disrupt the CASPR2-Contactin-2-Kv
complex, resulting in the mislocalization of VGKCs, contributing to neuronal
hyperexcitability and creating the early makers for future E/I imbalance, even before the

maturation of the inhibitory system.
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4.4. Supplementary information
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Supplementary Figure 4.1. Plasma containing anti-CASPR2-Ab specifically recognize and bind to
CASPR2. (A-B) Schematic representation of the binding assay culture system. (C-D) Control plasma fails
to bind to pCTR-transfected HEK293T cells (C) and to pCASPR2-transfected HEK293T cells (D). (E-F)
CASPR2 plasma fails to bind to pCTR-transfected HEK293T cells (E) but binds specifically to pCASPR2-
transfected HEK293T cells with antibodies titers > 1:1000 (F). (G-H) While control plasma fails to bind to
cortical neurons (G), CASPR2 plasma recognizes and binds to CASPR2 in cortical neurons (H).
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5.1. Introduction

Frontotemporal lobar degeneration (FTLD) is the second most common form of
dementia in people aged < 65 years old and comprises an heterogenous group of highly
hereditable and rapid-progressing neurodegenerative diseases, mostly characterized by
behavioral, language and motor impairments. In 2006, heterozygous mutations in GRN
were identified as a cause of familial FTLD presenting with inclusions of the TAR-DNA
binding protein 43 (TDP-43) (Baker et al., 2006, p. 17; Cruts et al., 2006). Mutations in
GRN, together with mutations in microtubule-associated protein tau (MAPT) or
expansion of the chromosome 9 open reading frame 72 (C90orf72) account for 5to 10%
of all FTLD cases (Greaves and Rohrer, 2019; Moore et al., 2020). In the specific case of
the Portuguese population, GRN mutations are relatively frequent and account for
around half of all genetic FTLD diagnoses (Moore et al., 2020), showing almost 100%
penetrance by 80 years of age.

Progranulin, the protein encoded by the GRN gene, is a conserved 593 amino acid
and 88-kDa protein, which includes 7.5 cysteine-rich granulin domains. In the brain,
progranulin is expressed both by immune cells and by subsets of neurons and has been
implicated in multiple functions required for neuronal survival (Baker et al., 2006; Cruts
et al., 2006), including axonal growth, synaptogenesis (Gascon et al., 2014, Petkau et al.,
2012) and neuroinflammation (Broce et al., 2018; Ferrari et al., 2014; Miller et al., 2013;
Zhang et al., 2020). In addition to its extra-cellular functions, mainly mediated through
interaction with the tyrosine kinase ephrin type-A receptor 2 (EphA2) and the Notch
signaling pathway (Neill et al., 2016), progranulin (PGRN) has also been suggested to
play an important role in autophagy and lysosomal regulation, acting as a chaperone for
lysosomal enzymes involved in protein degradation (Butler et al., 2019).

In addition to FTLD, deficiencies in the GRN gene can cause other
neurodegenerative conditions, in an allele dose-dependent manner. Clinical symptoms
of patients with GRN mutations, including the age of disease onset, are extremely
variable, even within same-family carriers of an identical pathogenic mutation
(Gabryelewicz et al., 2010; van Swieten and Heutink, 2008). Interestingly, homozygous
mutations in GRN were not initially observed, leading to the hypothesis that the loss of
GRN in both alleles might cause embryonic death (Bruni et al., 2007). This changed in
2012, when a complete deficiency of progranulin, caused by a homozygous GRN loss-
of-function mutation, was reported in 2 siblings diagnosed with adult-onset neuronal
ceroid lipofuscinosis (NCL) type 11, presenting with visual loss, dementia and epilepsy
(Canafoglia et al., 2014; Smith et al., 2012). In 2016, a ¢.900_901dupGT mutation in exon
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9 of the GRN gene (p.Ser301Cysfs*61) was identified in a young Portuguese female,
originating the third case of NCL due to a homozygous GRN mutation (Almeida et al.,
2016), and the first one segregating in a family with confirmed pathology of FTD
(Guerreiro et al., 2008) (Fig. 5.1).

