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Abstract

High-grade gliomas (HGG) are the most aggressive and heterogeneous brain tumors, with poor
prognosis and limited therapeutic options. A major barrier to progress in HGG research is the
lack of preclinical models that accurately capture tumor complexity and its interactions with
the brain microenvironment. In this thesis, we explored neural organoid-based approaches to
model gliomagenesis and tumor progression. We first optimized the generation of mouse
neural organoids (mNO), which displayed organized neural rosettes, neurons, and astrocytes,
recapitulating essential features of brain tissue. Using mNO, we tested two complementary
strategies: (1) a cell-based approach, where primary murine glioma cells were introduced into
organoids, and (2) a genetic-based approach, where PDGF-B was overexpressed using the
PiggyBac transposon system to induce malignant transformation. While mNO provided a
supportive microenvironment for mouse high-grade glioma cells (mHGG), sustaining their
proliferation and stem-like properties, mouse low-grade glioma cells (mLGG) failed to engraft.
Direct transplantation of tumor cells, tested on mHGG and confirming high engrafting, could be
a promising strategy to model less invasive gliomas. In parallel, Platelet-Derived Growth Factor
B (PDGF-B) overexpression generated proliferative tumor-like cells that express markers
consistent with the ones expressed by gliomas in vivo. Finally, we started the transition to
human neural organoids (hNO) to increase translational relevance. Transplanted mHGG cells
successfully engrafted in hNO, forming heterogeneous tumor masses and interacting with
microglia, which exhibited activation around tumor cells. Overall, this work demonstrates that
neural organoids represent a versatile and physiologically relevant platform to study glioma
biology, providing insights into tumor-microenvironment interactions and potential ways for
therapeutic testing.



1 Introduction

1.1 Glioma

Glioma is the most frequent type of adult-type primary central nervous system (CNS) tumort.
Even though traditionally CNS tumor classification was based on histological features, more
recently the classification took into consideration molecular biomarkers as well. Therefore, in
the fifth edition of the World Health Organization (WHO) Classification of Tumors of the CNS
(CNS5) the classification was revised to combine histopathological and molecular features for
the most accurate classification. For instance, in CNS5 fourteen newly recognized types of
tumors were added to the classification of gliomas, glioneuronal tumors and neuronal tumors
thanks to the integration of data about the histopathological appearance and molecular
features?.

Gliomas, glioneuronal tumors and neuronal tumors were divided into six groups:

1) Adult-type diffuse gliomas, that represent most gliomas in adults and comprehend
glioblastoma, IDH-wildtype.

2) Pediatric-type diffuse low-grade gliomas, in which are classified two of the newly
recognized types of gliomas (diffuse astrocytoma, MYB or MYBL1-altered and Diffuse
low-grade glioma, MAPK pathway-altered).

3) Pediatric-type diffuse high-grade gliomas, that are expected to behave more
aggressively than pediatric-type low-grade gliomas. An example of glioma of this class
is the diffuse midline glioma, H3 K27-altered.

4) Circumscribed astrocytic gliomas, that are opposed to diffuse glioma and display a more
solid growth pattern.

5) Glioneuronal and neuronal tumors, that are characterized by neuronal differentiation.

6) Ependymomas, that are now classified on the basis of the anatomical site of the tumor
as well.

1.1.1 High-Grade Gliomas (HGG)

Compared to the previous classification, CNS5 simplified the classification of adult-type diffuse
gliomas. In particular, these gliomas were previously divided into 15 categories, mainly due to
the fact that different grades were assigned to different entities. Currently, adult-type diffuse
gliomas include three types of tumors, that can be differently graded based on histology and
molecular features?:

e Astrocytoma, IDH-mutant, that can be graded as CNS WHO grade 2, 3 or 4.
e Oligodendroglioma, IDH-mutant and 1p/19q-codeleted, grade 2 and 3.
e Glioblastoma, IDH-wildtype, is the highest grade.

This classification has improved diagnostic accuracy and clinical relevance, particularly in
distinguishing between tumors with distinct prognostic and therapeutic implications3. Within
this framework, glioblastoma (GBM) represents the most aggressive and lethal form of adult-
type diffuse gliomas. Glioblastoma (GBM) is the most common malignant primary brain tumor,
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accounting for 14.2% of all tumors and 50.9% of malignant brain tumors. In US4, it has the
incidence rate (3.27 per 100,000 population), with a predominance in males rather than in
females (4.09 per 100,000 in males VS 2.55 per 100,000 in females). GBM is among the most
commonly diagnosed tumors in older ages, together with meningiomas and pituitary tumors,
with a median age at the diagnosis of 66 years. Among all malignant brain tumors, GBM is the
one with the lowest median survival (8 months), with a five-year survival rate of 6.9%*.

