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Abstract

GABAergic interneurons compose the main inhibitory neurons in the cerebral
cortex and medial ganglionic eminence (MGE)-derived interneurons, including
parvalbumin (PV) and somatostatin (SST) interneurons, account for approximately
70% of cortical interneurons. PV and SST interneurons differ in their morphology,
functionality and connectivity, resulting in distinct inhibitory modes within circuits.
Their loss or dysfunction has been involved in the pathology of several
neurodevelopmental disorders, such as schizophrenia, epilepsy and autism spectrum
disorder. Yet, the exact pathology of PV and SST in unknown. Stem cell and
reprogramming approaches allow for derivation of human subtype-specific
interneurons in vitro. These can be used for disease modelling when derived from
patient cells e.g. via iPSCs or as a source for cell replacement when transplanted to
the brain. Direct reprogramming, where a somatic cell, e.g. glia converts to a neuron,
has been proposed as a cell replacement strategy, offering a fast approach for neuron
derivation that can be applied in situ.

In this thesis, the overall aim was to develop methods to derive PV and SST
interneurons for future therapeutic cell replacement strategies and disease
modelling. Firstly, we demonstrated for the first time that human PV interneurons
can be derived from reprogrammed glia in vitro. Using single-cell sequencing, we
unravelled their lineage trajectory, showing that they were of bona fide equivalence.
This study showed proof-of-principle for human interneuron reprogramming that in
the future can be applied in vivo targeting resident glia. In paper II we transplanted
reprogrammed neurons into the mouse prefrontal cortex (PFC). We demonstrated
that human reprogrammed neurons could survive up to 10 months and integrate into
the host circuitry, functionally and structurally maturing over time. In paper III, we
successfully derived human SST interneurons from embryonic stem cells (ESCs) in
a 3D co-culture system and unravelled their subclass characteristics. This protocol
was then applied to schizophrenic patient-derived iPSCs and showed that patient-
derived interneurons are functionally impaired, and they undergo an extensive
GABAergic signalling remodelling.

Altogether, these findings provide evidence for successful derivation of human
subtype-specific interneurons and lay a solid foundation for their application for
therapeutic cell replacement and disease modelling.
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Lay summary

The brain, one of the most complex and fascinating organs of the human body, is
regulating functions ranging from basic processes, such as body temperature, to
decision making. The brain is mainly made up from cells called neurons and there
are different types. One important type is GABAergic interneurons. These cells are
essentially responsible to putting a brake in excessive brain activity. In some
disorders, such as epilepsy, schizophrenia and autism spectrum disorder, these
important neurons are either lost or they don’t function properly, leading to
problems in brain activity.

To study interneurons in these diseases, researchers have developed different
advanced strategies to derive them in the lab. One of them is a called direct
reprogramming, a process that forces a cell, such as a supporting glia cell, to switch
its fate and convert to another cell, in this case an interneuron, by delivering specific
neuronal genes. The main advantage of this strategy is its potential application
directly in the brain to replace the lost cells. One other breakthrough strategy is the
generation of induced pluripotent stem cells (iPSCs). In this process, a body cell,
such as a skin cell, is going back to a stem cell state and from there scientists can
mimic normal development, in a process called differentiation, to generate
interneurons. With this technology, skin cells from patients can be converted into
stem cells to make interneurons. These interneurons will carry the disease and
researchers will attempt to find the mechanisms behind it and identify new treatment
targets.

In this thesis, we have derived human interneurons in the lab with direct
reprogramming or with differentiation strategies from iPSCs. In the first study, we
reprogrammed human glial cells that exist in the brain and support neurons’ function
into interneurons. Importantly, we proved that these interneurons are the same as
the ones normally found in the human brain. We also transplanted these interneurons
into a mouse brain and proved that they could survive into a brain environment.
Furthermore, we created a model for differentiation of stem cells into interneurons,
which exhibited characteristics of interneurons found in a healthy brain. Then we
used this model to induced pluripotent stem cells coming from schizophrenic
patients to differentiate them into interneurons and we found a damage in their
electrical function and protein expression, potentially contributing to the disease.

12



In summary, this thesis has investigated and demonstrated that it is possible to
generate human interneurons in the lab using advanced approaches. These can in
the future be used for cell replacement and for studying disease mechanism in the
lab. This an important step toward generating interneurons for therapeutic
replacement and investigation of disease mechanisms, bringing these approaches
closer to clinic.

13



Popularvetenskaplig sammanfattning

Hjdrnan, ett av de mest komplexa organen i méanniskokroppen, den reglerar
funktioner som stréacker sig fran grundldggande processer, sdsom kroppstemperatur,
till beslutsfattande. Hjdrnan bestar av celler som kallas neuroner och det finns olika
typer. En viktig typ ar GABAerga interneuroner. Dessa celler dr ansvariga for att
bromsa overdriven hjarnaktivitet. Vid vissa sjukdomar, sdsom epilepsi, schizofreni
och autismspektrumstdrning, om dessa viktiga neuroner &r forlorade eller om de inte
fungerar korrekt, leder det till problem i hjérnaktiviteten.

For att undersoka interneuroner har forskare utvecklat olika avancerade strategier
for att dterskapa dem i labbet. En av dem ér sé kallad direkt omprogrammering, dér
man tvingar en cell, t.ex. en stodjecell att dndra sitt 6de genom att uttrycka specifika
nervcellsgener s de omvandlas till en annan cell, sdsom en interneuron cell. Den
storsta fordelen med denna strategi &r att man i framtiden skulle kunna applicera
den direkt i hjdrnan genom att omvandla befintliga stodjeceller till interneuron. En
annan banbrytande strategi &r aterskapa minskliga interneuron via inducerade
pluripotenta stamceller (iPSCs). I denna process dtergds en kroppscell, sdsom en
hudeell, till ett stamcellstillstdnd och dérifrén kan forskare skapa en interneuron cell,
i en process som kallas differentiering. Med denna teknik kan hudceller fran
patienter atergds till stamceller for att skapa interneuroner i labbet. Dessa
interneuroner kommer att béra pd sjukdomsgenerna, och kan dérfor likna de riktiga
interneuronen i patientens hjdrna. Man kan titta pa sjukdomsmekanismen i labbet
och forsoka hitta nya behandlingar med denna teknik.

I denna avhandling undersoker vi méanskliga interneuron framtagna i labbet med
direkt omprogrammering eller iPSCs cellsstrategier. Vi bevisade att
omrpgorammerade interneuroner fran stodjeceller 4r desamma som de som normalt
finns i den ménskliga hjarnan. Vi transplanterade ocks& dessa nervceller till en
mushjdrna och bevisade att de kunde 6verleva i en den levande hjdrnan, vilket
stodjer en fortsatt utveckling for cellterapi. Dessutom har vi utvecklat ménskliga
interneuron fran stamceller, som uppvisade egenskaper av en annan celltyp, ocksa
sjukdomsrelevanta. Dessa togs sedan fram for iPSCs fran schizofrena patienter och
vi fann att patientcellerna var skadade i1 sin elektriska funktion och
proteinuppséttning.

Sammanfattningsvis har denna avhandling undersokt och visat att det dr mdjligt att
generera manskliga interneuroner i laboratoriet med hjilp av avancerade metoder.

14



Dessa kan i1 framtiden anvdndas for cellersdttning och for att undersoka
sjukdomsmekanismer i laboratoriet. Detta dr ett viktigt steg mot att utveckla
interneuroner for terapeutisk ersdttning och undersokning av sjukdomsmekanismer,
vilket for dessa metoder ndrmare kliniken.
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[HepiAnyn ota EAANVIKA

O gyké€parog, £va amd T MO TOAVTAOKO KOl HOYEVTIKG Opyova Tov avOpomivov
ompoTog, puduilel Asrtovpyeieg TOv KVPAIvOVTOL Ao PoctKES dladikacies, OTmG M
pvOuIo”N ¢ Bepokpaciog Tov GOUATOG, £0C TNV AYN amoPdcewy. O eyKEEAAOG
omoteAeiton Kuplwg amd KOTTAPO 7OV AEYOVIOL VELPOVES Kl VTEAPYOLY
dtapopeTikoi TOTOL vevpmvav. 'Evag amd avtodg eival ot GABAgpyikol evoldpecot
VEVPMVES. AVTA T KOTTOPA givarl vtevbvva Yo va Balovy pévo oTNV VIEPUETPT
Aettovpyia Tov eyKEPOAOV. € KATOlEG A0OEVELES, OTMG 1 eMANVYia, 1 oxloppévia
Kot 1 dwtapay’] ACUATOS TOV OUTICUOV, OLTOL Ol OTUOVTIKOL VELPOVEG gite
xovovtal, €ite de Ae1tovpyohv 6mOTE. AVTO €YEL OC OMOTEAEGUA TO. TPOPANOTO
oTNV AEITOVPYIN TOL EYKEPAAOV.

Mo va perenBolv ot evOlAUECOL VEVPAOVES GE AVTEG TIG AGOEVELEG, O EMIGTAILOVES
€YOuV avamTOEEL SLOPOPETIKEG TPOMYUEVEG HeBOBOVS Y100 VO TOVG TTaPdyoLV GTO
gpyootnplo. Mo omd ovtég Aéyetor omevfelag EmMOVOTPOYPUUUOTIOUOS, (Lol
dradtkacio Tov avaykdlel £va KOTTOPO, OTMG EVO VTOGTNPIKTIKO YAOLOKO KOTTOPO,
va 0AAGEEL TV TOLTOTNTA TOL Kot Vo PeTaTpanel o va dALo KOTTOPO, GE QLTI
NV TEPITTOON VOV EVOIAUECO VELPAOVO, TOPEXOVING GUVYKEKPIUEVO VELPIKA
yovidta. To kOplo TAEOVEKTNU QLTS TG OTPATNYIKNG €lval 1 TOav €QoproY
™G HETOTPOTNG amevbeiog 0TOV EYKEQAAO, YO TNV OVTIKATAGTOGT] TV YOUEVOV
KLTTdpov. Mio GAAN KovOTOMOG OTPUTNYIKN €ival 1M Topay@yn EmayOUeEVEOV
BAaoTIKOV KLTTAP®V. L€ aLTA TV d10d1K0cI0, VO COUATIKO KOTTOPO, T.Y. £VO
KOTTOPO OEPHOTOC, EMIGTPEPEL GE KATAOTOOT PAAGTIKOD KLTTUPOL Kol UETE Ol
EMOTAUOVEG MUOVVTIOL TNV QUGIOAOYIKN OVATTLEN, ME o dladiKocion Tov
ovoudletar S10popoOTOiNGT, Yo Vo SNUIOVPYNCOVY EVOLANEGOVE VEVP®VEC. Mg
oUTH TNV TEYVOAOYIO, SEPUOTIKG KOTTOPA 00 0cOEVELG LmopolV Vo LETATPATOVY
oe ProoTikd KOTTOPO Yoo TNV TOPOYWYN EVOIIUEC®V VELPOV®V. AvTol o1
evoldipecot veupmves Ba pépouvv v acBévela kot ot gpguvntég Ba Tpocmadncovy
va. Bpovv TOLC UNYOVIGHOVE ToL KPLPRovTaLl 0md TIC® Kol VO EVIOTIGOVY VEOLC
OepamenTIKOVG GTOYOVG.

g aut Vv StpiP], EYovpE dNUIOVPYNOEL EVOLAUECOVS VEVPMVES GTO EPYOCTNPLO
ue amevbeiog emavampoypoUUATIoUO 1 Atd SLOPOPOTOINCT ETAYOUEVOV PAUCTIKGOY
KUTTAp®Y. XTNV TPMTN UEAETN, EMAVOTPOYPOUMOTIcONE avOpdTIVe, YAOLOKA
KOTTOPA, TO OTole VIAPYOLY GTOV EYKEPOAO Kot otnpifovv v Agttovpyio TV
VELPOV®V, GE EVOLAUETOVS VEVPMVES. ATOdEIEQE OTL O1 GLYKEKPLUEVOL EVOLAUETOL
VEVPDVES Elval TOPOUOLOL [E OVTODES TTOV VITIAPYOLY PLGLOAOYIKG GTOV avOpDOTIVO
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eyképaro. Emiong, petapooyevoape ovtodc Tovg €VOLIUECOVS VELPMOVEC CF
EYKEPAAO TOVTIKOV Kol ATOOEIENE OTL LITOPOVV VO, ETPLDOCOVY 6TO TEPPAAAOV TOV
eyképorov. Emmpocbeta, onuovpyncope £€vo Hoviélo Yo S10popomoincm
PAOCTIKOV KLTTAP®V GE €EVOLAUECOVG VELPMOVEG, Ol Omoiol €yovv T ol
YOPUKTNPIOTIKG [E OTOVG TTOV VIAPYOVY GE EVAV LYW EYKEPAAO. TN CLVEYELD,
YPNOUOTOMCALE aVTO TO LOVTEAD O€ EMAYOUEVA PAACTIKG KOTTOPA OO 060eVEiC
pe oyxlloepévia yio. To. SIPOPOTOINCOVUE GE EVOLAUESOVG vevpmves. Evtomicape
pa, PAGPN otnv NAEKTPIKN TOLG AELTOVPYi KOl GTNV EKQPACT) TPOTEIVAV, 1| OOl
EVOEYOUEVMG GUUPAALEL TNV EKONAMOT TNG acBEveLng.