The association of progranulin with a late-onset type NCL further strengthen the
hypothesis of a relevant role for this protein both in lysosomal homeostasis and lipid
metabolism (Evers et al., 2017; Smith et al., 2012). This was further confirmed by several
studies in GRN” mice, which showed an abnormal accumulation of lipofuscin deposits
in the brain (Ahmed et al., 2010; Moore et al., 2020), in addition to changes in lysosome
size and activity, reduced activity of autophagy mediators (Chang et al., 2017) and an
increase in microglia-dependent complement activation that led to abnormal synapse
elimination and neuronal loss (Zhang et al., 2020).

In addition to rare loss of function GRN mutations, single-nucleotide
polymorphisms (SNPs) in the GRN locus, such as rs5848,rs2269906 and rs850738, have
been identified by genome-wide association studies has genetic determinants of other
neurologic diseases, including Alzheimer's disease, limbic-predominant age-related
TDP-43 encephalopathy (LATE), amyotrophic lateral-sclerosis (ALS) and FTLD caused
by expansion of C9orf72 and Gaucher disease (Rhinn et al., 2022). All this SNPs have
been related with decreased levels of circulating progranulin, which have also been
reported in idiopathic Parkinson disease and autism (Al-Ayadhi and Mostafa, 2011; Yao
et al., 2020). This commonality in a risk gene for neurodegeneration is almost unheard
off and suggests that progranulin is a critical regulator of brain health, constituting a
uniquely attractive therapeutic target (Rhinn et al., 2022).

Despite the undeniable link between pathogenic mutations in GRN and both FTLD
and NCL, the underlying molecular and cellular pathways that explain the contribution of
progranulin to the pathophysiology of these diseases, as well as the reason for brain
susceptibility to progranulin loss, remain to be fully elucidated. This is partly due to the
poor face validity of GRN* mice, as well as the lack of robust human models.

Human induced pluripotent stem cells (hiPSCs) offer remarkable opportunities
to study the molecular mechanisms of this type of mutations, due to their ability to
differentiate into various cell types (Takahashi et al., 2007), which enables the
development and study of human neurons, while preserving the genetic background of
the individuals.

Here, we describe the generation and characterization of new FTLD- and NCL-
patient-specific iPSC lines, bearing the ¢.900_901dupGT GRN mutation, which we further

employed to generate a human 3D model of GRN haploinsufficiency. We believe these
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lines constitute promising new tools that will allow future studies addressing the
mechanistic aspects of progranulin function and other outstanding questions regarding

the impact of progranulin deficiency in the context of aging and disease.
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Figure 5.1. Family tree of the Portuguese family carrier of the GRN mutation.

Family tree representative of the mutation status for GRN mutation ¢.900_901dupGT. Both parents (115 and
116) are heterozygous for the mutation (M/WT), presenting with the behavioral variant of FTD. The daughter
(117) is homozygous for the mutation (M/M), presenting with neuronal ceroid lipofuscinosis (CLN11). The
son (112) is heterozygous for the mutation (M/WT) and did not present symptoms at the time of the skin
biopsy.

Left-side filled black/blue symbols represent individuals diagnosed with behavioral variant of FTD, while
right-side filled black/blue symbols represent individuals diagnosed with neuronal ceroid lipofuscinosis.
Left-side filled grey symbols represent signs of dementia plus Parkinsonism and the white square
represents asymptomatic individuals. The generation is indicated by Roman numeral on the left side of the
tree. The samples used in this study are represented in blue. Image adapted from (Almeida et al., 2016;
Guerreiro et al., 2008)

5.2. Results

5.2.1. Generation and characterization of patient-derived hiPSCs

In order to study the cellular consequences of the ¢.900_901dupGT GRN
mutation in human brain cells, we generated hiPSCs from primary cultures of dermal
fibroblasts collected from three individuals, from the same family, which presented
either a homozygous (n = 1) or heterozygous mutation (n = 2) (Fig. 5.2A-B). For this
purpose, skin biopsies were obtained from each individual and cultured until giving rise
to a stable population of dermal fibroblasts. The fibroblasts were then reprogrammed
using an integration-free strategy, based on nucleofection, to overexpress OCT3/4,
SO0X2, KLF4, L-MYC and microRNA (miR) 302/367 cluster. For each patient, several
independent hiPSC-like clones were generated and picked to Matrigel-coated plates.
After several days of expansion, hiPSCs displayed the specific stem cell-like morphology