1.1.2 Standard-of-care for GBM treatment

The standard of care of GBM includes the surgical resection of contrast-enhancing tumor,
followed by radiation plus concomitant and adjuvant temozolomide administration>¢. This
regimen was adopted after a clinical trial involving 573 patients and 85 centers, in which it was
demonstrated the increase of the median survival from 12.1 months with radiotherapy alone
to 14.6 months with radiotherapy plus temozolomide>. Another study from the same group
suggested the use of tumor-treating fields (TTFileds), that are low-intensity alternating electric
fields delivered to the tumor that interferes with GBM cell division and organelle assembly.
Indeed, the median survival of patients treated with maintenance TMZ and TTFields was 20.9
months, compared to 16.0 months for the group of patients treated with maintenance TMZ
only’. Specific therapies are then considered depending on the characteristics of the tumor. For
instance, it was observed that in patients with the methylation of MGMT (06-methylguanine-
DNA methyltransferase) promoter TMZ is more effective than in patients without the silencing
of this promoter, with a median survival of 21.7 months for radiotherapy plus temozolomide
compared to 15.3 months of radiotherapy alone8.

Despite all the efforts, GBM recurrence is inevitable within 7 months5, and a standard-of-care
therapy has not been delineated yet. Surgery is rarely an option, due to the infiltration of the
lesions. Systemic therapies may be applied, either rechallenges of TMZ and re-irradiation or
new therapies such as treatment with bevacizumab and nitrosoureas. None of these therapies
have proven effective in prolonging the survival of GBM patients®.

1.1.3 Understanding GBM biology for novel treatments

To understand the reason why the standard of care therapies fails and to develop novel
therapies, it is important to understand GBM biology.

1.1.3.1 Infiltration and integration of glioma cells in neural networks

Among the most well-known hallmarks of the disease, there is the diffuse infiltration of tumor
cells, that is the main reason for impossibility to completely remove all the tumor cells with
surgical resection and thus for GBM recurrencel?. To understand the mechanisms underlying
the migration and invasive capacity of GBM cells, we can look at the mechanisms of cell
migration during neurodevelopment. For instance, migrating glioma cells express doublecortin
(DCX), that is expressed by migrating neuroblasts and glial progenitors during development!..
In the same way, myosin Il is found to be expressed in the leading protrusion of glioma cells,
supporting their motilityl2 in a similar way that is used for soma translocation of neural
progenitor cells during neurodevelopment!3. Another molecular mechanism involved in GBM
invasion is the formation of tumor microtubes (TMs), that increase in number with tumor
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progression and are used by cell nuclei to travel after mitosis. The second role of TMs is to allow
the formation of a multicellular network between malignant and non-malignant cells; this
network is able to distribute among many different cell types the increase of intracellular
calcium levels required for radiotherapy-induced cytotoxicity, leading to therapy resistance!2.
Possible therapeutic strategies to limit glioma invasiveness can be developed starting from this
information about TMs. For instance, since gap junctions in TMs are involved in radiotherapy
resistance, an inhibition of gap junctions-related proteins (such as GAP-43) can lead to increase
radiosensitivity of the tumor. From another point of view, TMs can be exploited to distribute
gap-junction permeable molecules even to distant, invasive tumor cells14.

TM formation is dependent upon neuronal activity and neuronal inputs are given to glioma cells
thanks to the formation of neuroglioma synapses!>16, In these synapses, glioma cells constitute
the post-synaptic part, and they are excited via glutamate activation of AMPA receptors. The
glutamatergic signals induce depolarization and intracellular calcium currents that induce
tumor cell proliferation and invasion!é. Indeed, epileptic seizures are a common comorbidity
for patients with brain tumors, affecting as many as 75% of patients with glioma®, and
glutamate signal is involved in the imbalance of electrical activityl’. So far only one anti-
epileptic drug acting on AMPA receptors specifically (perampanel) is used in clinical practice,
reducing seizure frequencies in patients with gliomal8. However, data regarding its efficacy in
reducing tumor growth are reported in preclinical models only16.19.

The capacity of glioma cells to infiltrate brain tissue and integrate into functional neural circuits
not only underlies tumor recurrence but also contributes to treatment resistance and
neurological symptoms192021, A deeper understanding of the mechanisms that drive this
pathological behavior can inform the development of targeted therapies.