Ev kataxkeidt, og avt v SatpiPn epevvnoapie Kot amodei&ape 0Tt givan duvatn
N onpovpyio avlpeTivoy eVOIGUES®OY VELPOVOV GTO EPYACTNPIO LE TPOTYUEVEG
TEYVIKEG. AvTol HImopolv 610 HEAAOV VO XPNOLULOTOINO0VY Y10 TV OVTIKOTAGTOON
TOV YOUEVOV KUTTAPOV KoL Y10, TN LEAETT UNXaVIGH®V Tofoyévelag. AvTo omotelel
éva oMUOVTIKO Pripa Tpog TNV dnuovpyio EVOIANEC®V VELPOVOV Yo OEpamevTiKn
OVTIKATACTOOT Kol OlEPELYNCT UNYOVICUOV acBeveldv, @EpvovTag aVTEC TIg
TPOCEYYIGELG TTLO KOVTH OTNV KAWVIKY] EQOPLOYT.
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Introduction

Interneurons

Role of interneurons in the cerebral cortex

Human cerebral cortex, one of the most important and complicated structures, plays
crucial role in processing sensory information, controlling motor output, and
mediating higher-order cognitive functions, such as decision-making (Carlen,
2017). This complicated brain circuitry consists of two main neuronal types:
excitatory projection neurons (PNs) and inhibitory GABAergic interneurons (INs)
(Lim et al., 2018; Marin, 2012; Tasic et al., 2016; Tremblay et al., 2016).

GABAergic INs are critical for the proper function of cerebral cortex. The typical
idea is that interneurons are responsible for network coordination, where their firing
is correlated to their afferent connections. Additionally, they can be responsible for
the control of the flow of information and are excited at precise moments in response
to specific stimuli. The impact of INs in their local network relies on the
connectivity to the postsynaptic neuron, which is dependent on their developmental
programme (Kepecs & Fishell, 2014).

Inhibitory INs have been considered to simply protect networks against excessive
excitation (Douglas et al., 1995). In recent years, our understanding of their function
has significantly advanced. Studies have shown that they could normalize the
activity of local excitatory networks and provide feed-forward inhibition. Other
functions include cross-coupling, lateral inhibition for PN populations’ separation,
and disinhibition for increase of local activity (Kepecs & Fishell, 2014). Inhibition
is not only crucial for activity balance, but also provides a functional diversity in the
network dynamics, increasing the computational power of cortical circuits (Buzsaki
& Draguhn, 2004; X. J. Wang et al., 2004).

Origin, subtype specification and maturation of interneurons

Cortical GABAergic INs originate from a transitory brain region in the ventral
telencephalon called the subpallium and from there they migrate to their destination
in the cortex (Anderson et al., 1997). Subpallium in rodents and humans can be
divided into separate zones; caudal ganglionic eminence (CGE), lateral ganglionic
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eminence (LGE), medial ganglionic eminence (MGE), preoptic area (POA) and
adjacent preoptic-hypothalamic (POH) border domain and the septum. Cortical INs
derive mainly from MGE, CGE and few from POA (Lim et al., 2018). Research in
the last years utilising foetal human tissue has demonstrated that a portion of cortical
interneurons derives from dorsal telencephalon, something that has not been
observed in mice (Marin, 2025).

Several key transcription factors (TFs) are highly expressed in the neural precursor
cells (NPCs) the of the ventral telencephalon, forming regulatory networks and
controlling interneuron development. These regulatory networks seem to be highly
conserved between rodents and humans (Marin, 2025). Dlx/ and DIx2 genes ensure
interneuron fate (Cobos et al., 2005; Stuhmer et al., 2002). Ascll is a key
transcription factor in IN specification and its loss leads to reduced number of NPCs
in the MGE and reduced number of interneurons in the cortex (Casarosa et al.,
1999). Dix5 and DIx6 are expressed in both MGE and CGE and function
downstream of DIx1/2 and Asc/l (Eisenstat et al., 1999).

Each subpallial domain is characterized by the expression of different transcription
factors that give rise to different interneuron subtypes. MGE-derived interneurons
account for approximately 70% of cortical interneurons and give rise to two main
categories of subtype-specific interneurons: parvalbumin (PV) and somatostatin
(SST) (Sultan et al., 2013). Interestingly, single-cell sequencing studies in human
samples have identified an interneuron population that co-expresses LAMPS5 and
LHX6, which is rare in rodents (Krienen et al., 2020). Nkx2.1 is primarily expressed
in MGE (Sussel et al., 1999). In Nkx2.1 null mutant mice, nearly all PV and SST
interneurons are absent (Butt et al., 2008). Nkx2.1 expression is maintained by Sonic
hedgehog (Shh) signalling. High Shh signalling activity promotes of SST fate at the
expense of PV interneurons (Xu et al., 2010). LAx6 functions downstream of Nkx2. ]
to drive the differentiation of both PV and SST interneurons (Du et al., 2008; Liodis
et al., 2007). It also regulates the migration and laminar position of INs (Vogt et al.,
2014). Transcription factors Maf and Mafb, expressed in the subventricular zone
(SVZ) of MGE, promote PV fate at the expense of SST interneurons (Pai et al.,
2020; Pai et al., 2019).

It is poorly understood how interneuron diversity is generated within each domain.
Lineage tracing and transplantation studies have demonstrated that dorsal MGE is
biased towards SST interneurons, while ventral MGE mostly produced PV neurons
(Flames et al., 2007; Wonders et al., 2008). Clonal studies have shown that
individual progenitor cells in MGE can generate both PV and SST interneurons
(Ciceri et al., 2013). This suggest that intrinsic molecular mechanisms are not
enough to explain interneuron specification, with the microenvironment
contributing to this process. A recent study has shown that spatial dynamics play a
crucial role in interneuron specification, suggesting their fate acquisition is
malleable (Mostajo-Radji et al., 2025). Temporal dynamics also influence
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interneuron specification. SST interneurons are born earlier, while PV interneurons
are generated throughout neurogenesis (Miyoshi et al., 2007).

INs reach cortex through tangential migration and occupy all cortical layers (Figure
1). Several signalling pathways and molecules are involved in this migratory
process. For example, BDNF drives the tangential migration of MGE-derived INs
through TrkB signalling (Polleux et al.,, 2002). Additionally, the expression
dynamics of HGF in the ventral telencephalon reflect interneuron migration patterns
(Powell et al., 2001). GDNF family receptor alpha-1 (GFRal) is co-expressed with
Lhx6 in the MGE mantle zone (Pozas & Ibanez, 2005). Many chemorepellents and
chemoattractants influence interneuron migration. Chemorepellents are primarily
expressed in the subpallium to push newborn INs away from this region (Wichterle
etal., 2003). Cortical interneurons expressing neuropilin are repelled by striatal cells
expressing semaphorins (Marin et al., 2001). Moreover, Robol regulates cortical
interneuron migration via semaphorins (Marin et al., 2001). On the other hand,
chemoattractants are primarily expressed in the pallium to direct interneurons to the
neocortex. A typical chemo attractive factor is neuregulin-1 (NRG1). In the
telencephalon at E13.5, diffusible NRG1 is expressed in the cortex (Flames et al.,
2004). It is worth noting that in humans GABAergic INs continue to migrate to the
prefrontal cortex (PFC) for several months after birth (Marin, 2025).

Various studies have shown that IN laminar distribution in the cortex depends on
several factors, such as cell-cell interaction, intrinsic programmes and neuronal
activity (Figure 1). The final laminar distribution of INs is regulated by Nrg3,
secreted by PNs, and its interaction with the receptor ErbB4 expressed on INs
(Bartolini et al., 2017). MGE-derived INs follow an inside-out lamination pattern,
where early born neurons populate deep layers, while later-born neurons more
superficial layers (Angevine & Sidman, 1961). Furthermore, PNs’ cell identity
impacts IN distribution in the cortex. For example, ectopic expression of Fezf2, an
important transcription factor for corticofugal neurons, in intratelencephalic neurons
changes the laminar distribution of PV and SST INs (Ye et al., 2015). Neuronal
activity marks the end of distribution period, with GABA switch playing a vital role
in this process. While GABA is depolarizing in newborn INs, it switches to
hyperpolarizing once the INs reach their final destination. This switch is mediated
by the increased expression of the potassium/chloride exchanger KCC2, which
allows chloride ions’ flow into the neurons (Bortone & Polleux, 2009).

The brain produces an excess of INs during development, to ensure that enough INs
integrate into the cortical networks, discarding the surplus neurons once the network
is formed. The number of both PNs and INs is reduced during the first two postnatal
weeks in mice, where around 30%-40% of all INs generated during neurogenesis
undergo developmental cell death (Southwell et al., 2012). It has been shown that
INs with strong input from glutamatergic neurons have increased chances of
survival. Studies manipulating glutamatergic neurons’ activity during this critical
period demonstrate deviated number of INs (Wong et al., 2018).
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SST Martinotti cell

Figure 1. lllustration showing MGE-derived interneuron genesis, migration and laminar
distribution

MGE= Medial gangionic eminence, LGE=Lateral ganglionic eminence, Str=Striatum. lllustration
created with Biorender.

PV and SST interneurons

PV interneurons are the largest group of cortical interneurons, and they can be
further subdivided into two main categories: basket and chandelier. They have
unique electrophysiological characteristics, defined by high energy expenditure,
including fast action potential (Llorca & Deogracias, 2022). Chandelier cells have
the most typical interneuron morphology with elaborated axons (Inda et al., 2009)
and they form synapses onto the axon initial segment of PNs (Taniguchi et al.,
2013). They mainly populate layers 2 and 6 and have heterogenous regional
distribution across cortical regions (Inda et al., 2009). Most of PV interneurons
belong to basket subclass, which exhibit multiple axons and form synapses onto the
soma or the proximal dendrites of PNs, driving strong inhibition. They are primarily
located from layer 2 to 6 and are widespread in all cortical areas (Hu et al., 2014).
Recent single-cell sequencing studies on mouse and human brains have identified
more subclasses for PV interneurons, with basket cells showing the most diversity
(Bakken et al., 2018; Hodge et al., 2019; Tasic et al., 2016; Tasic et al., 2018). Most
PV basket cells are enclosed by a special extracellular matrix called perineuronal
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net. This structure regulates the contribution of PV+ interneurons to developmental
critical periods and synaptic plasticity (Fawecett et al., 2019).

Both intrinsic and extrinsic factors play a role in PV maturation and synapse
formation. Overexpression of the enzyme GAD67, responsible for GABA
production, enhances the maturation of the perisomatic connections
(Chattopadhyaya et al., 2007). Moreover, network activity dynamically modulates
PV IN properties via the transcriptional regulator Er81 (Dehorter et al., 2015). A
recent study showed that maturation of PV interneurons is triggered by neuronal
activity and mediated by PGC-1a (Moissidis et al., 2025). Signalling cues, such as
tonic activation of the NMDA glutamate receptors regulates maturation of PV
interneurons (Hanson et al., 2019; Pan-Vazquez et al., 2020). Lgi2 regulates the
formation of basket cells perisomatic synapses, while Fgf13 regulates axo-axonic
synapses onto the axon initial segment of PNs (Favuzzi et al., 2019).

SST interneurons are the second largest interneuron class, mainly identified by the
expression of the neuropeptide SST. There are three major SST subclasses:
Martinotti, non-Martinotti and long-projecting. Martinotti cells are a
transcriptionally diverse group, whose axon arborizes layer 1, while their soma lies
mainly in layers 2,3 and 5 (Y. Wang et al., 2004; Xu et al., 2006). Non-Martinotti
cells don’t have ascending axon to layer 1, mainly populate layer 4, and they target
locally basket PV interneurons (Nigro et al., 2018; Xu et al., 2013; Xu et al., 2006).
Projection neurons populate layer 6 and project to other cortical areas. They exhibit
irregular firing patterns and often co-express Nos, Chodl and NPY (He et al., 2016).
A recent study demonstrated that SST INs separate during embryonic stages into
projection neurons and Martinotti cells/non-Martinotti cells with diverging
developmental trajectories (Fisher et al., 2024). Many SST subtypes can be already
observed in the embryo, although diversity is further developed during early
postnatal days. Recent single-cell sequencing studies utilizing both mouse and
human samples have identified more subclasses for SST INs, marking SST as the
most diverse IN group (Bakken et al., 2018; Hodge et al., 2019; Tasic et al., 2016;
Tasic et al., 2018).