(multiple round-shaped colonies with distinct borders and a high nuclear to cytoplasm
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ratio) (Fig. 2B). Even though cell morphology is an important indicator of hiPSC status,
other tests were performed to further validate the quality of the newly generated hiPSC
lines. The pluripotency potential of each original hiPSC clone was confirmed by
immunocytochemistry and qPCR. All hiPSC clones expressed the pluripotency markers
OCT4, SSEA4 and SOX2 (Fig. 5.2C). Additionally, an increase in the expression of the
pluripotency genes OCT4, SOX2 and NANOG, with respect to the primary cell source
(fibroblasts) (Fig. 5.2D), was also detected by gPCR. Nevertheless, we found that the
expression levels of these pluripotency markers diverged between different patient
samples and, within the same patient, in different clones (Fig. 5.2D).

The most promising hiPSC clones (at least two for each individual) were cultured
in conditions that potentiated the formation of embryoid bodies to evaluate their ability
to differentiate spontaneously into each of the three-germ layers. Following 5 days in EB
formation medium, EBs were transferred to Matrigel-coated plates and cultured for
further 11 days in serum-containing medium. The presence of trilineage markers was
determined by immunocytochemistry at the end of this period. GATA4 was used as an
endodermal marker, SMA as a mesodermal marker and NESTIN and -l TUBULIN as
ectodermal markers. It was possible to observe the positive expression for markers of
the three germ layers (Fig. 5.2E) in all clones from the three hiPSC lines. Chromosomal
integrity in the newly generated hiPSCs was also examined in the two most promising
hiPSC clones of each individual. Our results showed that all clones presented a normal
karyotype: 46, XY (heterozygous carriers of the GRN mutation) or 46, XX (homozygous
carrier of the GRN mutation) (Fig. 5.2F). All the hiPSCs clones were further tested for
mycoplasma before clone expansion and freezing at low passage number (6-8

passages). General features of the generated cell lines are reported in Table 5.1.
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Figure 5.2. Generation and characterization of patient-derived hiPSCs.

hiPSCs were generated from skin fibroblasts of three individuals, from the same family, all carriers of the
progranulin mutation ¢.900_901dupGT. One individual harboring a homozygous mutation and two
individuals harboring a heterozygous mutation. (A) Schematic representation of the protocol for fibroblast
isolation and reprogramming into hiPSCs. (B) Typical morphology of fibroblasts and hiPSCs following
reprogramming. (C) Expression of pluripotency markers OCT4, NANOG and SOX2 was detected by
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immunocytochemistry in the three hiPSCs lines (scale bar: 50 ym). (D) Increased expression of pluripotency
genes OCT4, NANOG and SOX2, with respect to fibroblasts, was also observed by qPCR in at least two
independent hiPSC colonies from each individual (n = 3 fibroblast lines; n = 5 GRN *- (a); n=6 GRN *-(b); n =
4 GRN 7). (E) Expression of trilineage markers GATA4 (endoderm), SMA (mesoderm) and NESTIN and BllI-
TUBULIN (ectoderm) (scale bar: 100 pm) was determined by immunocytochemistry in all hiPSCs lines,
following the three germ layer assay. (F) A normal karyotype, with 46 chromosomes GRN *~ (a): 46, XY, GRN
*- (b): 46, XY, GRN 7~ 46, XX was identified for the three hiPSC lines; One-way ANOVA, following Dunnet’s
multiple comparisons test. Data are presented as mean t s.e.m. Statistical significance: *p < 0.05, **p <
0.01, ***p < 0.001.

Table 5.1. General features of the newly generated cell lines.