1.1.3.2 Glioblastoma heterogeneity and cell states

While the infiltrative nature of GBM primarily accounts for the failure of surgical resection, its
high molecular and cellular heterogeneity is the major cause for variable therapeutic responses
and resistance to both radiotherapy and chemotherapy. The first attempt to dive into this
heterogeneity was made when The Cancer Genome Atlas (TCGA) Research Network was
established, with the aim of analyzing genomic alterations in a large cohort of 206 GBM samples
to identify molecular prognostic and diagnostic markers?2. Through this analysis, four
molecular subtypes of GBM were identified, each of them associated with different molecular
alterations and transcriptional profiles:

e C(lassical - characterized by chromosome 7 amplification paired with chromosome 10
loss, EGFR amplification and focal 9p21.3 homozygous deletion targeting CDKN2A. This
subtype expresses genes associated with neural precursors signatures, such as NES, and
pathways like Notch and Sonic hedgehog?2.

e Mesenchymal - characterized by low NF1 expression levels due to a focal hemizygous
deletion of a region at 17q11.2. This subtype mainly expresses mesenchymal markers,
such as MET, and genes related to the tumor necrosis factor super family pathway and
NF-kB pathway. This is potentially reminiscent of an epithelial-to-mesenchymal



transition and to the consequent higher overall necrosis and associated inflammatory
infiltrates usually found in this class?2.

e Proneural - characterized by PDGFRA amplification, point mutations in IDH1 and
frequent TP53 mutations. The proneural subtype showed high expression of proneural
development genes, such as SOX genes or DCX, but also high expression of
oligodendrocyte development genes, such as PDGFRA and OLIG222.

e Neural - characterized by the expression of neuronal markers, such as NEFL and SYT122.
Due to its similarity to normal brain tissue, it was considered the result of normal brain
cell contamination in the sequencing rather than a true tumor identity 20.

These subtypes exhibit differential responses to therapy. The mesenchymal subtype, in
particular, is described as the most aggressive and the most related to resistance to primary
radiotherapy?23 and to radiotherapy-induced resistance to TMZ24. The therapeutic resistance is
the result of a phenomenon called proneural-to-mesenchymal transition (PMT), a process in
which cells can undergo a dynamic transition between tumor subtypes in response to
therapeutic stress. This plasticity was demonstrated in a proneural mouse model, where a
mesenchymal shift occurred within 6 hours following radiation exposure?2>. Importantly, these
subtypes can co-exist within the same tumor, as demonstrated by the fact that different regions
of a single tumor can belong to distinct transcriptional subtypes?2¢, further complicating
therapeutic targeting.

While these insights were initially obtained from bulk RNA sequencing, single cell RNA
sequencing allowed the identification of a further layer of heterogeneity. In a study by Neftel
and colleagues, four recurrent malignant cellular states were identified across GBM samples,
each resembling a neural cell lineage: (1) mesenchymal-like (MES-like); (2) neural precursor
cell-like (NPC-like); (3) astrocytic-like (AC-like); (4) oligodendrocytes precursor cell-like (OPC-
like)27. Each cellular state has characteristics that largely correspond to the cell type they
resemble, but with additional features that may reflect the distortion of these tumoral cellular
states compared to normal cell type programs. The frequency of these 4 cellular states in
tumors is influenced by copy number amplifications of the CDK4, EGFR and PDGFRA loci and
by mutations in the NF1 loci. They also align with the transcriptional subtypes previously
defined by Verhaak and colleagues: MES-like and AC-like states are enriched in mesenchymal
and classical subtypes, respectively, while NPC-like and OPC-like states are combined in
proneural tumors?’. Since the intratumoral heterogeneity and plasticity of GBM present a major
challenge to the development of effective treatments, understanding how different tumor cell
populations evolve and interact within the tumor microenvironment is therefore essential20.21,

1.2 Preclinical models of GBM

Despite significant advances in understanding the molecular and cellular biology of GBM,
including its infiltrative nature, cellular plasticity and integration into neural circuits, the
development of effective therapies remains elusive. One of the main barriers to translational
progress is the limited capacity of traditional preclinical models to recapitulate the complex
biological features of human GBM?28. An ideal preclinical model of GBM should fulfill the
following criteria to recapitulate the human disease: (1) have a genetic background that mirrors
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human GBM or a GBM subtype; (2) maintain the genetic, epigenetic and phenotypic
intratumoral heterogeneity, as well as tumor microenvironment, such as immune cells, blood-
brain barrier (BBB) and physiologically relevant interactions between tumor and healthy cells
in the brain; (3) be reproducible and stable over time?2°.

Traditional preclinical models for GBM include in vitro/ex vivo and in vivo approaches, each of
them with their own advantages and disadvantages that will be further discussed in the
following chapters.

1.2.1 In vitro models of GBM

In vitro models of GBM primarily include tumor cell lines (of either mouse or human origin),
tumoral spheroids and ex-vivo brain explants. These models are widely used in preclinical
research due to their relatively low cost, ease of manipulation and suitability for high-
throughput assays. However, the main limitations are the lack of the structure and
microenvironmental complexity of in vivo models.