During the first postnatal week, thalamic axons target SST interneurons of layer 5
of somatosensory cortex. In turn, SST interneurons give strong input on PNs and
the immature PV cells (Marques-Smith et al., 2016). Disruption of this early
network results in defective maturation of the thalamocortical circuit, making SST
interneurons very crucial in thalamocortical input maturation (Marques-Smith et al.,
2016). SST interneurons require CbIn4 to form synapses. Other surface proteins
such as Protocadherin-18 are specifically expressed in SST cells (Favuzzi et al.,
2019).
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PV and SST interneurons in disease

Cortical interneuron dysfunction has been involved in the pathology of
neurodevelopmental disorders, such as autism spectrum disorders, epilepsy,
schizophrenia and Alzheimer’s disease with synaptic connectivity impairments
being the main contributor in the pathology (Contractor et al., 2021; Leitch, 2024;
Marin, 2012, 2024). The recent findings of the prolonged development of cortical
interneurons in humans, including late neurogenesis and migration during the first
postnatal months, may have important clinical implications. Third-trimester
complications may influence neurogenesis and migration of cortical interneurons,
especially those destined to the frontal and temporal cortices. (Marin, 2025).

Autism spectrum disorders

One of the first theories of autism spectrum disorders was the increased ratio of
excitation to inhibition (E/I), due to cortical interneurons dysfunction (Hussman,
2001). PV INs seem to be the main IN subtype involved in the pathophysiology of
autism, as numerous studies in mouse models and human brains suggest that
hypofunction of PV INs is crucial to the pathogenesis (Contractor et al., 2021).
Other IN types could also be involved in the pathophysiology of autism, but they
remain to be investigated. Genetic models of autism have shown defects in
GABAergic INs. The number of cortical PV interneurons is reduced in the
Cntnap2™ mouse model, (Penagarikano et al., 2011; Vogt et al., 2018). SHANK3 is
a risk gene of autism. In Shank3 mutant mouse models, cortical connectivity and
PV protein levels are reduced (Filice et al., 2016; Pagani et al., 2019). RELN gene
is also an autism risk gene. In the reelin heterozygous mice, the number of GAD67+
interneurons is reduced in the PFC (Liu et al., 2001). PV-Lmo4 knock-out mice
display autism-like behaviours and reformed anterior cingulate cortical circuits
(Zhang et al., 2020)

Epilepsy

Dysregulated inhibition is a common discovery in epilepsy patients and animal
models (Treiman, 2001). The reduction of GABAergic-related and parvalbumin
protein in the hippocampal granule cells has been observed in clinical studies and
experimental epilepsy models (Godoy et al., 2022). Silencing of both PV and SST
interneurons in the hippocampus results in the occurrence of spontaneous seizures
in mice (Drexel et al., 2022; Drexel et al., 2017).Temporal lobe epilepsy (TLE) is a
common epilepsy, described by the loss of GABAergic inhibitory interneurons and
sprouting of mossy fibers in the hippocampus (Sterlini et al., 2020). Dravet
syndrome is a severe epilepsy syndrome, where most of the patients have de novo
heterozygous mutations in the SCNIA4 gene, encoding for the Navl.l subunit.
Mouse models show that Navl.1 is highly expressed in GABAergic interneurons,
especially in PV and SST interneurons. Decreased excitability in these neurons, due
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to the mutation, causes electrical imbalance and triggers epileptic seizures. (Sterlini
et al., 2020).

Schizophrenia

Accumulating evidence suggests that impairments in several GABAergic
components, including GAD67, the GABA transporter GAT1 and subunits of
GABA\ receptor, may contribute to the clinical manifestations of schizophrenia
(Lewis et al.,, 2005). Reduction in specific markers suggests a pronounced
involvement of PV basket cells in the pathophysiology of the disease. The levels of
GADG67 and PV are preferentially reduced in PV basket cells in schizophrenia
patients. Given the activity-dependent expression of PV and GAD67 and maturation
of PV interneurons, NMDA hypofunction have been proposed as one of the
mechanisms accounting for these observations. In line with this, the density of
excitatory neurons targeting PV interneurons in the prefrontal cortex is lower in
schizophrenia patients compared to controls (Lewis et al., 2005; Marin, 2024).

It should be noted that although research regarding schizophrenia focuses on PV
interneurons, SST interneurons are also widely affected in the prefrontal cortex of
schizophrenia patients. A recent study has demonstrated reduced SST interneuron
density in schizophrenia patients, accompanied by laminar deficits and increased
expression of death receptor (Joshi et al., 2015).This means that SST interneurons
are also vulnerable, potentially resulting in neuronal loss (specifically in layer 2 of
the cortex). There is additional convincing evidence for the alterations of SST
mRNA expression in schizophrenia. Multiple studies demonstrate a significant
decrease in SST mRNA expression in the PFC and hippocampus in schizophrenia,
often accompanied by decreased number or density of SST+ cells (Vid Prkacin et
al., 2023).

Generating interneurons for cell replacement therapies

Direct cell reprogramming

It was thought that as cells differentiate, their fate is tightly regulated and becomes
gradually restricted. This was illustrated by Conrad Hal Waddington, who used the
infamous metaphor of a ball rolling down a slope, following just one pathway to get
to the bottom of the slop (a terminally differentiated cell) (Waddington, 1957).
However, a study in 1987 showed that overexpression of MYOD, a transcription
factor normally expressed in skeletal muscle cells, converts mouse embryonic
fibroblasts (MEFs) to myoblasts, suggesting that cell fates are more “plastic” (Davis
et al., 1987). The landmark discovery of iPSCs, where somatic cells can be
reprogrammed into pluripotency state (Takahashi & Yamanaka, 2016), encouraged
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many scientists to attempt to convert somatic cells into other somatic cells. In the
past decades many studies have shown that it is possible to switch cell fate by the
forced expression of transcription factors and/or non-coding RNAs or through the
delivery of small molecules. This process is called ‘direct reprogramming’ or
‘transdifferentiation’ (Wang et al., 2021).

Direct reprogramming holds many advantages. It enables in situ reprogramming of
somatic cells, tackling challenges of iPSC technology, such as ex vivo
reprogramming and large-scale expansion (Wang et al, 2021). Direct
reprogramming skips intermediate or multipotent steps. Furthermore, it constitutes
a faster way to generate reprogrammed cells, accompanied by reduced risk of
tumorigenesis (Pereira et al., 2019). Epigenetic marks of the cell of origin are
maintained, making direct reprogramming an appealing approach for disease
modelling, especially for diseases associated with aging i.e. Alzheimer’s. In situ
direct reprogramming has been applied to generate a variety of cell types in vivo,
such as pancreatic beta cells, cardiomyocytes, neurons and hepatocytes. In vivo
reprogramming provides the tissue-specific microenvironment, facilitating the
generation of more mature cells (Wang et al., 2021).

Cell type-specific transcription factors are key for successful reprogramming into
the desired cell type. Pioneer transcription factors are a group of transcription factors
that open the chromatin, allowing other transcription factors to bind (Iwafuchi-Doi
& Zaret, 2014). For example, Ascll is a pioneer factor in neuronal reprogramming
and is considered an “on-target” factor, as it binds to lineage-specific loci, regardless
of their chromatin state (Wapinski et al., 2013). Transcription factors can cooperate
to activate or silence gene expression and facilitate reprogramming. Moreover, they
influence the epigenetic landscape of the starting cell type. For example, they close
the open chromatin regions of the starting cells and open the chromatin to the loci
of interest (Wang et al., 2021).

Advancements in single-cell omics technology has assisted in profiling
reprogrammed cells at high throughput and offer valuable insights into the
molecular trajectory of direct reprogramming. This technology has helped us
analyse heterogenous populations generated by direct reprogramming and dissect
their reprogramming process. Unsupervised clustering has also revealed
heterogeneity in starting cell populations and differences in cell cycle genes among
these populations (Karow et al., 2018; Treutlein et al., 2016). Trajectory analysis is
central for the reconstruction of cellular dynamics during reprogramming process.
Such analysis demonstrated that early phases determine the reprogramming success
and that cells pass through novel cell states (Karow et al., 2018; Treutlein et al.,
2016).
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Neuronal direct reprogramming

The discovery that radial glial cells can generate neurons in the developing murine
forebrain (Noctor et al., 2001) gave the idea that other glial cell types can be
converted into neurons by ectopically expressing neuronal transcription factors.
Indeed, overexpression of the transcription factor PAX6 is adequate to switch fate
in postnatal astrocytes in vitro (Heins et al., 2002). Glial cells have been used for
neuronal reprogramming. Human pericytes have been converted to neurons with
Ascll and Sox2 (Karow et al., 2018). Mouse microglia have been used for
conversion into neurons (Matsuda et al., 2019). Additionally, human astrocytes can
be effectively reprogrammed into glutamatergic neurons by NeuroD1 (Guo et al.,
2014) and Neurogenin2 (Masserdotti et al., 2015). The easy accessibility of human
fibroblasts opened a new avenue in neuronal direct reprogramming (Bocchi et al.,
2022). Two landmark studies show that human and mouse fibroblasts could be
converted into functional neurons, by overexpressing Ascll, Brn2, and Mytll
(ABM) (Pang et al., 2011; Vierbuchen et al., 2010). The same combination has also
been used for in vivo conversion of fibroblasts to NeuN-express cells (Torper et al.,
2013). Human subtype specific neurons can be generated via directed
reprogramming by using different TF combinations and starting cell populations. A
notable study demonstrated that MEFs and human adult fibroblasts can be
reprogrammed in dopaminergic neurons by overexpressing Ascll, Nurrl and
Lmxla (ALN) (Caiazzo et al., 2011). Also, human astrocytes and glial progenitor
cells are reprogrammed to dopaminergic neurons using the same combination
(Addis et al., 2011; Nolbrant et al., 2020). Human fibroblasts can be reprogrammed
to dopaminergic neurons by overexpressing ABM+FoxA+Lmx1a (Pfisterer et al.,
2011). Overexpressing NEURODI, ASCL1, LMXI1A, and mi-R218 under the
tetracycline-dependent system (TetO) results in generation of dopaminergic neurons
in human astrocytes and the 6-OHDA-induced Parkinson’s disease (PD) mouse
model (Rivetti di Val Cervo et al., 2017). Subtype-specific GABAergic neurons
have been generated from mouse and adult human fibroblast by delivering Ascll,
DIx5, Lhx6, Sox2 and Foxgl (Colasante et al., 2015). Additionally, Ascll with
forskolin has converted mouse fibroblasts into interneurons (Shi et al., 2016).
Human fibroblasts have been converted to cholinergic motor neurons with
NEUROG?2, SOX11, ISL1, and LHX3 (M. L. Liu et al., 2013). Furthermore, human
fibroblasts have been converted into medium spiny neurons by overexpressing miR-
124, miR-9/9 with CTIP2, DLX1, DLX2, and MYTIL (Victor et al., 2014).

Glia-to-interneuron reprogramming

Starting population for cell reprogramming is very important for a successful
outcome. Astrocytes and NG2 glia (or oligodendrocyte precursor cells: OPCs or
glial progenitor cells: GPCs) have been extensively used for neuronal
reprogramming. Astrocytes are spread throughout the brain and exhibit proliferative
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potential after injury (Robel et al., 2011). They appear to be transcriptionally
heterogenous across brain regions and therefore have different reprogramming
capacity, depending on the region (Chouchane et al., 2017; Heinrich et al., 2010;
Herrero-Navarro et al., 2021; Hu et al., 2019; Mattugini et al., 2019) . NG2 glia
reside in the brain parenchyma and proliferate throughout lifespan, making this
population an interesting candidate for starting reprogramming, reducing the risk of
depletion upon reprogramming (Hughes et al., 2013). Interestingly, NG2 glial are
more prone to reprogramming toward interneurons, possibly due to their common
origin (Miyoshi et al., 2007), regardless of the transcription factor combination.
Notably, mouse striatal NG2 glial has been successfully reprogrammed into
GABAergic interneurons of PV phenotype by delivering the ALN combination
(Pereira et al., 2017; Torper et al., 2015). Astrocytes demonstrate limited capability
of generating interneurons and they are more prone to glutamatergic fate, due their
common developmental origin (Dimou & Gotz, 2014) Their regional identity plays
a crucial role in their fate acquisition.

There are numerous studies reporting both in situ and in vitro generation of
GABAergic interneurons from glial cells, utilizing various combinations of
transcription factors. Transduction of cortical mouse astroglia with DIx2 alone or in
combination with Ascll can generate interneurons (Heinrich et al., 2010;
Masserdotti et al., 2015). NG2 glia can be converted to GABAergic interneurons by
overexpressing NeuroD1 (Guo et al., 2014). Delivery of Sox2 alone can generate
GABAergic interneurons (Heinrich et al., 2014). Interestingly, cerebellar astrocytes
reprogramme towards interneurons with Ascll or Ngn2 (Chouchane et al., 2017).
Reactive glia in epileptic hippocampus can convert into GABAergic interneurons
with NeuroD1 (Zheng et al., 2022) and with Ascl1/DIx2 combination (Lentini et al.,
2021). Subtype specific interneurons can also be generated in vivo. Delivery of
Phospho-deficient Ascll and Bcl2 into the mouse brain converts glial cells into
GABAergic neurons with PV interneuron characteristics (Marichal et al., 2024). All
these studies utilize murine cells. Nonetheless, human systems are critical for
generating interneurons of human source that have clinical potential. Human
astrocytes can be converted into functional GABAergic interneurons by Ascll
(Masserdotti et al., 2015). In our lab, we have demonstrated that human glial
progenitor cells can be successfully converted into GABAergic interneurons of PV
phenotype (Giacomoni et al., 2020).
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Generating interneurons for disease modelling

Disease modelling using induced pluripotent stem cells (iPSCs)

Since it’s conception in 2006, iPSCs technology has be fundamental and widely
used in a variety of applications, such as cell therapy, cancer immunotherapy and
disease modelling. The human origin of iPSCs and the ability to obtain patient-
specific cells are the main advantages of this technology. These models may reveal
human-specific disease mechanisms, difficult to identify in animal models (Okano
& Morimoto, 2022). Furthermore, the increasing complexity of iPSC-based cellular
models, such as organoids and assembloids that contain multiple cell types and
mimic original cytoarchitecture, have advanced our knowledge about normal
development and disease mechanisms (Takebe & Wells, 2019).