Unique stem cell NCBL1.c5 NCBL2.c11; NCBL3.c2; NCBL4.c27;
line identifier ) NCBL2.c46 NCBL3.c6 NCBL4.c33
Alternative
name of stem GRN** GRN*" (a) GRN*" (b) GRN”
cell line
Institution Center for Neuroscience and Cell Biology, University of Coimbra (CNC UC)
Contact
information of Doctor Ana Luisa Cardoso: anacardoso@cnc.uc.pt
distributor
Type of cell line Induced pluripotent stem cells (iPSCs)
Origin Dermal human fibroblasts
Individual age 36 years-old; 29 years-old; 63 years-old; 34 years-old;
and sex male male male female
Method of Episomal nucleofection: 0SKM factors (OCT3/4, SOX2, KLF4 and MYC,
reprogramming together with the miR 302/367 cluster)
Gengt!c : No Yes Yes Yes
modification
Frontotemporal Frontotemporal | id
Associated lobar lobar Ngurona cerol
disease i degeneration degeneration lipofuscinosis
g g (NCL11)
(FTLD) (FTLD)
Gene/locus - Granulin (GRN), 17q21.31
Date
archived/stock 2021
date
Cell line RRID:CVCL_ | RRID:CVCL_COP2; | RRID:CVCL_COP4; | RRID:CVCL_COPS;
repository/bank COP1 RRID:CVCL_COP3 | RRID:CVCL_COP5 | RRID:CVCL_COP7
Ethical approval The study was approved by the Ethics Committee of the Faculty of
Medicine, University of Coimbra (Project CE-028/2016)

5.2.2. Patient-derived hiPSCs preserve the GRN genotype

After the broad characterization of the newly generated hiPSC lines, we wanted
to analyze whether the genotype of each line suffered alterations due to the
reprogramming process. For this purpose, the region within the GRN gene bearing the
mutation was sequenced in each hiPSC line. As expected, the GT duplication,
€.900_901dupGT (p.Ser301Cysfs*61) was identified in a single allele in the hiPSC clones
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from the individuals bearing the heterozygous mutation and in both alleles in the hiPSC
clones from the patient with the homozygous mutation (Fig. 5.3A).

It has previously been described that GRN loss of function mutations lead to a re-
duction in serum progranulin levels, that reaches more than a 50% loss in symptomatic
FTLD patients, while NCL patients with homozygous mutations present a complete
absence of the protein (Almeida et al., 2016). To assess if the generated hiPSC lines
complied with the expected phenotype, PGRN expression levels were evaluated by
western blot (Fig. 5.3B). We observed a significant reduction (approximately 50%) of
PGRN protein levels in hiPSCs clones from one of the heterozygous patients (GRN* (b)),
while no PGRN protein could be detected in hiPSCs clones from the homozygous patient
(100% reduction). Interestingly, hiPSC clones from one of the heterozygous individuals
(GRN* (a)) presented an increase in PGRN levels (Fig. 5.3B) with respect to control lines,
which may be related with the fact that this individual was young and still asymptomatic

at the time of the biopsy collection.
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Figure 5.3. FTD patient-derived hiPSCs present different progranulin genotypes.

After reprogramming, DNA sequencing and protein expression of the newly established hiPSC lines from
the three different individuals were assessed and the presence of progranulin mutation ¢.900_901dupGT
was confirmed in all colonies generated from each of the three individuals. (A) Electropherogram of the
regions containing the studied mutation in the generated hiPSCs shows the GT duplication in one allele from
the patient harboring the heterozygous mutation and in both alleles from the patient harboring the
homozygous mutation. (B) Western blot quantification of PGRN protein levels was performed in two
independent hiPSC colonies from each individual. Representative western blot membrane and
quantification of PGRN band density levels, normalized to GAPDH show a decrease in PGRN protein levels
in both disease conditions, except for the asymptomatic heterozygous individual (GRN * (a)) that shows an
increase in PGRN protein levels. Data are presented as mean + s.e.m.
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5.2.3. Patient-derived hiPSCs can generate brain organoids