1.2.1.1 Tumor cell lines

Immortalized tumor cell lines are widely used in GBM research, and they are available from
both murine and human sources. One of the first immortalized cell lines is the C6 cell line,
developed by exposing astrocytes from outbred Wistar rats to N-methylnitrosourea for eight
months3%. Among murine models, the GL261 cell line, that was obtained from C56/BL/6 mice
injected intracranially with 3-methylcholantrene3!, is frequently used, particularly in
immunological studies, due to its weak immunogenicity32. As for the human cell lines, the most
commonly used cell lines include U8733 and U251, both derived from patient’s tumor. While
these lines have significantly contributed to our understanding of GBM biology?34, concerns have
emerged regarding cross-contamination, genetic drift, and phenotypic alterations that
accumulate over long-term culture3>. Patient-derived primary GBM cell lines, while better
reflect tumor heterogeneity, are more difficult to establish and, over time, even these cells will
eventually drift in culture, losing some of the original tumor's characteristics3®.

In summary, tumor cell lines are valuable due to their affordability, ease of use, and long-term
viability. Nonetheless, their lack of three-dimensional architecture, tumor microenvironment,
and relevant cell-cell interactions limits their translational relevance.

1.2.1.2 Spheroids

To overcome the limitations of 2D cultures, tumor spheroids have been developed to better
replicate the 3D structure of solid tumors. These models mimic better important physiological
gradients, such as those of oxygen, nutrients, metabolites and drugs, providing insights not
achievable in classical 2D monolayers37.

Four main groups of spheroids can be identified:

1. Multicellular tumor spheroids, derived from single-cell suspension culture in
conventional FBS-supplemented medium and non-adherent conditions. This model is
mainly established using tumor cell lines3”.



2. Tumorospheres, composed of cancer stem cells cultured as free-floating spheres, usually
in serum-free conditions and in a medium supplemented with growth factors.
Tumorospheres were first described in the culture of brain tumors, and they were called
neurospheres38,

3. Tissue-derived tumor spheres, obtained from partially dissociated cancer tissue3?.

4. Organotypic multicellular spheroids, obtained from the culture of small ex vivo
fragments without dissociation3’.

Spheroids overcome some limitations of 2D in-vitro models as they more accurately represent
the 3D architecture and cell-cell interactions exhibited in solid tumors. But even in this case,
they lack the complexity of the tumor microenvironment that is observed in vivo models3°.

1.2.1.3 Brain explants

Brain explants can be obtained either pre-mortem (during surgery), or post-mortem and
provide another valuable ex vivo model. While pre-mortem brain explants are usually used for
diagnostic purposes, they can also be cultured to preserve the native cytoarchitecture, offering
a physiologically relevant platform for GBM research#?. Conversely, post-mortem brain samples
are useful to gain insights on end-stage disease, which is particularly of interest in
understanding what drives the inevitable recurrence of GBM. However, their main limitation is
the fact that usually the tissue is degraded due to the post-mortem interval40.

Another particularly relevant ex vivo technique is the organotypic brain slice culture, which
involves slicing mouse or rat brains and using them as a platform on which GBM cells can be
incorporated. These slices preserve the native vasculature and immune components, that lack
in the other most used in vitro models. However, the disadvantages are the short-term viability,
and they are technically challenging in their preparation and maintenance*1.

1.2.2 In vivo models of GBM

Since the first use of rats as recipient for patient-derived transplanted tissue in the 1940s%2,
animal models for primary brain cancers have provided researchers with the opportunity to
investigate the cellular and molecular behavior of tumors in the context of a living organism.
These models have been essential for advancing our understanding of tumor growth and
biology, validating the efficacy and safety of drugs and treatments, and testing novel therapeutic
approaches. Moreover, in vivo models retain physiologically relevant features that are
important in neuro-oncology, such as the tumor microenvironment, angiogenesis, and
immunological as well as inflammatory responses*3.

The main advantages of using murine models in neuro-oncology research are: (1) small and
ease of handling; (2) rapid reproductive rate, facilitating long-term maintenance and
experimentation; (3) fully characterized genome, enabling straightforward genetic
manipulation*4; (4) availability of numerous rodent-specific cell lines suitable for
transplantation43. Despite these benefits, there is still the need for preclinical models that more
accurately mimic human disease, as the translation of preclinical results into clinic is still
suboptimal. The main reasons include anatomical differences between rodents and humans,
such as the lack of gyrification and cortical development in the mouse brain43. These differences
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must be taken into consideration both in the study of tumor biology and in the development of
new therapeutic approaches and can be overcome by using other species for research.
However, ethical concerns arise when working with species whose neuroanatomy more closely
resembles that of humans, such as canine and non-human primates*>.

Animal models of GBM can be generated through two main approaches, that are the
transplantation tumor cells or the genetic modification of the host animal343945, As for the
transplantation of tumor cells, when the transplanted cells are of murine origin, the model is
referred to as syngeneic 43; if the cells are of human origin, the model is called xenograft, that
can be either cell line-derived or patient-derived3?. While for the genetic modifications, this can
be mediated by viral vectors, transposon systems, Cre-Lox or CRISPR-Cas9 genome editing
approaches3+.