Takahashi and Yamanaka showed that overexpression of four TFs (Oct4, Sox2,
Klf4, and Myc, known as OSKM or Yamanaka factors) was adequate to induce
pluripotency on MEFs. Notably, these mouse iPSCs exhibited characteristics
comparable to ESCs, including biological potency, gene expression profile, and
epigenetic signature (Takahashi & Yamanaka, 2006). A year later, Yamanaka and
Thomson independently demonstrated that pluripotency could be also induced in
human fibroblasts. Yamanaka used the OSKM factors (Takahashi et al., 2007),
while Thomson used OCT4, SOX2, NANOG, and LIN28 (Yu et al., 2007). These
combinations are extensively used until today. Despite the high similarity with
ESCs, iPSCs remain distinct from ESCs, mainly due to retained features of somatic
cell identity. Incomplete erasure of somatic cell-specific epigenetic markers can
affect the differentiation capabilities of iPSCs (Kim et al., 2010). Addition of small
molecules targeting chromatin modifiers enables erasure of the remaining chromatin
markers, improving the differentiation efficiency of iPSC (Kim et al., 2010).

The most common application of iPSCs technology is in disease modelling (Soldner
& Jaenisch, 2012). Their main advantage is the ability to generate them from
patients affected from the disease of interest, carrying disease mutations or genetic
risk factors (Cerneckis et al., 2024). Moreover, disease-causing mutations can be
engineered by CRISPR/Cas9 gene editing, generating isogenic cell lines. They can
also be generated by correcting disease-causing mutations in patient-derived iPSCs
to obtain a wild-type control iPSC line (Hendriks et al., 2020).

Interneuron differentiation

The importance of MGE-derived interneurons in development and disease has led
the researchers to develop protocols for human stem cell-derived MGE-like cortical
interneurons to study development and relevant disease mechanisms and utilize
them for cell therapies. There are numerous protocols for robust generation of high-
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purity MGE-like progenitors from ESCs and iPSCs (Bershteyn et al., 2023; Birey
etal.,2017; Kim et al., 2014; Y. Liu et al., 2013; Maroofetal., 2013; Nietal., 2019;
Nicholas et al., 2013; Xiang et al., 2017). A common feature in these protocols is
the use of dual SMAD inhibition for neuronal fate induction and activation of Shh
pathway for ventral forebrain fate acquisition. While these cells mostly differentiate
toward SST interneurons, obtaining PV interneurons in vitro has been notoriously
difficult and cells should be transplanted to acquire PV fate. There are a few factors
that contribute to this. One is their late development and other is the lack of
important developmental cues in vitro, such as glutamatergic input. Recently, there
have been advancements in deriving human fast-spiking PV interneurons in vitro,
by taking advantage of the complex organoid and assembloid systems (Varela et al.,
2025; Walsh et al., 2025). In these protocols, the earliest emergence of PV is around
120 days in culture, which is consistent with their late normal development.

Patient iPSC-derived interneurons

In vitro modelling of neurodevelopmental and psychiatric disorders primarily
reveals molecular and cellular disease hallmarks, and they cannot be easily
recapitulated in animal models due to species differences and higher complexity of
the human brain, delaying the development of therapeutic treatments. iPSC-based
cellular models can provide important insights into disease mechanisms and
complex cellular models, such as organoids and assembloids, pave the way for
studying complex disease phenotypes and advance new therapeutic strategies
(Cerneckis et al., 2024).

Interneurons play a major role in the pathogenesis of neurodevelopmental and
psychiatric disorders, such as epilepsy, autism spectrum disorder and schizophrenia.
Therefore, there have been attempts to generate patient-specific interneurons to
study disease mechanisms and discover therapeutic targets.

Autism spectrum disorder

Neural progenitor cells derived from iPSCs of patients with the autism exhibit
increased proliferation and impaired migration (Wang et al., 2020). Brain organoids
generated from iPSCs of patients with autism exhibit abnormal proliferation of
neural progenitor cells and excessive production of interneurons (Mariani et al.,
2015). A study utilizing assembloids, shows that Timothy syndrome-derived
GABAergic interneurons exhibit increased saltation frequency and decreased
saltation length. This phenotype was rescued by L-type calcium channel blockers
(Chen et al., 2024). Another study investigating CHDS8-related deficiencies shows
upregulation of DLX genes (Wang et al., 2017).
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Epilepsy

Dravet syndrome is the most investigated iPSC-based model of epilepsy. Studies
generating  patient-derived  inhibitory  neurons  demonstrate = neuronal
hypoexcitability and transcriptomic changes (Sterlini et al., 2020). In one study,
researchers generated a human cerebral organoid model for tuberous sclerosis
complex (TSC) and identified a specific neural stem cell type called caudal late
interneuron progenitor (CLIP) cells. In TSC, CLIP cells over-proliferate, generating
excessive interneurons, brain tumours, and cortical abnormalities (Eichmuller et al.,
2022). TLE is difficult to recapitulate in iPSC models, because there is no
information on the aetiology and excessive circuit remodelling is occurring.
Therefore, researchers have focused on grafting iPSC-derived cells in TLE animal
models to study the pathophysiology of the disease (Sterlini et al., 2020).

Schizophrenia

Neurons derived from iPSCs of schizophrenic patients exhibit impaired neuronal
complexity and excitability (Dubonyte et al., 2022). Interneuron-based cellular
models of schizophrenia show dysfunctional arborization of cortical interneurons
(Shao et al., 2019). Other studies show functional defects of schizophrenic iPSCs-
derived INs (Kathuria et al., 2019) (Roussos et al., 2016). Notably, one study shows
that schizophrenic interneurons have perturbations in genes regarding apoptosis,
cell cycle, survival and MAPK signalling pathways in a 22q11.2 deletion model
(Lin et al., 2016). A few studies show that schizophrenia interneurons show
dysregulated mitochondrial function both alone and in microglia co-culture (Ni et
al., 2020; Park et al., 2020). A recent study using dorso-ventral cortical assembloids
shows migratory defects in INs with 22q11.2 deletion and defects in PV basket cells
in 15q13 deletion, accompanied by impaired network oscillations (Walsh et al.,
2025).

Use of generative Al in thesis

This thesis has been partially written with the assistance of the generative Al model
ChatGPT. 1 have carefully reviewed all generated content and take full
responsibility for the final content. Details of the usage of the Al model used can be
found in the Key Experimental Methods section.
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Aims of the thesis

The thesis includes the following specific aims:

* To generate human PV interneurons in vitro through glia-to-neuron reprogramming
and define their lineage trajectory (Paper I).

* To evaluate the survival, integration, and functional maturation of human
reprogrammed interneurons in the mouse brain, establishing their potential for future
therapeutic applications (Paper II).

* To develop a 3D co-culture platform enabling hESC differentiation toward SST
interneurons and to characterize their long-term maturation and subclass-specific
identities (Paper III).

* To derive patient-specific SST interneurons from schizophrenia iPSCs and investigate
disease-associated alterations in protein expression and neuronal function (Paper IV).
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Key experimental methods

Cell culture

ESC and iPSC culture

The ESC lines used were RC17 (RCe021-A) for Papers I, II and III and H9
(WAe009-A) for Paper III. Both cell lines were cultured on Laminin 521-coated
plates (0.5 pg/cm?; Biolamina) and kept in iPS Brew XF medium (Miltenyi Biotec).
Cells were split when they reached 80% confluency using EDTA (0.5 mM) and
seeded in medium + 10 uM Y27632 (ROCK inhibitor; Miltenyi). Cells were
passaged 3 times post-thawing before the initiation of experiments.

The iPSC lines used in Paper IV were generated in (Hathy et al., 2020; Hathy et al.,
2021). Cells were cultured on Matrigel-coated plates (#354277, Corning) and kept
in mTeSR medium (STEMCELL Technologies). Cells were split when they reached
80% confluency using Accutase (StemPro, Thermo Fisher) and seeded in medium
+ 10 uM Y27632 (ROCK inhibitor; Miltenyi). Cells were passaged 3 times post-
thawing before the initiation of experiments.

Glia differentiation

Human glial progenitor cells (hGPCs) used in Papers I, II and III were generated
from RC17 (RCe021-A) according to (Nolbrant et al., 2020; Wang et al., 2013).
Briefly, the ESCs were detached from the plate using EDTA (0.5 mM), dissociated
and kept in iPS-Brew XF medium, supplemented with Rock inhibitor in ultra-low
attachment (ULA) flasks (#CLS3815, Corning) for embryoid body (EB) formation,
marking day 0 of differentiation. Neuronal induction started on day 5, by switching
the media to Neuronal Induction media, consisting of DMEM/F12 basal medium
(Thermo Fisher), MEM Non-Essential Amino Acids (NEAA) Solution (Thermo
Fisher), N2 supplement (Thermo Fisher), and Antibiotic-Antimycotic (Ab/Am,
Thermo Fisher), and supplemented with bFGF (20 ng/ml, Sigma-Aldrich) and
Heparin (2 pg/ml, STEMCELL Technologies). EBs were attached on PLO/Lam-
coated 6-well plates (#CLS3516, Corning) on day 9, to allow neural rosette
formation, and on day 11 Neuronal Induction media was supplemented with retinoic
acid (0.1 pM, Sigma-Aldrich). On day 16 the medium was switched to Neuronal

35



Induction media/B27 medium (DMEM/F12, MEM NEAA, N2, B27[Thermo
Fisher], Ab/Am), supplemented with retinoic acid + Purmorphamine (1 uM,
Millipore). On day 28, the cells were detached and seeded in ULA 6-well plates
(#CLS3471) for floating clusters’ formation. After the detachment, clusters were
kept in Neuronal Induction media/B27 medium, supplemented with Purmorphamine
and bFGF (10 ng/ml). On day 37, the medium was switched to glial medium (GM),
consisting of DMEM/F12 basal medium, B27 supplement, N1 supplement (Sigma-
Aldrich), MEM NEAA, Ab/Am, T3 (60 ng/ml, Sigma-Aldrich,), db-cAMP (1 uM,
Sigma-Aldrich), Biotin (100 ng/ml), PDGF-AA (10 ng/ml, R&D Systems), IGF-I
(10 ng/ml, R&D Systems), NT-3 (10 ng/ml, R&D Systems) and Purmorphamine.
On day 55 Purmorphamine was removed from the medium. Around day 70, clusters
were manually cut using disposable sterile scalpels under a dissection microscope
and seeded onto PLO/Lam coated 6-well plates (#CLS3516, Corning). This
procedure was repeated every 30 days. At every passage, the cells were assessed by
FACS for CD44 and CD140a.

Neuronal 3D reprogramming

For Paper I, hGPCs were detached with a cell scraper and dissociated into single
cells with Accutase (StemPro, Thermo Fisher). 100,000 single hGPCs were mixed
with the lentiviral reprogramming cocktail [multiplicity of infection (MOI) of 1-2
per vector] in a total of 60 ul of GM and seeded in 96-well ULA plates (#CLS7007,
Corning) to self-aggregate. After 24 hours, 60 ul of fresh GM containing
doxycycline (5 pg/ml, Duchefa) were exchanged to induce the expression of the
tetOn-regulated transgenes. Two days later, media was changed to neural
differentiation (ND) medium, consisting of NDiff227 (Takara-Clontech),
supplemented with doxycycline, small molecules:CHIR99021(2 mM, Axon), SB-
431542(10 mM, Axon), Noggin (0.5 mg/ml, R&D Systems), LDN-193189 (0.5
mM, Axon), VPA(1 mM, Merck Millipore) and growth factors: LM-22A4 (2 mM,
R&D Systems), GDNF (2 ng/ml, R&D Systems), NT3 (10 ng/ml, R&D Systems),
db-cAMP (0.5 mM, Sigma-Aldrich) Small molecules and doxycycline were
removed from the medium two weeks post-transduction, to promote maturation of
the neurons.