Next, we wanted to understand the ability of the developed hiPSC lines to
generate specific cell types from the ectodermal lineage, including neurons, in a complex
3D culture system. For this purpose, we employed the established protocol from
Lancaster and colleagues (Holler et al., 2016; Lee et al,, 2017) to originate brain
organoids, as demonstrated in Figure 5.4A. In the first step of this process, EBs were
formed from one stable hiPSC clone from each individual (at a cell passage above 20)
and their size was monitored throughout the first 5 days. Interestingly, at day 5, we could
observe a significant decrease in the diameter of the EBs obtained from the GRN” line,
as well as in the GRN*” (a) line with respect to organoids obtained from control lines (Fig.
5.4B). Nevertheless, we found that all three tested hiPSC lines could generate human
brain organoids. At two months in culture, and similarly to controls, organoids from all
three new lines presented ventricle-like structures that mimic the initial stages of cortical
plate development with expression of the neuronal precursor marker NESTIN (Fig. 5.4C).
It was also apparent the presence of the neuronal marker MAP2, more evident in the
outer part of the ventricle, reflecting the inside-out neuronal migration (Fig. 5.4C). These
findings were complemented by gPCR analysis, which revealed an increase in the
expression of ectodermal genes (NCAM1, NESTIN and Il TUBULIN) at this same age
(Fig. 5.4D)

PRGN levels were also analyzed in 3-month-old brain organoids and the profile
of protein expression was similar to what was previously observed in hiPSCs (Fig. 5.4E).
We found a modest increase in PGRN in brain organoids generated from GRN* (a), a
decrease of approximately 60% in brain organoids generated from the GRN* (b) hiPSC
line and total loss of PGRN expression in brain organoids generated from the GRN”
hiPSC line (Fig. 5.4E).
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Figure 5.4. FTD patient-derived hiPSCs are capable of generating brain organoids.

Newly established hiPSCs were used to generate human 3D brain models. (A) Schematic representation of
the organoid generation, following the protocol established by Lancaster and colleagues. (B) EBs size was
determined at day 5 of the protocol and is presented as a % of control genotype. EBs from GRN *- (a) and
GRN 7 genotypes show a decrease in mean size. (C) The neuronal precursor NESTIN and neuronal marker
MAP2 are expressed in 2-month-old generated brain organoids, as observed by immunohistochemistry. (D)
Increased expression of ectodermal genes (NESTIN, Alll-TUBULIN, NCAM1) was also observed in the the
generated brain organoids with respect to hiPSCs. (E) Representative western blot membrane and
quantification of PGRN in 3-month-old organoids (n = 3 per genotype), normalized to GAPDH, shows a
reduction in protein levels of PGRN in brain organoids of both GRN *(b) and GRN 7 conditions, while the
GRN *- (@) condition showed similar levels to control. One-way ANOVA following Dunnet’'s multiple
comparisons test. Data are presented as mean * s.e.m. Statistical significance: *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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5.3. Discussion

GRN mutations causes a range of neurological disorders, presenting an allele dose-
dependent pattern. While homozygous loss-of-function GRN mutations are very rare and
result in a specific subtype of neuronal ceroid lipofuscinosis (CLN11), heterozygous
mutations in this gene are more common and, in the case of the Portuguese population,
constitute the second leading cause of genetic FTLD, a rapidly progressing type of
dementia. Interestingly, while most neurodegeneration-related risk genes, such as APP
and SOD1, are usually associated with a specific disease, GRN mutations and
polymorphisms appear to be involved in a diverse group of neurological conditions,
ranging from FTLD to ALS, AD, PD and even autism. This places the GRN gene in a unique
position to regulate brain health.

Recent advances in our understanding of the cellular and molecular consequences
of reduced PGRN levels have established a crucial role for this protein in lysosomal
health (Butler et al., 2019), neuronal survival (Baker et al., 2006; Cruts et al., 2006),
synaptic pruning and neuroinflammation (Broce et al., 2018; Ferrari et al., 2014; Miller et
al., 2013; Zhang et al., 2020). Despite these insights, PGRN mechanisms of action and
main signaling cascades are still poorly understood. For example, although we know that
PGRN is cleaved into a set of smaller proteins named granulins inside the lysosome,
little is known concerning the interplay of PGRN with its cleavage products and the role
of granulins in brain homeostasis. Other relevant questions that remain unanswered
include: 1) how does PGRN impact autophagy, 2) how do PGRN levels change
throughout life and what epigenetic mechanisms regulate PGRN expression, 3) is there
a critical period during development when PGRN is essential, 4) is restoring PGRN
expression a therapeutic avenue to treat neurodegeneration and, if so, 5) how tightly do
we need to control PGRN levels given its trophic properties?