1.2.2.1 Syngeneic mouse models

Syngeneic mouse models are generated by transplanting tumor cell lines into genetically
matched hosts. The most used cell lines are GL261 and CT2A, typically transplanted in C57BL/6
mice. The major advantage of this approach is the use of an immunocompetent host, which
enables the study of tumor-immune system interactions and the evaluation of
immunotherapies*¢. However, these models face two key limitations: (1) species limitations,
that make direct translation of these findings to clinical applications difficult, and (2) the
inability of immortalized lines to recapitulate the molecular and phenotypic heterogeneity of
human GBM#e.

1.2.2.2 Xenograft mouse models

In contrast to syngeneic mouse models, xenografts mouse models involve the transplantation
of human-derived tumor cells, requiring the use of an immunocompromised host to allow
tumor growth*6. Commonly used immortalized cell lines include U87 and U251, but these lines
have undergone genotypic drift during long-term culture, resulting in a poor representation of
GBM heterogeneity4. To address this, patient-derived xenograft (PDX) models became
increasingly used. These models involve the transplantation of primary tumor cells derived
from patients, that better retain the molecular, phenotypic and histopathological features of the
original tumor, including its invasiveness, immunohistochemical profile, radiation sensitivity
and response to TMZ#7. Nevertheless, PDX also require immunocompromised mice, limiting
their use for immunotherapy studies. One strategy to circumvent this is the development of
humanized mouse models, in which the host immune system is replaced with a transplanted
HLA-matched human immune system#t. While promising, this approach is currently costly,
labor-intensive and not suitable for long-term experiments, although future refinements may
improve feasibility4®.

1.2.2.3 Viral vector-based transgenic mouse models

Viral vectors (including adenoviral (AdV), adeno-associated viral (AAV), lentiviral and
retroviral vectors) are commonly used as a vehicle to introduce genes of interest into the host
genome. Each vector type offers distinct advantages. AAV vectors exhibit low immunogenicity
and are well-suited for in vivo applications, while AdV can infect both dividing and non-dividing
cells and remain as episomes in the nucleus34. Lentiviral and retroviral vectors instead
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integrate into the host genome, allowing stable expression, but carry a risk for insertional
mutagenesis due to random integration*8.

Viral vectors can be administered through intravascular, intrathecal, intraventricular, and
intracranial (via stereotaxic surgery) routes, without affecting the blood-brain barrier3.
Administration can occur at embryonic or adult stages34. For example, our group developed a
mouse model of glioma based on the overexpression of the Platelet-Derived Growth Factor B
(PDGF-B) delivered using a retroviral vector in E14 embryos#*°.

1.2.2.4 Transposon-based transgenic mouse models

To avoid viral-based methods, transposon systems provide a valid alternative. Transposons are
mobile genetic sequences capable of inserting into various genetic locations®?. They are
considered safer than viral vectors, are cost-effective and present lower risk of insertional
mutagenesis due to their lack of selective integration into genetic material3*. Two main
transposon systems are used for transgenic mouse models: Sleeping Beauty (SB) and PiggyBac
(PB)34.

The SB transposon is a synthetic transposon that operates via a cut-paste mechanism, in which
the transposase enzyme excises and integrates the transgene flanked by direct/inverted
repeats>l. This system has been used to generate a mouse model of glioma that spontaneously
developed intratumoral heterogeneity, by introducing a triple combination of platelet-derived
growth factor subunit A (PDGFA) together with short-harpin RNA against Nf1 and Trp53%2.
Another model was developed by using the SB transposon system into the lateral ventricle of
neonatal mice ensuing ATRX knockdown collectively with H3.G34 mutation and IDH1-R132H
mutation®3.

The PB transposon system uses two plasmids: one encoding the transposase and the other
carrying the gene of interest flaked by inverted terminal repeats recognized by the enzyme>+.
Compared to SB system, PB transposons exhibit greater efficiency and have been used to
generate GBM models with 100% tumor induction efficiency, for example via the
electroporation of HRasV12 and AKT plasmid together with PBase expressed under the control
of the GLAST promoter to facilitate the integration into glial precursor cells>>.

1.2.2.5 Cre-LoxP transgenic mouse models

The Cre-LoxP recombination system is based on the Cre recombinase enzyme, that catalyse
which recognizes specific LoxP sequences and excises or activates genes located between
them5é. A typical approach involved crossing two mouse strains: one expressing the Cre
recombinase and the other carrying the target gene or cassette flanked by two LoxP sites. By
breeding these two animals together, the result is a model in which the Cre recombinase can
cut out the sequence between the two sites, resulting in the deletion or activation (if the
removed sequence was a stop sequence for a certain gene) of certain genes*>. Cre-LoxP allows
precise spatial control (via tissue-specific promoters)4> and temporal control (via inducible
systems such as tamoxifen- or tetracycline/doxycycline-dependent expression of Cre)34.