For Paper 11, a similar approach was followed. In this case, 1.2 million hGPCs were
mixed with the lentiviral vectors in at volume of 1ml and seeded into each well of
an AggreWell™ 800 plate (STEMCELL Technologies), resulting in spheroids
containing approximately 4,000 cells each.
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Interneuron differentiation and co-culture

Interneurons in Papers III and IV were generated from RC17, H9 and iPSC lines
according to (Nicholas et al., 2013), Briefly, on day 0, cells were detached using
EDTA or Accutase (See ESC and iPSC culture section) and seeded in 96-ULA
plates (#CLS7007, Corning) in a density of 10,000 cells/well in medium + Rock
inhibitor for EB formation. On day 1, medium was switched to basic interneuron
medium containing Neurobasal-A (Thermo Fisher), supplemented with B27
+Vitamin A (Thermo Fisher), MEM NEAA, GlutaMAX (Thermo Fisher), Ab/Am
and the following patterning factors: SB-431542, Noggin, DKK1 (100 ng/ml, R&D
Systems) and Purmorphamine. On day 9, EBs were attached on PLO/Lam coated
plates (#CLS3516, Corning) and on day 15 SB, Noggin, DKK1 were removed from
the media. On day 25, cells were detached and dissociated, and single cells were
plated on PLO/lam coated wells (#CLS3516, Corning) for terminal differentiation.
Two days later, Compound E (1 mM, STEMCELL Technologies) was
supplemented to the medium to push the cells out of the cell cycle for 3 media
changes.

For Paper 111, interneurons on day 35 were detached using Accutase, and 90,000 or
100,000 cells/well were seeded in ULA plates (#CLS7007, Corning), together with
either 10,000 mouse astrocytes (mAST, ScienCell) or 10,000 hGPCs (See Glia
Differentiation section) to initiate 3D co-culturing. Spheroids were then kept in
basic interneuron medium supplemented with BDNF (25 ng/ml, R&D Systems
R&D Systems).

For Paper 1V, stem cell-derived human astrocytes were seeded on PLO/Lam-coated
coverslips. Two days later, they were treated with 2 mM Arac (Sigma-Aldrich) for
24 hours, to kill proliferating cells before the addition on neurons. On day 35 of
interneuron differentiation, cells were plated on top of the Arac-treated astrocytes
in 2:1 ratio and kept in basic interneuron medium, supplemented with
Purmorphamine, BDNF and 0.1% FBS (Thermo Fisher) to support astrocyte
viability.

Analysis methods

RT-qPCR

Cells were lysed with RLT buffer (Qiagen), and total RNA extraction was
performed using RNeasy Micro Kit (Qiagen). This was followed by reverse
transcription to cDNA with Maxima First Strand ¢cDNA Synthesis Kit (Thermo
Fisher). For RT-qPCR, everything was pre-mixed on a Bravo Automated Liquid
Handling Platform (Agilent). cDNA (1 ul) was mixed with LightCycler 480 SYBR
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Green I Master (5 ul, Roche) and relevant primers (4 pl, Eurofins Genomics, See
Table 1) in each well of 384-well plate in 3 technical replicates for each sample.
RT-qPCR was performed in a LightCycler 480 II instrument (Roche) with a 40
cycles two-step PCR protocol (95°C, 30s denaturation and 60°C, 1 min
annealing/elongation). Analysis was performed from technical triplicates and
relative gene expression was normalized against the housekeeping genes GAPDH
and ACTB and calculated using the comparative CT Method (AACT Method). Every
sample was compared to cells pre-conversion or pre-differentiation.
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Immunoassays

Whole spheroid immunostainings and optical clearing were performed according to
(Giacomoni et al., 2023). Briefly, spheroids were fixed using 4% paraformaldehyde
(PFA) or a mix of 4% PFA and 0.25% glutaraldehyde (Sigma-Aldrich) for 20 min
at room temperature (RT). Spheroids were incubated overnight at RT in blocking
solution containing 5% donkey serum, 0.3% Triton X-100 (Sigma-Aldrich) diluted
in PBS. Incubation with primary antibodies (See Table 2) diluted in blocking
solution was performed for 24h-48h at RT on a shaker. Afterwards, spheroids were
incubated in secondary antibodies conjugated to Alexa-488, Alexa-568 (Thermo
Fisher) /Cy3, or Alexa-647 (1:200; Jackson ImmunoResearch Laboratories) and
DAPI (1:2000, Sigma-Aldrich) for 24h-48h at RT on a shaker. Samples were then
dehydrated in an ascending serial methanol concentration for 10 min each, and lipids
were removed by incubating with a mix of dichloromethane-methanol for 1h in RT,
followed by 2 washes of 10 min with dichloromethane. Finally, spheroids were
flushed with ethyl cinnamate and transferred to 96 well-plates with flat and clear
bottoms (Ibidi) for confocal microscopy. Spheroids generated for Paper Il were not
cleared.

For 2D immunostainings, cells were fixed in 4% PFA or 4% PFA+0,25%
glutaraldehyde for GABA staining for 15 minutes in RT. After fixation, cells were
washed 3x with PBS and stored in 4°C. Before blocking, cells were washed 3x times
with PBS and incubated with blocking solution (PBS with 0.1% Triton X-100 and
5% donkey serum) for 1-3 hours in RT. After this incubation, cells were incubated
with primary antibodies at 4 °C overnight (See Table 2). The next day, cells were
washed 2x with PBS and incubated with fluorescent-conjugated secondary
antibodies and DAPI for 1h at RT. Cells were washed 3x with PBS and kept at 4°C
in PBS until imaging.
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Tabel 2. List of primary antibodies used in the thesis
Primary antibodies with all the relevant information.

Antibody Concentration Company Ref #
Chicken anti-DCX 1:500 Abcam ab153668
Chicken anti-GFAP 1:2000 Merck Millipore AB5541
Chicken anti-GFP 1:1000 Abcam ab13970
Chicken anti-MAP2 1:2000 Abcam ab5392
Goat anti-PDGFRa 1:300 R&D Systems AF-307-NA
Goat anti-SOX10 1:25 R&D systems AF2864
Mouse anti-human nuclear antigen  1:200 Millipore MAB128
Mouse anti TUJ-1/BlIlI 1:1000 Biologend 801211
Mouse anti-hNCAM 1:1000 Santa Cruz sc106
Mouse anti-MAP2 1:300 Merck Millipore MAB 3418
Mouse anti-Nestin 1:500 BD 611658
Mouse anti-SOX2 1:50 Santa Cruz sc-365823
Mouse anti-SST 1:200 Santa Cruz Biotechnology  sc55565
Mouse anti-TAU 1:500 Thermo Fisher. Scientific MN1000
Rabbit anti-CALB-2 1:200 Abcam ab702
Rabbit anti-GABA 1:2000 Sigma-Aldrich A2052
Rabbit anti-Ki67 1:500 Abcam ab238020
Rabbit anti-NeuN 1:500 Millipore ABN78
Rabbit anti-PV 1:500 Swant PV-28
Rabbit anti-TH 1:1000 Merck Millipore AB152
Rabbit anti-TTF-1/Nkx2.1 1:500 Novus Biologicals 8G7G3

Nuclei isolation and sorting for single-nuclei RNA sequencing (snRNA-
seq)

For Papers I and III, spheroids were collected, snap-frozen on dry ice and kept at -
80°C until processed. Nuclei isolation was performed according to the following
protocol (Sodersten et al., 2018) with modifications. Briefly, spheroids were thawed
at 4°C and dissociated in ice-cold lysis buffer (0.32 M sucrose, 5 mM CaCl,, 3 mM
MgAc, 0.1 mM Na;EDTA, 10 mM Tris-HCI pH 8.0, 1 mM DTT, 0.1% Triton X),
supplemented with EDTA-free proteinase inhibitor (Roche) and RNAse inhibitors
(Ambion™ and SUPERaseIn™). Lysates were centrifuged for 30 min at 11.000 x g.
Supernatant was discarded and the pelleted nuclei were resuspended in the
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resuspension buffer (0.1% BSA Fraction V, PBS -/-, RNAse inhibitors)
supplemented with Dragq7™ (BD Biosciences). The nuclei were filtered through a
70 um cell strainer into BSA-coated DNA LoBind tubes (Eppendorf) for sorting.
Nuclei sorting was performed with a FACS Aria cell sorter on a 100 wum nozzle and
with FACSDiva software (BD Biosciences) on a low flow rate to separate single
nuclei. 10.000-12.000 nuclei were collected for each sample in a total volume of 20
ul and directly processed for cDNA libraries’ generation.

High-content screening

High-content screening for Papers I, III and IV was performed on Operetta High
Content Imaging System using the Harmony 5.2 or software (Waltham). The
measurement of the mean fluorescence for antigen-positive cells was defined above
the background fluorescence of antigen-negative cells (internal negative control).
For Papers [ and IV, the “Neurite Outgrowth” script on Harmony 5.2 (Perkin Elmer)
was used.

Imaging

Fluorescent images were taken with a Zeiss 780 Confocal Laser-Scanning Inverted
Microscope (20X objective and 40X object) and with Zeiss Zen Blue Edition
software or with Leica Stellaris 5 using the LAS X software (Leica). For the 40X
pictures of Paper I, the HDR mode of Zeiss confocal was used. Images were edited
on ImageJ (NIH) and adjustments were applied equally across the entire image
without loss of information.

Proteomics data analysis

Proteomics data were further analysed and visualized in R (version 4.3.3). Data were
imputed using the imputeLCMD package (version 2.1) and prcomp command was
used for Principal Component Analysis. For differential protein expression, proteins
with fold change > |1.5] and adjusted p value < 0.05 were considered and pheatmap
package (version 1.0.13) was used for visualization. For Overrepresentation and
Gene Set Enrichment Analysis (GSEA) for Gene Ontology categories (Biological
Process, Molecular Function, and Cellular Component), clusterProfiler package
(version 4.10.1) was used. For violin plots, ggplot (version 2.0.09) was used.

Use of generative AI models

ChatGPT was used during the writing of this thesis to support text organization and
language processing. This model was used as language assistant, helping in the
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synthesis of complex information, and improving the clarity and readability of the
text. All content generated with ChatGPT was carefully reviewed by the author. The
tool was strictly employed in a supportive role and did not influence data

interpretation.

44



Summary of main results

A bona fide Parvalbumin Chandelier trajectory in
Human Interneuron Reprogramming (Paper I)

Neuronal reprogramming of human glia in 3D cultures

Given the critical role of PV interneurons in disorders such as schizophrenia and
epilepsy (Leitch, 2024; Marin, 2025), improved strategies for their generation and
replacement in the diseased brain are needed. Here, we applied glia reprogramming
as a novel approach to generating PV interncurons with potential for cell
replacement therapies. hGPCs, generated according to (Nolbrant et al., 2020; Wang
et al., 2013) (Figure 2B), were transduced with cocktail of five reprogramming
factors (Ascll, DLX5, LHX6, Sox2 and FOXGI; ADLSF) to drive reprogramming
toward interneurons in a 3D culture system (Giacomoni et al., 2024) (Figure 2A, C).
Initial protein expression profiling for neuronal and glial markers showed a clear
upregulation of the neuronal marker TAU (tubulin-associated protein) in the
ADLSF group and downregulation of glial markers PDGFRa and GFAP (Figure
2D). The control groups remained positive for PDGFRo and GFAP (Figure 2D).

These data demonstrated a successful reprogramming of hGPCs into neurons in a
3D environment, mediated by the transduction with the ADLSF factors.
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Figure 2. Reprogramming of hGPCs into neurons in a 3D environment.

(A) Schematic overview of experimental design. (B) Brightfield photo of hGPCs in 2D culture before
conversion. Scale bar:100 um. (C) Brightfield photo of a reprogrammed spheroid. Scale bar:100 pum.
(D) Maximum intensity projection images of control (GM and ND) sphreoids and ADLSF-transduced
spheroids with TAU, PDGFRa and GFAP at day 21 or reprogramming. Scale bar:100 um.
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Early dynamics of glia-to-neuron reprogramming and gradual
functional maturation of GABAergic interneurons

Next, we sought to investigate the transcriptional dynamics governing glia-to-
neuron reprogramming. Thus, we performed 10x Genomics droplet-based single-
nuclei RNA sequencing (snRNA-seq) on day 0 and days 1,3,7,13 and 21 days post-
transduction. Transcriptional changes were already observed from day 3, followed
by the appearance on transcriptionally new clusters at days 7-13 (Figure 3A). At day
21, a new cluster occurred which was transcriptionally closer to earlier time points
(likely due to the loss of mature neurons during nuclei extraction, Figure 3A).

We further verified a glia-to-neuron transition as demonstrated by assessing the
expression dynamics of glial and mature neuronal genes. Glial genes GFAP and
PDGFRA were expressed at earlier time points and gradually downregulated during
the reprogramming course, while the mature neuronal genes SYN2 and SYN3 were
mainly seen from day 7 onwards (Figure 3B). This analysis showed the rapid
conversion of glial cells to neurons, where transcriptionally mature neurons were
already present at day 7. To prove the presence of functional neurons, we performed
whole-cell patch clamp electrophysiology experiments at different time points
during reprogramming. Data showed that reprogrammed neurons undergo gradual
functional maturation, as their ability to fire repetitive action potentials (APs) upon
current injection was improved over time with day 50 representing the most mature
time point (Figure 3C).
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Figure 3. Early neuronal reprogramming dynamics and maturation of reprogrammed
interneurons.