In order to answer these questions, we believe that it is crucial to develop novel
humanized research models that allow to simultaneously preserve the genetic
background of individuals bearing GRN mutations and recapitulate the major
pathophysiological hallmarks observed in FTLD and other GRN-associated diseases.
With this in mind, we generated hiPSCs from dermal fibroblasts obtained from several
members of a Portuguese family where cases of both FTLD-GRN and CLN11 had been
previously diagnosed (Almeida et al., 2016; Guerreiro et al., 2008).

Ever since Yamanaka et al. reported that overexpressing OCT4, SOX2, KLF4 and
MYC (OSKM) in mouse fibroblasts would induce the recapitulation of embryonic stem
cell features and abilities (Takahashi and Yamanaka, 2006), an important ethical barrier

(experimenting with human embryos) was overcome. The emerging realm of induced
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pluripotent stem cells has revolutionized the ability of scientists to produce better and
cheaper models of human system homeostasis and human diseases. Although the
discovery of OSKM factors was a landmark for iPSC development, it was just the first
step in this blooming field of science. Since then, several other reprogramming factors
were identified and described to improve reprograming of different types of human and
rodent cells, including fibroblasts and blood cells (Febbraro et al., 2021; K and S, 2016).
In this work, human fibroblasts were effectively reprogramed by episomal nucleofection
of the 4 Yamanaka factors: OCT3/4, SOX2, KLF4 and MYC, together with the miR
302/367 cluster (Yamanaka, 2007; Zaehres et al., 2005). To ensure that the newly
generated cell lines were indeed iPSCs, quality control methods were used for their
characterization, according to the currently accepted best practices for the
characterization of iPSCs (Chen et al, 2021), including cell morphology analysis,
expression of pluripotency-associated markers, ability to differentiate into the three
germ layers and karyotype analysis.

Since iPSCs should be able to originate any cell type, they need to exhibit both
pluripotency and the ability to differentiate into a diverse range of cells, with origin in
different embryonic leaflets. In this study, both criteria were met for the cells from all
PGRN mutation-carriers (Fig. 5.2C-D, E). However, different levels of expression of
pluripotency genes were observed, which may be related to the different genetic
backgrounds of the patients or due to the differences in reprogramming efficiency of
each fibroblast line.

Currently, the trilineage assay is considered the standard method to evaluate iPSCs
ability to generate EBs and spontaneously differentiate into the 3 germ layers: endoderm,
mesoderm, and ectoderm (Fig. 5.2E). This assay has replaced the previously preferred
teratoma assay, that consisted on the injection of iPSCs into an immune-deficient mice
to assess the ability of these cells to generate a tumor (Takahashi et al., 2007; Yu et al.,
2007). By replacing the teratoma assay by the trilineage assay, the same conclusion can
be drawn from a less expensive and time-consuming method, while also avoiding the
use of animal models. All three cell lines developed in this work were able to form EBs
and express the three lineage markers SMA, GATA4, NESTIN and BIII-TUBULIN, which
confirmed their iPSC status.

Since the reprogramming process is often associated with high mutation rates,
which may lead to the accumulation of genomic abnormalities, karyotyping analysis is
also a standard procedure in iPSC characterization. All the generated lines maintained
the normal karyotype (Fig. 5.2F) at passage 20. However, genomic abnormalities can

accumulate during long-term culturing (Ben-David et al., 2011), becoming essential to
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repeat the analysis over time or restrict use to low cell passages. Additionally, it may be
useful to employ other methods to detect genomic alterations not reported by
karyotyping, including single nucleotide polymorphisms (SNPs) and copy number
variation (CNV) arrays (Hussein et al., 2011; Narva et al,, 2010).