For example, a GBM model with p53 deletion and PDGFRa overexpression was generated by
crossing PDGFRa-overexpressing Cre mouse with a p53 floxed mouse>’. Similarly, a cell-
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specific tamoxifen-inducible Cre recombinase system was used to knock-out tumor
suppressors known to be important in GBM, such as Nf1, Trp53 and Pten, to investigate the cell
of origin of the tumor>8.

1.2.2.6 CRISPR-Cas9 transgenic mouse models

The CRISPR-Cas9 gene editing technique is a widely used system to generate genetic
modifications that is based a part of the bacterial adaptive immune system targeting the viral
DNA from alien organisms>°. Guided by a single-guide RNA (sgRNA), the Cas9 nuclease
introduces a double-strand DNA break at a specific locus, which is then repaired either by non-
homologous end joining (NHE])—creating knockouts—or homology-directed repair (HDR)—
enabling knockins ¢0. CRISPR-Cas9 offers a rapid and flexible way to activate or silence genes,
making it especially suitable for modelling the multiple concurrent mutations characteristic of
GBM34, However, off-target effects remain a limitation, highlighting the need for careful sg RNA
design®l. For example, retroviral delivery of CRISPR-Cas9 has been used to to generate mouse
models of high-grade glioma that recapitulate the genetic heterogeneity of the disease, by
deleting tumor suppressors such as Trp53, Cdkn2a and Pten and inducing mutations in BRAF
V600E, frequently observed in various types of gliomas®2.

1.2.3 Bridging the gap: in vitro 3D organoid models

In the middle between traditional 2D in vitro systems and complex animal models, brain
organoids represent an intermediate platform for studying disease. While animal models have
long been used as valid systems for disease modelling and neuroanatomical studies, species-
specific differences in brain architecture can limit their translational relevance. Conversely,
standard in vitro cultures, although more species-specific, lack the structural complexity,
cellular diversity and tumor microenvironment necessary to recapitulate brain tumor
biology®3. Organoids are 3D self-organizing structures capable of differentiating into different
tissue-specific cell types®4. Their key advantage lies in their ability to mimic, in vitro, both the
architecture and certain functional aspects of their organ of origin3°. This makes them
particularly useful for bridging the gap between 2D cell cultures and in vivo animal models.

1.3 Neural organoids

Neural organoids are in vitro-generated cellular systems that emerge by self-organization of
pluripotent stem cells (PSCs), capable of differentiating into multiple neural cell types and
exhibiting cytoarchitectural and functional features reminiscent of brain or specific brain
regions®4. While PSCs cultured in adhesion have already demonstrated the capacity to self-
organize forming rosette-like structures of primitive neuroepithelia®?, accurately modelling the
complex architecture of the developing brain requires 3D growth. Early strategies employed a
semi-3D culture system, such as the serum-free, floating culture of embryoid body-like
aggregates (SFEB). In this approach, PSCs were aggregated into embryoid bodies (EBs), that
were subsequently plated on coated dishes to differentiate into telencephalic progenitors. The
addition of small molecules such as Wnt3a and Shh enabled direct differentiation into
subregional dorsal and ventral telencephalic identities®®. Initially developed with mouse
embryonic stem cells (ESCs), the method was later adapted for human (ESC) by adding the
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ROCK inhibitor Y-27632, which enhances PSCs survival®7.68, Within the first week, polarized
neuroepithelia formed on the EBs surface, eventually self-organizing into multiple small
rosettes of neural precursors surrounding and growing around apical lumens®8. Since then,
numerous studies have developed organoids representing different regions of the nervous
system. These can be can broadly classified according to the level of guidance, that is the
addition of small molecules or factors during the differentiation, into two categories: (1)
unguided organoids and (2) guided organoids®*.

1.3.1 Unguided neural organoids

Unguided differentiation, meaning without the addition of small molecules or factors, produces
organoids with a high diversity of neural cell types, often representing different locations in the
neural axisé4.

The most prominent example is the protocol described by Lancaster and Knoblich, in which this
model was used to model human brain development and microcephaly®®. The protocol involved
four main steps:

1. EBgeneration: PSCs are dissociated into single cells and seeded into low-attachment 96-
well plate, forming EBs or homogeneous size and morphology®979.

2. Neural induction: EBs are cultured in a minimal medium that selectively supports
neuroectoderm  development, preventing endodermal and mesodermal
differentiation®79.

3. Static differentiation in Matrigel: EBs differentiated into neuroectoderm are embedded
in Matrigel droplets, promoting the expansion of neuroepithelial buds.6%.70

4. Dynamic differentiation: long-term culture in a spinning bioreactor or orbital shaker
enhances nutrient and oxygen exchange, supporting further growth and development of
brain regions®9.70.