(A) UMAPs visualizing cells at different time points of reprogramming. (B) UMAPs visualizing the
expression of glial genes (PDGFRA and GFAP) and mature neuronal genes (SYN2 and SYN3) across
all time points. (C) Representative traces of evoked action potential at different time points. (D) UMAP
visualizing the neuronal clusters with different colors and GAD1 expression. (E) Sample traces of
postsynaptic activity blocked with 5 uM NBQX+ 50 uM APV and 5 uM NBQX + 50 uM APV+ 100 pM
PTX on day 21. (F) Pathway analysis of neuronal clusters.
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Next, we focused our analysis on the neuronal clusters present on days 3-13: 3 (dark
green), 15 (purple), 7 (yellow) and 16 (lime) (Figure 3D). These clusters were all
expressing the pan-GABAergic marker GADI (Figure 3D), marking the presence of
inhibitory GABAergic interneurons in these clusters. To further confirm that, we
performed classical pharmacology experiments at day 21. Addition of glutamatergic
antagonists (NBQX and D-APV) did not affect postsynaptic spontaneous activity,
but it was impacted by the addiction of GABA4 receptor antagonist picrotoxin
(PTX), supporting the presence of functional inhibitory GABAergic interneurons in
the spheroids (Figure 3E).

The four neuronal clusters identified in our dataset were further examined with Gene
Set Enrichment Analysis (GSEA) pathway analysis (Figure 3F). Interestingly, each
cluster was characterized by distinct sets of pathways. This analysis indicated that
the four different GABAergic clusters are in different developmental stages, with
cluster 15 representing the most transcriptionally mature cluster.

Collectively, these data showed the fast dynamics of glial reprogramming to
transcriptionally mature GABAergic neurons, which were functionally active and
establish synaptic communication.

Transcriptional equivalence of reprogrammed interneurons to bona
fide cortical chandelier interneurons

To further explore subtypes present in the reprogrammed GABAergic neurons, we
examined the expression of subtype-specific genes within the neuronal clusters.
PVALB was a the most prominent subtype-specific marker and specifically enriched
in cluster 15 (Figure 4A). Furthermore, the PVALB+ cells were assessed for their
subclass specification among striatal, cortical chandelier and cortical basket
interneurons, each characterized by specific marker expression. Most PVALB-
expressing cells co-expressed chandelier subclass markers, while a few co-
expressed the basket subclass genes (Figure 4B). These results suggested that
reprogrammed PV interneurons were mainly of chandelier subclass.
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To assess whether the reprogrammed PVALB-expressing interneurons were
equivalent to bona fide human cortical primary interneurons, we integrated and
compared our neuronal clusters with a published dataset of cortical foetal and adult
human interneurons (Velmeshev et al., 2023) (Figure 4C, D). PV clusters (PV and
PV_MP) from the published dataset were more similar to cluster 15 . Furthermore,
“Interneurons” (INT) group was the most similar group for the yellow cluster and
“Progenitors” for the lime cluster (Figure 4E). This was the first evidence that
human-reprogrammed PV interneurons were transcriptionally similar to primary
cortical PV interneurons.

Immunocytochemistry confirmed the presence of GABAergic interneurons on
protein level. While GABA protein expression was low in ND control group, it was
considerably increased in the ADLSF-transduced group at day 21 (Figure 4F).
Importantly, we could observe strong induction of PV protein only in the ADLSF
condition (Figure 4F), validating a PV phenotype. PV+ cells were distributed
throughout the whole spheroid (Figure 4G) and exhibited elaborate neuronal
morphology (Figure 4H).

These data indicated that human reprogrammed PV interneurons were bona fide
with endogenous PV interneurons, with the remaining neuronal clusters being
similar to endogenous interneuron and progenitor populations, thus representing
different developmental stages.

Revealing the lineage trajectory for glia-to-chandelier reprogramming

To further dissect the dynamics of glia-to-PV conversion, we assessed the cellular
trajectory using RNA velocity (Bergen et al., 2020), accompanied by PAGA
(Bergen et al., 2020). Latent time was used to track maturity from a "branching
point" (red cells in Figure 5A) to the PV cluster (dark blue cells in Figure. 5A). This
analysis resulted in the emergence of two distinct pathways. The trajectory marked
by the black arrows did not reach the PV cluster, indicated as “non-PV trajectory”,
while the trajectory marked by the blue arrows, successfully reached the PV cluster
and was indicated as the “PV trajectory”.

Figure 4. Equivalence or reprogrammed interneurons with endogenous cortical chandelier PV
interneurons.

(A) UMAP visualizing PVALB expression in neuronal clusters. (B) Dot plot visualizing expression of
subclass-specific markers in PVALB-expressing cells. (C) Schematic overview showing the integration
with a published dataset of human cortical interneurons. (D) UMAP visualizing fetal and adult human
cortical interneurons from a published dataset (Velmeshev et al., 2023). (E) Cosine similarity score
between our neuronal clusters and reference clusters. (F) Maximum intensity projections of
immunostainings of control (ND) and ADLSF-transduced cells with GABA and PV. Scale bar: 100 um.
(G) Z-stacks from whole spheroid immunostaining, showing distribution of PV+ cells. Scale bar: 100
pm. (H) 40X image of a PV interneuron. Scale bar: 40 um.
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To further support these findings, we performed diffusion pseudo-time analysis,
which is based on gene expression similarity (Figure 5B). We could detect the
clusters involved in the PV trajectory on the diffusion map, which appeared
interconnected (Figure 5C). The end of the purple cluster, corresponding to the PV
cluster, showed the highest level of maturity (Figure 5D, E).

We next investigated important genes involved in the “PV trajectory” (Figure 5F).
There was a gradual downregulation of hGPC-related genes, such as MAML?2,
PTPRZI,SOX6 and GLIS3. In contrast, there was an increased expression of mature
neuronal markers, such as NTM, OPCML, RBFOX3 and SNAP25, confirming the
successful transition toward a mature neuronal fate. Notably, there was transient
upregulation of progenitor genes, such as NKX2-/ and neuronal migration genes
PLEKHGI and WWOJX, alongside with upregulation of postsynaptic genes GPHN
and NLGNI. Towards the end of trajectory, we detected upregulation of genes
orchestrating PV transcriptional profile (PPARGCAI, ESRRG, and RORA).

Altogether, we proved that human glial cells followed a specific trajectory for PV
fate acquisition, where key genes contributed to this process.
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PV trajectory on the diffusion map, coloured by latent time. (E) Visualization of PVALB-expressing cells
on diffusion map. (F) Heatmap showing the expression of the genes involved in the PV trajectory.
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Transplanted Human iNs show long-lasting structural
and functional maturation (Paper II)

Direct neuronal reprogramming of hGPCs into hiNs in mini spheres

In paper I, we demonstrated that we could obtain functional neurons in vitro that
were similar to bona fide interneurons. Nonetheless, the survival and integration of
transplanted human reprogrammed neurons in vivo are to be investigated. In this
study, hGPCs were used to generate human induced neurons (hiNs) in mini spheres
(Figure 6A). Importantly, these mini spheres have a smaller diameter
(approximately 80 um) compared to the 3D cultures of paper I, facilitating direct
injection into the mouse brain by using standard stereotaxic set ups and increasing
survival compared to single cell suspension. ADLSF combination was used to
transduce hGPCs, along with a green fluorescent protein (GFP) reporter, to enable
cell identification in the transplanted animals.

To confirm a successful neuronal conversion before transplantation, we examined
gene and protein expression of mini spheres. RT-qPCR showed upregulation of the
viral Ascll gene, which is an important pioneer TF, in ADLSF-transduced mini
spheres (Figure 6C). Additionally, there was an upregulation of the pan-neuronal
genes SYNI and MAP2 (Figure 6C). In line with this, immunostaining showed
strong induction of MAP2 and TAU proteins in ADLSF group, while unconverted
hGPCs maintained the expression of glial markers PDGFRa and GFAP (Figure 6D).

These data confirmed the successful generation of hiNs from hGPCs in a mini
sphere 3D environment.
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Figure 6. Neuronal reprogramming of hGPCs into hiNs in 3D mini-spheres.
(A) Schematic overview of the reprogramming process. (B) Brightfield image of mini spheres in

microwells. (C) RT-gPCR analysis for Asc/7-WPRE, MAP2 and SYN1. (D) Maximum intensity

projection of immunostainings of control (GM) and ADLSF-transduced spheres with PDGFRo, GFAP,

MAP2 and TAU.
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Long term survival, structural and functional maturation of
transplanted hiNs in the mouse brain

To assess the survival and integration of hiNs into the host mouse brain, mini
spheres were stereotactically injected in the PFC of NSG immunodeficient mice at
postnatal day 14 (P14). Grafted mini spheres were assessed at different months post-
transplantation (MPT) (Figure 7A).

Cell survival was first assessed at 1 MPT using the human-specific neural cell
adhesion molecule (hWNCAM) marker to detect the transplanted cells. hANCAM+
cells could be detected, which were primarily localized at the injection site and had
started infiltrating the brain (Figure 7B). At this time point, cells exhibited an
immature bipolar morphology and were primarily found around the graft core
(zoom-in) until 3 MPT. The injection core was no longer visible at 5 and 10 MPT,
likely due to cell migration and partial cell loss. The remaining hiNs continued
developing complex neuronal morphology (Figure 7C).

To further examine the continuous development of their neuronal morphology over
time, cells were 3D reconstructed across different time points post-transplantation.
A 3D visualization clearly demonstrated a gradual structural maturation of the hiNs,
as seen by constant development of neuronal complexity (Figure 7D).

To explore the functional maturation of hiNs, we performed patch-clamp
electrophysiology on GFP+ transplanted cells (Figure 7E). hiNs exhibited gradual
functional maturation over time, with evoking APs present at 3 and 5 MPT (Figure
7F).

Overall, these data demonstrated long-term survival and integration into the host
mouse brain, allowing hiNs to progressively mature both structurally and
functionally.
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Figure 7. Long survival and maturation of transplanted hiNs into mouse PFC.

(A) Schematic overview of transplantation process. (B) Immunostaining of sectioned mouse PFC with
human NCAM (hNCAM). (C) Immunostainings of transplanted hiNs with GFP at different time points
post-transplantation. (D) Reconstruction of transplanted hiNs across different time points post-
transplantation. (E) Schematic overview and photo of transplanted hiNs during electrophysiology
recordings. (F) Representative traces of evoked action potentials upon current injection of transplanted
hiNs across time points post-transplantation. PFC=prefrontal cortex.
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Derivation of human subclass-specific SST interneurons
in 3D co-cultures (Paper III)

Generation and maturation of MGE-like progenitors up to 100 DIV

Several studies have described successful generation of high-purity MGE
progenitors (Bershteyn et al., 2023; Birey et al., 2017; Kim et al., 2014; Y. Liu et
al., 2013; Maroof et al., 2013; Ni et al., 2019; Nicholas et al., 2013; Xiang et al.,
2017). However, these protocols demand extended maturation period. Furthermore,
there is lack of robust in vitro models for generation of subclass-specific SST
interneurons. In this study, MGE-like progenitors and interneurons were generated
according to (Nicholas et al., 2013) with minor modifications. Interneurons we co-
cultured in 3D spheroids, enabling long-term culture and better synaptic
communication, in the following combinations: with human glial progenitor cells
(hIN+hGPC) or mouse astrocytes (hIN+mAST) or alone as interneurons (hIN). 3D
co-cultures were kept for up to 100 DIV (Figure 8A).

First, we analysed gene expression levels with RT-qPCR. This demonstrated early
upregulation of the forebrain marker FOXGI and the MGE marker NKX2-1, and
their expression was retained throughout culture time, indicating a successful
acquisition and maintenance of ventral forebrain fate. At 50 DIV, we observed
upregulation of other MGE-associated transcription factors, such as ASCLI and
LHX6, regardless of co-culture condition. Interestingly, DLX5 showed higher
upregulation in the hIN+hGPCs condition (Figure 8B), potentially due to expression
of this marker from hGPCs (Figure 8B).
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Figure 8. Differentiation of hESCs into GABAergic interneurons in a 3D co-culture system.
(A) Schematic overview of differentiation. (B) Heatmap showing the expression levels of interneuron and
pan-neuronal markers across time points and conditions. (C) Maximum intensity projections of
immunostainings of all groups with MAP2 and GABA at 100 DIV. Scale bar: 100 um. (D) Representative
traces of evoked action potentials in the different culture conditions at 100 DIV. (E) Sample traces of
postsynaptic activity blocked with 100 uM PTX at 100 DIV for hIN+mAST condition. DIV=Days in vitro.



Upregulation of mature neuronal genes, such as MAP2 and SYNI, were detected
already at 50 DIV. Also, the mature GABAergic markers GAD2 and SLC32A41
(encoding the vesicular GABA transporter VGAT), were significantly upregulated
(Figure 8B). Immunocytochemistry further confirmed our findings on
transcriptional level. Staining for MAP2 and GABA at 100 DIV showed widespread
distribution of MAP2+/GABA+ cells which exhibited typical neuronal morphology
(Figure 8C), verifying the presence of GABAergic interneurons on protein level as
well.