Considering the strong impact of GRN mutations in the brain, an organ that
originates from the ectoderm germ layer, we decided to further test the ability of these
new lines to generate ectoderm-specific cells through the formation of 3D brain
organoids (Fig. 5.4B-D). Upon neuronal induction, we confirmed the expected increase
of several ectodermal (NESTIN, BIII-TUBULIN and NCAM1) and neuronal markers
(NESTIN and MAP2) (Fig. 5.4C-D) (Lancaster et al., 2013), as compared to the respective
hiPSC line. Within the same genotype, some degree of variability was detected in the
expression of these genes, which may be related to the intrinsic variability associated
with the unguided organoid protocol (Lancaster and Knoblich, 2014).

Lastly, and to evaluate whether the generated cell lines presented the expected
reduction in PGRN, typically observed in FTLD patients with GRN mutations, PGRN levels
were assessed by western blot in both hiPSCs (Fig. 3B) and brain organoids (Fig. 5.4E).
The profile of PGRN expression was similar in both hiPSCs and organoids, and
recapitulated progranulin levels in primary fibroblasts and blood cells from the carriers
(data not shown), showing that the genetic feature in study is efficiently preserved
throughout the reprograming and differentiation protocols. As expected, we observed a
complete loss of PGRN expression in the homozygous mutation carrier (GRN”), and a
significant reduction in one of the heterozygous carriers GRN*" (b). Interestingly, the
other heterozygous carrier (GRN* (a)) presented levels of PGRN expression similar to
those of the control. Since this individual was relatively young and still asymptomatic at
the time of the skin biopsy, these results may reflect a case of haplosufficiency that can
later evolve to haploinsufficiency, as the organism ages and loses the ability to produce
the necessary protein to preserve normal function from a single gene copy. These
observations corroborate the hypothesis that PGRN levels change throughout life and
tend to decrease with aging, hinting at a possible compensatory mechanism that
sustains high levels of PGRN expression in GRN mutation carriers and that, once lost,
contributes to the onset of FTLD symptoms.

In this present study, patient-derived human dermal fibroblasts bearing GRN
mutations were successfully reprogrammed into hiPSCs. The newly generated hiPSCs
can be further differentiated into cell types of the three germ layers, including neurons,

as well as employed to generate complex 3D cellular models, such as brain organoids,
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with the ability to recapitulate the genetic and molecular features of the original patients’

cells.
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CASPR2 is one of the various cell-adhesion molecules with a central role in the
central nervous system. Some of its functions are well described, but there are still
significant lack of understanding on the cellular and molecular mechanisms underlying
human diseases associated to CNTNAP2 mutations. Additionally, recent findings related
with an overproduction of CASPR2 antibodies in autoimmune encephalitis have
reinforced the impact of CASPR2 in neurological disorders (Irani et al., 2010). Moreover,
it has been reported an increased risk of neurodevelopmental/neuropsychiatric
disorders in the offspring of mothers with exacerbated levels of anti-CASPR2
autoantibodies (anti-CASPR2-Ab) (Brimberg et al., 2013; Coutinho et al, 2017a).
Therefore, several studies in animal models have been performed to validate and
understand the impact of these antibodies in the offspring (Bagnall-Moreau et al., 2020;
Brimberg et al., 2016; Coutinho et al., 2017b). In this research work, we used a human
brain model to study the impact of anti-CASPR2-Ab in the developmental trajectory and
network activity in an earlier phase of human brain development.