In early stages, organoids should exhibit cells expressing Sox2 or Pax6 indicating the expanding
neuroepithelium. After one month, neuronal differentiation becomes evident, with the
expression of markers such as Tuj1 or DCX. After 2-3 months, different brain regions are visible,
including forebrain marked by Foxg1, choroid plexus marked by TTR, hippocampus marked by
Prox1 and Fzd9, ventral forebrain by Nkx2.1. Over time, neuronal populations increase, while
progenitors decline. No information was provided on other cell types, since the glial
populations were not characterized®%70.

Later modifications to this protocol addressed some limitations. For instance, one of the issues
was a strong “batch effect”, linked to variability between batches in terms of regional identity
formation’172. This was traced to differences in early neuroectoderm formation, and it was
correlated with the abundance of non-neuronal mesoderm and endoderm cells’2. To improve
neuroectoderm organization and reproducibility, that in turn will ensure the formation of
reliable neural identity, researchers increased the relative surface area of EBs, by either starting
from EBs of smaller size or using fibrous micro scaffolds to generate shapes with higher surface
area-to-volume ratios’2. Another limitation common to 3D cultures is the formation of a
necrotic core due to insufficient nutrients and oxygen diffusion. This was mitigated by
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transitioning long-term culture of organoids to organotypic slice culture at the air-liquid
interface, exposing the interior of the organoid to oxygen and media and therefore resulting in
improvements in cell survival’3. Moreover, this modification resulted in more morphological
maturity, with neurons forming tracts similar to the ones of white matters after 1-2 months of
culture’4. Collectively, all these modifications were aimed at enhancing the reproducibility, the
survival and the maturation of brain organoids.

Efforts were also focused on expanding the cellular diversity in the organoids. This is typically
done by adding specific small molecules and factors to support the differentiation of stem and
progenitor cells into the cell type of interest. For example, the addition of platelet-derived
growth factor A (PDGF-A) and insulin growth factor 1 (IGF-1) promotes the proliferation and
the survival of oligodendrocytes progenitor cells (OPC), while thyroid hormone (T3) induces
oligodendrocytes differentiation and myelination7>76. Similarly, reducing the levels of the
neuroectoderm stimulant heparin and delaying Matrigel embedding of the organoids preserves
mesodermal progenitors, which can differentiate into microglia with phenotypic and functional
similarity to their adult counterparts”7.

1.3.2 Guided neural organoids

Guided neural organoids model a specific region or domain of the nervous system by adding
instructive signals that guide the generation of that specific region®%. For example,
hypothalamic organoids recapitulate part of the hypothalamus, retinal organoids mimic the
retina, telencephalic organoids represent the telencephalon or forebrain, and cerebral cortical
organoids resemble part of the dorsal forebrain®+.

A typical example of guided neural organoids is the generation of dorsal forebrain organoids,
where neural induction is achieved through dual SMAD inhibition, using dorsomorphin and SB-
431542 to inhibit the BMP and TGF-f signaling pathways. Progenitor proliferation is
maintained by supplementing the culture with FGF2 and EGF, which are later replaced with
brain-derived neurotrophic factor (BDNF) and neurotrophic factor 3 (NT3) to promote
neuronal differentiation’8. Ventral forebrain organoids also employ dual SMAD inhibition, but
with the addition of IWP-2 (a Wnt pathway inhibitor), and SAG (a SHH pathway agonist), while
long-term differentiation similarly relies on BDNF and NT37°.

Other examples of region-specific guided neural organoids include:

e Hippocampal organoids: generated via treatment with a GSK3 inhibitor and BMP4. After
long-term culture these organoids gave rise to functional hippocampal neurons8°.

e Thalamic organoids: induced via dual SMAD inhibition was to drive the
neuroectodermal fate and insulin treatment for caudalization, reflecting the caudal
forebrain origin of the thalamus. This was followed by PD0325901 treatment (a MEK-
ERK inhibitor) to prevent an excess caudalization toward midbrain cell fate and BMP7
to promote thalamic differentiation®.

e Hypothalamic organoids: produced by SMAD inhibition to generate neural precursors,
followed by the addition of WNT3A, SHH, and Purmorphamine to induce the
hypothalamic differentiation82.
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e Midbrain organoids: patterned toward a mesencephalic fate by applying SHH agonists,
FGF-8, SMAD inhibitors and GSK3b inhibitor (Wnt pathway activator)82:83,

e Cerebellar organoids: derived through TGF-3 inhibition and supplementation with FGF2
and insulin to produce cerebellar progenitors. Later during the differentiation, the
subsequent addition of FGF19 and SDF1 promoted the formation of a thick
neuroepithelial structure with flat-oval shape and enhanced the continuity of the
cortical plate neuroepithelium8+.

e Striatal organoids: obtained by modulating SMAD and WNT pathways, and by adding
activin A and an agonist of retinoid X receptor gamma (RXRG, highly expressed in the
early developing human striatum) that promote the striatal differentiation8>.