Next, we explored the functional maturation of interneurons in the 3D cultures over
time. Application of gradually increased current injections showed the ability of the
cells to fire multiple APs. The hIN+mAST group showed more mature firing at 100
DIV related to the other culture conditions (Figure 8D). Moreover, the postsynaptic
currents were entirely blocked with the addition of picrotoxin (PTX), a GABAAR
antagonist (Figure 8E), confirming the GABAergic nature and efficient synaptic
communication.

Taken together, these data showed that ESCs can successfully differentiate into
functional GABAergic interneurons in 3D co-culture systems, which could be
maintained up to 100 DIV.

Maturation of MGE-derived interneurons to SST subtype with
subclass specification

Next, we examined the presence of mature interneuron subtypes generated by MGE-
like precursors. Firstly, we investigated their gene expression profile with RT-
qPCR. We could detect significant upregulation of the neuropeptide SS7 at 50 DIV,
with constant expression until 100 DIV. Moreover, we could detect upregulation in
NPY and CALB?2, increasing from 50 DIV until 100 DIV (Figure 9A). Next, we
investigated the presence of SST subclass genes. RT-qPCR analysis showed
significant upregulation of upper layer marker CBLN4 at 50 DIV, especially in co-
culture conditions and expression was retained up to 100 DIV (Figure 9A). TH, a
lower layer marker, was also significantly upregulated already from 25 DIV and
increased at 50 DIV, particularly in co-culture conditions. (Figure 9A).

To further characterize the SST population and dissect cell type composition in the
3D co-cultures, we performed snRNA-seq at 100 DIV for all three culture groups
(Figure 9B). Integration of the data revealed similar transcriptomic profile and cell
type composition among the conditions. The one exception was a separate cluster
derived from the hIN+hGPC group (Figure 9C, D).

Further sub clustering and integration of the SST+ cells from all groups showed
three discrete subgroups (Figure 9E). The SST-expressing cells expressed TH,
suggesting the presence of this subclass (Figure 9F). Genes characteristic of
Martinotti cells and long-projection neurons were expressed in the SST cluster and
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showed uniform expression (Figure 9G, I). However, non-Martinotti genes were
preferentially expressed in the SST1 cluster (Figure 9H).

To confirm SST expression on protein level, we performed immunocytochemistry
and found widespread SST protein expression at 100 DIV in all groups (Figure 9J).
Remarkably, we detected co-localization of SST with TH or calretinin (CR, encoded
by CALB2 gene, Figure 9K) suggesting the presence of these SST subclasses on
protein level too.

In conclusion, these data suggested a rapid maturation into SST interneurons with
subclass characteristics including all the three main subclasses (Martinotti, non-
Martinotti and long-projecting) in the 3D co-culture system, regardless of the
culturing condition.
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Figure 9. Generation of subclass-specific SST interneurons in the 3D co-system
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(A) Heatmap showing the expression levels of subtype-specific and SST subclass-specific markers
across time points and conditions. (B) UMAP plot visualizing the cells at different culture conditions at
100 DIV. (C) UMAP pilot visualizing the cellular composition at different culture conditions at 100 DIV.
(D) Bar plot showing the proportion of cells in each culture condition. (E) UMAP plot vizualizing SST-
expressing cells and their cellular composition. (F, G, H, I) UMAP plots visualizing the expression of
Lower cortical layer (F), Martinotti (G), non-Martinotti (H), and long projection neuron (I) markers on
SST-expressing cells. (J) Maximum intensity projection of immunostainings of hIN, hIN+hGPCs,
hIN+mAST with SST at 100 DIV. Scale bar: 100 um. (K) Maximum intensity projection of
immunostainings of with SST, TH and CR at 100 DIV. Scale bar: 10 um. DIV=Days in vitro. hIN=human
interneurons, hGPCs=human Glial Progenitor Cells, mMAST=mouse Astrocytes.
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Integration and maturation of MGE-derived interneurons in human
forebrain organoids

Next, we sought to explore if SST interneurons could survive within a human
cortical system and if their subtype and subclass specificity was influenced by a
more complex environment. Therefore, MGE-like progenitors marked with GFP
were injected at 35 DIV into human forebrain organoids of the same age (35 days)
(Figure 10A). Imaging of the endogenous GFP in organoids at 15-20 days post-
injection (DPI) showed migration of the MGE interneurons toward the periphery,
exhibiting complex morphology and long projections. At 40 DPI, injected cells
showed a more distinct peripheral localization (Figure 10B). Immunocytochemistry
with GFP, GABA and SST at 65 DPI demonstrated co-localization of GFP with
GABA or GFP and SST (Figure 10C) and sometimes both proteins, (SST and
GABA) (Figure 10D).

To dissect the cell type composition of the organoid-injected cells, we performed
snRNA-seq at 65 DPI (corresponding to 100 DIV) on FACS-sorted GFP+ nuclei.
An integrated UMAP of the organoid-injected cells versus the spheroid-derived
cells (from all three groups) demonstrated similar transcriptomic profile and cell
type composition (Figure 10E). A comparative analysis showed increased
proportion of MGE and SST2 cells in organoid-injected cells (Figure 10F, G).
UMAP with integrated SST cells from injected and spheroid-derived cells and
comparative proportion analysis showed that SST-expressing cells in organoids
mainly came from SST2 and MGE groups (Figure 10H, I). SST-expressing cells
showed similar proportions of Martinotti and long-projecting neuron-related genes
between spheroid and organoid, but lower expression of non-Martinotti genes
(especially for the ERBB4 and NFIB) in the organoid. Furthermore, there was a
modest increase 7H and CDK6 co-expressing cells in organoid-derived SST cells
(Figure 10J).

Collectively, these data demonstrated that the SST interneurons successfully
survived and integrated into the human forebrain environment for up to 65 days
(corresponding to 100 DIV), maintaining their SST expression and their subclass
characteristics.
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Figure 10. Survival and integration of injected MGE interneurons in human forebrain organoids.
(A) Schematic overview of cells’ injection into human forebrain organoids. (B) Maximum intesity projection of
injected GFP-expressing neurons in the organoids across different time points post-injection. Scale bar: 500
um (C) Maximum intesity projection of immunostainings of cryosectioned injected organoids with GFP, GABA
and SST at 65 DIV. Scale bar: 20 um (D) Maximum intesity projection of immunostainings of cryosectioned
injected organoids, with GFP, GABA and SST at 65 DPI. Scale bar: 50 um (E) UMAP visualizing integrated
cells from spheroids and organoid-injected hiNs at 100 DIV and 65 DPI respectively. (F) UMAP showing the
cellular composition of integrated cells. (G) Barplot showing the proportions between cells from spheroids and
organoid-injected hINs. (H) UMAP visualizing the integrated SST-expressing cells from spheroids and
organoid-injected hINs. (1) Bar plot showing the proportion of cells between SST-expressing cells from
spheroids and organoid-injected hiNs. (J) Dotplot showing the expression of subclass-specific markers
between SST-expressing cells from spheroids and organoid-injected hiNs. DIV=Days in vitro.
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Patient hiPSC-derived interneurons from a schizophrenia
parent-case trio reveal GABAergic signalling alterations
(Paper IV)

Successful derivation of GABAergic interneurons from schizophrenia
parent-case hiPSCs

Some hiPSC studies on SCZ have demonstrated alterations in neuronal maturation, and
morphological complexity (Dubonyte et al., 2022). However, these deficits have only
been assessed on neuronal precursors or broader interneuron subtypes. There are few
studies assessing SCZ-related pathologies on subtype-specific iPSC-derived
GABAergic interneurons. In this study, we generated an interneuron-based model of
SCZ utilizing the protocol we established at Paper III (Bruzelius et al., 2025). A parent-
case trio, consisting of unaffected mother-CTR 1, unaffected father-CTR2 and a son
affected with schizophrenia-SCZ was used for this study (Hathy et al., 2020; Hathy
et al., 2021) (Figure 11A).

Brightfield imaging was used to monitor neuronal differentiation and observe
potential differences among the three lines. At 9 DIV, embryoid bodies were
uniform and similar in size (Figure 11B) and at 17 DIV, neuronal rosettes were
formed, where progenitors migrated uniformly from the core of the attached
embryoid bodies (Figure 11B). At 33 DIV, neuronal-looking cells could be detected
in all three lines (Figure 11B) and cells were thereafter replated onto human
astrocytes (Figure 11B) generated from RC17-derived hGPCs.

Next, we assessed gene expression levels of important forebrain interneuron
markers using RT-qPCR to confirm their identity. At 25 DIV, there was strong
upregulation of FOXGI (forebrain marker), ASCLI, DLX5, MEF2C (pan-
interneuron markers) NKX2-1 and LHX6 (MGE-specific interneuron markers),
suggesting successful acquisition of MGE fate across the lines (Figure 11C).
Additionally, we examined the expression mature neuronal genes. RT-qPCR
showed upregulation of mature neuronal markers, MAP2 and SYNI and the pan
GABAergic marker SLC3241 (VGAT) at 35 DIV. We could also detect an
upregulation of the interneuron subtype-specific marker SS7 (Figure 11D). While
this was seen for all three lines, SCZ line showed the lowest upregulation of SST.
These results demonstrate expression of mature interneurons genes in all three lines
and upregulation of SST expression.

The neuronal cultures were further assessed at 35 DIV with immunocytochemistry
to profile their protein expression. We observed cells positive for both MAP2 and
GABA in all three lines, confirming the presence of GABAergic interneurons
(Figure 11E). Quantification of MAP2+ cells over DAPI and GABA+ cells over
MAP2+ cells showed comparable proportions across the three lines (Figure 11F).
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We could also detect protein expression of SST and MAP2 (Figure 11E), with
similar percentages of %SST+/MAP2 cells among the lines (Figure 11F).

Overall, these data demonstrated a successful induction of MGE fate in all lines and
rapid differentiation into GABAergic interneurons including SST subtype at 35
DIV.
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Figure 11. Successful generation of MGE-like progenitors and interneurons for all hiPSC lines.
(A) Schematic overview of differentiation process. (B) Brightfield photos of the cells at different stages
of differentiation in all three lines. (C) RT-gPCR analysis of the expression of interneuron markers at 25
DIV across the three lines. (D) RT-qPCR analysis of the expression of mature neuronal markers at 35
DIV across the three lines. (E) Immunostainings for MAP2, GABA and SST at 35 DIV in all three lines.
(F) Quantification analysis of neuronal cultures at 35 DIV. Scale bar: 50 um. DIV=Days in vitro.
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Patient-derived interneurons demonstrate functional impairments and
GABA response alterations.

To explore the functional properties of the interneurons, we performed whole-cell
patch clamp electrophysiology recordings of hiPSC-derived neurons co-cultured
with human astrocytes at 50-57 DIV. Spontaneous activity was assessed in current
clamp. Neurons in both control groups (CTR1 and CTR?2) displayed spontaneous
action potential (AP) firing, while most SCZ neurons did not (Figure 12A). In line
with this, the fraction of spontaneously active neurons was lower in the SCZ group
(approximately 26%) compared to CTR1 (62%) and CTR2 (50%) (Figure 12B).

To investigate intrinsic excitability, AP firing was evoked by stepwise current
injections. Control neurons typically generated repetitive AP firing upon current
injection, whereas SCZ neurons most often generated only a single AP (Figure 12C).
Additionally, SCZ neurons exhibited reduced AP amplitude and reduced maximum
number of APs compared to controls (Figure 12D). Together, this data revealed
reduced intrinsic excitability and impaired firing capacity in SCZ interneurons.

Next, we explored GABAA receptor-mediated signalling using brief local puffs of
GABA to the soma and the proximal dendrites (Figure 12E). CTR1 and CTR2
neurons displayed robust inward currents in response to GABA puffs (Figure 12F,
G). On the contrary, most SCZ neurons showed no detectable current under the same
conditions (Figure 12F, G). Indeed, all tested neurons in CTR1 group and 75% of
neurons in CTR2 group responded to GABA, while only 11% of SCZ neurons
responded (Figure 12H).
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Figure 12. Functional impairment and GABAergic remodelling in patient hiPSCs-derived neurons

at 50 DIV.

(A) Spontaneous firing of neurons for the three lines at 50 DIV. (B) Fraction of cells spontaneously
firing at 50 DIV (Fisher’s exact test, p<0.05 *). (C) Representative traces of action potentials upon
current injection for across the three lines at 50 DIV. D) Quantification of AP amplitude and max AP
number for all the three lines at 50 DIV (n=10 cells for CTR1, n=12 for CTR2, n=8 for SCZ, p<0.05 *).
(E) Brightfield image of neuron with the puffing electrode. (F) Representative samples of neurons
responding to GABA for all three lines at 50 DIV. (G) GABA peak current at -70 mV for the three lines
at 50 DIV (n=5 cells for CTR1, n=8 for CTR2, n=9 for SCZ). (H) Fraction of cells responding to GABA
across the line at 50 DIV (Fisher’s exact test, p<0.05 *, p<0.01 **). (I) Current after application of
picrotoxin in the bath. (J) Violin plots visualizing the differences in protein expression of GABRA3,
GABRAS5, SLC212A2 and SCN3A between CTR and SCZ group. DIV=Days in vitro.
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To further dissect the mechanisms behind the functional analysis results, we
proceeded with proteomics experiment. The groups included in this analysis were
patient and controls (CTR1, CTR2 and CTR3 that consisted of a pool of CTR1 and
2). We explored the expression of proteins that were relevant to GABAergic
function. Interestingly, the GABAAx receptor subunit GABRA3 showed a lower
expression in SCZ compared to CTR group, (Fold change 3.66, p value<0.05,
adjusted p value=0.09), while the GABAA receptor subunit GABRAS showed
higher expression in SCZ (Fold change 1.48, p value<0.05, adjusted p value=0.07).
This suggested altered GABAergic signalling in patient derived neurons. SLC12A2
(or NKCC1), showed modest reduced levels (Fold change 1.39, p value <0.05,
adjusted p value<0.05). Yet, the voltage-gated sodium channel SCN3A or Navl.3,
was upregulated in SCZ (Fold change 2.64, p value <0.05, adjusted p value=0.12
although the adjusted p value was more that 0.05) (Figure 12J).