First, we generated and characterized human brain organoids regarding the
expression of proliferating cells, neuronal progenitor, mature neurons and different
cellular subtypes over time. The generated organoids presented a decrease in the
expression of proliferating cells and neuronal progenitor markers, but an increase in
mature neuron markers, showing an inside-out migration of the neuronal populations.
We also observed an increased in the expression of glial cells, including astrocytes, but
not in microglia. Different cellular subtypes were also observed, including dopaminergic
neurons, excitatory and inhibitory neurons. Therefore, considering the protocol used, our
organoids express not only dorsal markers, but also ventral markers, which is in line with
the heterogenous cell populations of this whole-brain model. In addition to the different
cellular populations identified, we proved that these neurons were functionally mature
after along period in culture. Hence, we can claim that whole-brain organoids are robust
models to recapitulate human fetal brain development, being valuable models to study
several brain disorders. Notwithstanding, improvements to this model have been
achieved by others, including the use of different brain regions of interest, depending on
the questions raised in the study, and addition of microglia and endothelial cells. Since
microglia plays crucial roles during the early stages of brain development, particularly by
helping to shape neuronal circuits, supporting neuronal survival, eliminating the excess
of neuronal progenitors and guiding axonal growth, in the context of the present work it
would be interesting to generate microglia from human induced pluripotent stem cells
(hiPSCs) and seed it into our brain organoid model (Abud et al., 2017; Fagerlund et al.,
2021; Haenseler et al., 2017; Popova et al., 2021; Sabate-Soler et al., 2022; Xu et al.,
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2021). Consequently, it contributes for neuronal maturation and increased neuronal
excitability in brain organoids (Popova et al., 2021; Sabate-Soler et al., 2022), allowing
the generation of even more complex and realistic human models.

Following the generation of human brain models that recapitulate human fetal
brain, we wanted to assess the impact of anti-CASPR2-Ab in human brain development.
Brain organoids were exposed from to 2 to 6 months of differentiation to autoimmune
encephalitis patient plasma, containing anti-CASPR2-Ab. As previously demonstrated
(Dawes et al., 2018; Patterson et al., 2018), we observed a decrease in CASPR2, and
Contactin-2 protein levels in 6-month-old organoids exposed to anti-CASPR2-Ab. These
changes influenced the neuronal excitability of brain organoids, reflected in increased
excitability of individual neurons and an increase in the network activity, suggesting that
anti-CASPR2-Ab may modulate neuronal excitability via Kv1 channels. However, to
validate this hypothesis, it would be crucial to perform pharmacological modulation of
Kv1 channel currents, using for example a specific blocker of these channels (Zhao et
al., 2013). Moreover, immunofluorescence experiments are essential to evaluate the kv
channels distribution in the neurons of brain organoids, particularly along the axons.
Additionally, immunoprecipitation assays could be used to validate the decrease in
CASPR2-Contactin-2 interaction that later may interfere with Kv1 distribution.
Importantly, considering the decrease observed in GABAergic neurons in CNTNAP2
mutation models (Bridi et al., 2017; Hali et al., 2020; Jurgensen and Castillo, 2015;
Penagarikano et al., 2011; Vogt et al., 2018), affecting the excitation/inhibition (E/I)
balance and consequently the network activity, it would be interesting to understand
whether the E/I balance is compromised in this brain organoid model. However, to do
so, an assembloid of dorsal and ventral organoids (Bagley et al., 2017; Birey et al., 2017)
would be preferred, due to the heterogenicity in cellular populations in the whole-brain
model. Another important aspect, would be to repeat these studies in the presence of
microglia, since it is already known that microglia is activated in models exposed to anti-
CASPR2-Ab (Coutinho et al., 2017b; Giannoccaro et al., 2019; Kortvelyessy et al., 2015).

Besides their utility as models for environmental exposure to hazards, such as
those exemplified by the maternal transfer of anti-CASPR2-Ab during the gestational
period, brain organoids offer a sophisticated platform to study disease-associated
genetic mutations. In parallel with the present work, we generated new hiPSC from fully
differentiated somatic cells of patients using an episomal-based reprogramming system
that is advantageous over integrating methods, known to prevent their use for clinical
applications. After several weeks of maintenance and stabilization of different clones,

the generated clones presented several features of hiPSCs. The different clones
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expressed several pluripotency markers and differentiated into any of the three germ
layers and no chromosomal abnormalities were observed. The generated hiPSCs were
able to develop into brain organoids and will be used to generate disease-specific brain
organoids models to study the underlying mechanisms of those diseases in complex
human 3D brain models.

Overall, this work strongly contributed for the implementation of new models,
which showed to be instrumental for the understanding of the consequences of
environmental insults to the developing human brain, as assessed by exposing the
human brain organoid models to anti-CASPR2-Ab. Additionally, these models are
expected to provide particularly useful platforms for the study of brain disease-
associated genetic mutations, which can be modulated from reprogrammed and easily

accessible patient somatic cells.
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