Collectively, functional analysis and proteomics data suggested impaired intrinsic
excitability and remodelling of GABAergic signalling in hiPSC-derived neurons at
50 DIV, accompanied by significant protein alteration in GABAergic receptor
subunits, ion transporters and voltage-gated ion channels.
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Discussion and future perspectives

Cortical interneurons are crucial for proper brain function and are involved in
processes, such as sensory information processing, motor output control, and
mediation of higher-order cognitive functions, such as planning and decision-
making (Carlen, 2017; Kepecs & Fishell, 2014). PV and SST interneurons are lost
or dysfunctional in several diseases, such as schizophrenia, epilepsy and autism
spectrum disorder (Contractor et al., 2021; Leitch, 2024; Marin, 2012, 2024).
Advances in cell culture and transcriptomic techniques have allowed us to dissect
their developmental timeline and mimic their development in the lab.

In this thesis, we generate human PV and SST interneurons through glial
reprogramming for cell replacement and stem cell differentiation for disease
modelling, respectively.

Cell transplantation of GABAergic interneurons has been explored as therapeutic
strategy for neurodevelopmental disorders and has been tried on preclinical models
of neurodevelopmental disorders (Li et al., 2022; Southwell et al., 2014). There is
currently a clinical trial ongoing testing cell therapy for epilepsy (NTE0O1 and
NTEO002), where researchers generate stem-cell derived MGE interneurons that
appear to restore brain function in mouse epileptic models and acquire subtype
specificity, including both PV and SST interneurons, in the mouse brain (Bershteyn
et al., 2023; Bershteyn et al., 2025).

In this thesis, we propose an alternative strategy for cell replacement of subtype-
specific interneurons. Direct reprogramming bypasses pluripotency step, suggesting
a faster way to generate the cells of interest. Furthermore, the application can be
transferred in vivo, where cells can be converted in situ, taking advantage of an in
vivo microenvironment (Pereira et al., 2019; Vignoles et al., 2019) . This approach
avoids technical complications of allogenic transplantation, such as ex vivo
expansion and potential immune rejection.

In Paper I, we pioneer in demonstrating direct reprogramming of hGPCs to
chandelier PV interneurons. We were able to demonstrate that we get PV gene and
protein expression already at 1 week of reprogramming. This is the fastest that has
been reported so far in the literature, since most of the studies using stem cell
differentiation report much longer timelines (Nicholas et al., 2013), taking also into
consideration that PV immunoreactivity comes late in human brain development
making it difficult to mimic physiological brain development in the labs (Marin,
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2025). One major question that this study answered was whether the reprogrammed
neurons are bona fide with endogenous ones, given that this has been a debate in the
reprogramming field. We are the first to demonstrate that these reprogrammed cells
are similar to their endogenous counterpart on transcriptional level, by comparing
with post-mortem human adult cortical interneurons. Furthermore, we demonstrated
that on transcriptional level, these PV interneurons are of chandelier subclass, which
has not been extensively reported in other interneuron studies. Moreover, we also
showed that reprogrammed interneurons expressed genes necessary for their
synaptic machinery. Classical pharmacology experiments suggested the presence of
functional GABAergic communication. However, we could not detect fast-spiking
activity or other types of synaptic communication, such as glutamatergic. This may
be due the lack of other inputs e.g. excitatory signalling, as well as timing in the
culture or media composition, which may not support their high metabolic demands.
A future strategy would be to co-culture these interneurons with other types of
neurons, either in conventional 2D cultures or in assembloid systems, or further
refine the culture time and conditions. It is important that reprogrammed
interneurons exhibit proper functional signalling to restore excitation/inhibition
balance in the diseased brain.

To tackle this, in Paper II we transplanted the neurons generated from paper I and
demonstrated that they can last up to 10 months in the mouse PFC, accompanied by
functional and structural maturation. This is the first study showing that transplanted
hiNs, can survive for so long. Furthermore, this is the first study to reconstruct
transplanted hiNs and demonstrate their impressive neuronal structural maturation
over time in the mouse brain. It has been previously shown that transplantation of
reprogrammed neurons in 3D cultures enables survival and maturation (Kajtez et
al., 2025). Nonetheless, cells remained in a juvenile state and we could not detect
mature neuronal activity. Also, transplanted cells seemed to lose their PV protein
expression. We hypothesize that this could be due to the fragility of mature neurons
(something also observed in Paper I) or due to some plasticity mechanisms (Winkel
etal., 2021). hiNs may need further support, such as co-delivery with growth factors
(Wang et al., 2023), exercise (Moriarty et al., 2025) and electrical stimulation
(Wang et al., 2025).

Direct reprogramming is currently explored in a clinical setting. There is strong
proof-of-concept harnessing direct reprogramming for cancer immunotherapy,
where cancer cells are in sifu reprogrammed into dendritic cells (Ascic et al., 2024).
Additionally, there are clinical trials ongoing where they employ in situ
reprogramming of astrocytes into mature neurons as therapeutic strategy for
Alzheimer’s, stroke (NXL-001) and glioblastoma (NKL-004).

Despite the advantages of direct reprogramming, there are few things to take into
consideration for neuronal direct reprogramming to move forward into clinical
applications. One very important parameter is the vector design and virus capsid
engineering to just target the starting cell type of interest and avoid off-target
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problems. Secondly, to find the right cocktail of TFs to generate the proper neuronal
type one wants to replace and extensively characterize the newly generated neurons
on transcriptomic, protein and functional level. Another important thing is the right
starting population. Even for in vitro proof-on-concept studies, it is critical to use
starting cell populations which are bona fide to their endogenous counterpart. In our
case, the hGPCs we utilize closely reassemble cortical bona fide OPCs. Finally,
which brain location to choose for conversion. Unlike Parkinson’s and epilepsy,
where the pathology is more localized in the brain, location might a problem for
diseases with more diffuse pathology, such as schizophrenia, where deficits have
been reported in cortex, hippocampus and other brain regions (Adamu et al., 2023).

Given interneurons’ involvement in neurodevelopmental and neuropsychiatric
disorders, research has focused on generating reliable and robust disease models
from patient iPSCs to dissect interneuron-related disease mechanisms. iPSC
platforms have been commercialized and widely used for drug screening purposes.
There have been several studies generating interneuron-based disease models for
disorders, such as schizophrenia and epilepsy (reviewed in (Dubonyte et al., 2022)
and (Sterlini et al., 2020)), but very few studies managed to generate human
subtype-specific interneurons in vitro from patient iPSCs.

In paper III, we utilize 3D co-culturing with other glial cells to generate SST
interneurons from ESCs with subclass characteristics. This is the first study
reporting derivation of human stem cell-derived SST interneurons with subclass
characteristics. Given that SST interneurons are the most diverse interneuron
subtype, studies have focused on elucidating the diversity of SST subclasses (Fisher
et al., 2024; Wu et al., 2023). Notably, there are studies using mouse models and
post-mortem human brain samples showing that specific subclasses of SST are
involved in the pathology of neuropsychiatric disorders (Asenjo-Martinez et al.,
2025; Batiuk et al., 2022; Tai et al., 2014). One limitation of the co-culturing model
was the lack of other neuronal types. To tackle this, we transplanted ESC-derived
interneurons into forebrain organoids, containing glutamatergic neurons, where
interneurons successfully survived, integrated into the host circuitry and maintained
the expression of subclass-specific markers, thus creating a more complex and
physiologically relevant model. In this study we did not manage to generate PV
interneurons, which have been notoriously difficult to derive in vitro. Recent studies
harnessing organoid and assembloid technology and keeping long-term cultures
have successfully managed to generate PV interneurons, enabling the investigation
of these cells in development and disease (Varela et al., 2025; Walsh et al., 2025).

In paper IV, we utilize the model developed in paper III to generate SST
interneurons from a schizophrenia parent-case trio. We demonstrated that patient
derived interneurons have decreased levels of SST mRNA, exhibited impaired
functionality and altered GABAergic signalling. This is the first study showing
derivation of subtype-specific interneurons from a family case, accompanied by
implications of GABAergic signalling in schizophrenia-derived interneurons.
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Parent-case studies offer a unique opportunity to study disease mechanisms
minimizing the genetic variability and focusing of genetic variants (Flaherty et al.,
2017; Hathy et al., 2020; Hathy et al., 2021) . However, these studies focus on a
very small subject number and inference of the results to general population might
not be possible. Furthermore, in this model there is lack of other neuronal inputs,
such as glutamatergic, which could facilitate the study of other signalling cues. The
importance of this study is the fact that it sheds light on GABAergic signalling
alterations and deficits, which have been less studied compared to NMDA receptor
signalling. These results reinforce the idea that interneuron synaptic connectivity
impairments are the driver of neurodevelopmental disorders. Future studies should
focus on further dissecting the GABAergic signalling in schizophrenia and
implementing drug screening approaches that effectively modulate and restore
signalling to mitigate disease symptoms. Building on our findings in Paper I, where
we showed that it is possible to generate interneurons that express genes critical for
synaptic communication and are similar to endogenous interneurons, in situ direct
reprogramming of glial cells could be a promising strategy to generate functional
interneurons in vivo. This strategy could enable functional restoration of
GABAergic activity in the diseased brain, highlighting its potential for future
therapeutic applications.

Our study and many previous iPSC disease modelling studies use the conventional
2D monolayer culture platform. These iPSC models have been widely used to study
genetic diseases and more complex multifactorial diseases. 2D models have several
advantages, such as derivation of homogenous population of a cell subtype of
interest and the adaptability to high-throughput screening approaches. The major
disadvantages of 2D models are the lack of 3D architecture and cell heterogeneity,
and cell fragility over time (Levy & Pasca, 2025).

Advances in organoid and assembloid technology have allowed us to generate more
complex multi-regional brain structures composed of multiple cell types, closely
reassembling the endogenous structures. They can even include other cells from
other embryonic lineages, such as microglia (Sabogal-Guaqueta et al., 2024) and
endothelial cells forming the vascularate (Kistemaker et al., 2025). Clinical trials
testing compounds initially screened on iPSC-derived cells are progressing,
demonstrating the potential of human stem cell-derived models (Okano &
Morimoto, 2022).

Regarding modelling of neuropsychiatric disorders, it is essential to dissect their
disease mechanisms and identify potential therapeutic targets in systems with
additional functional-level readouts, using multi-electrode arrays (MEA) or other
advanced electrophysiology systems, which should reflect the circuit malfunctions
observed in patients. On a clinical setting, these disorders are often behaviourally
diagnosed and lack robust biomarkers. Therefore, in vitro models should
recapitulate the circuit impairments to minimize false-positive findings or impartial
restoration. (Levy & Pasca, 2025). 2D culture models offer the opportunity to study

74



a homogenous interneuron population and find certain molecular and cellular
disease phenotypes. To fully elucidate the role of interneurons in
neurodevelopmental and psychiatric disorders, advanced organoid and assembloid
systems should be employed to model complex circuits and apply functional
readouts.
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Conclusions

In this thesis, we managed to generate human subtype-specific interneurons for
therapeutic cell replacement and disease modelling with different strategies.

In paper I, we derived human chandelier PV interneurons via glia reprogramming.
Neurons are generated as early as 7 days post transduction and PV interneurons are
transcriptionally boda fide with their endogenous cortical counterpart. Furthermore,
we unravel the glia-to-PV developmental trajectory, showing genes important for
this conversion.

In paper II, we transplant neurons generated from paper I into the mouse PFC and
demonstrate that they structurally mature and exhibit improved maturation over
time, surviving up to 10 months post transplantation.

In paper III, we employ stem cell differentiation to derive SST interneurons in 3D
co-culture with subclass characteristics, that successfully integrate into forebrain
organoids and maintain their subclass characteristics, indicating that they retain their
mature transcriptional profile.

In paper IV, we utilize the model established in Paper III to generate SST
interneurons from a schizophrenia parent-case trio. We demonstrate that patient
derived interneurons exhibited limited firing capacity and altered GABAergic
signalling, which may play a role in improper excitation/inhibition balance.

This thesis covers the cellular component of cell replacement and drug discovery.
Interdisciplinary efforts should be made to bring subtype-specific interneuron cell
therapy and disease modelling closer to clinical applications.
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