¢ Hindbrain/cervical spinal cord organoids: produced via dual SMAD inhibition to induce
neuroectoderm formation, followed by treatment with retinoic acid, and FGF-2
(modulators expressed along the rostro-caudal axis) and SAG (agonist of SHH, that is
expressed along the dorso-ventral axis)?®e.

A major advantage of guided organoids is the possibility to model inter-regional interactions
by combining distinct domains. For example, dorsal and ventral forebrain organoids can be
fused to study the saltatory migration of interneurons toward the cerebral cortex’?. The
integration of multiple organoids results in a new 3D cellular system, called assembloid, that
further increases the levels of complexity of the in vitro modeling®4. Moreover, guided neural
organoids tend to be more reproducible and less heterogeneous than unguided neural
organoids, reducing the batch-effect?”.

1.3.3 Translating neural organoids into disease modelling

Brain organoids can reproduce several key features of the human brain, including cellular
composition and organization, physiological architecture, electrical activities and neuronal
networks®982, Their ability to recapitulate the development of the fetal brain® makes them
particularly suitable for modelling neurodevelopmental disorders, in which processes such as
premature differentiation, reduced proliferation and cell cycle disruption, are often altered and
accurately represented in brain organoids®. Although neurodegenerative diseases can also be
studied with organoids, the lack of aging remains a major limitation, especially for late-onset
and age-related conditions8’. More recently, organoids raised have emerged as promising tools
for the study of neuropsychiatric disorders, providing new opportunities to explore disease
biology and to identify dysregulated pathways?°.

1.3.3.1 Modelling of neurodevelopmental disorders

The use of organoids for the modelling of neurodevelopmental disorders is particularly useful
since their generation recapitulates the stages of brain development. For example, the unguided
neural organoid differentiation protocol was applied to study primary microcephaly®®. In this
specific case, organoids were obtained from induced pluripotent stem cells (iPSCs) derived
from microcephaly patients carrying mutations in mitosis-associated genes that resulted in the
dysregulation of the cell division plane and early depletion of neural progenitor cells, ultimately
resulting in smaller organoids®®. Similarly, organoids derived from a Seckel syndrome patient,
another microcephaly-associated condition caused by mutations in the centrosomal-P4.1-
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associated protein (CPAP), displayed reduced dimensions and a premature neuronal
differentiation®l. Not all cases of microcephaly are genetic; environmental factors such as
infections can also trigger the condition. Organoids are valuable in such context because they
can be experimentally exposed to the environmental factor, allowing direct observation of the
phenotypic consequences®. For instance, forebrain organoids infected with Zika virus (ZIKV)
at day 14 of differentiation to model the infection of the virus during pregnancy showed a
reduction in ventricular zone thickness and size, combined with a significant increase of the
lumen of the ventricular structures. This phenotype closely resembles the ventricular dilatation
observed in affected foetuses®2. In early 2016, a causality between SIKV infection and congenital
microcephaly was not demonstrated yet, despite a correlation between the SIKV epidemic and
an increase in cases of congenital microcephaly; studies on organoids helped in the
identification of the link?293. However, these investigations also revealed some limitations of
organoid models: while both organoids and primary human tissue demonstrated infection of
neural progenitors, discrepancies emerged regarding astrocytes susceptibility (observed in
primary tissue but only occasionally in organoids) and microglial vulnerability (not detected in
organoids)?4, likely because both cell types are under-represented or completely absent in
some types of neural organoids.

In other disorders, when major phenotypic alterations are absent, the modelling can be more
difficult but organoids still offer advantages compared to the animal model. For example, Miller-
Dieker syndrome (MDS), a severe form of lissencephaly®?, cannot be effectively studied in mice
due to their naturally smooth cortex?>. Although current organoids do not fully recapitulate the
human cortical folding, they contain cell types and developmental programs necessary to
investigate the disease, such as an outer proliferative zone containing abundant outer radial
glia cells (0RG) that are lacking in rodents®697. This for instance allowed for the identification
in organoids derived from lissencephaly patients of an impaired division of oRG that remain in
mitosis for much longer period of time compared to controls®8. Advances in organoid
complexity will allow for more precise investigation of developmental disorders involving
abnormal cortical folding. For instance, deletion of the PTEN gene, linked to human
macrocephaly, in both mouse and human neural organoids resulted in increased size, but only
human organoids displayed neuroepithelial overgrowth and enhanced surface convolution, a
phenotype rescued by viral delivery of wild-type PTEN®°. Such findings underline the human-
specific developmental processes that organoids can reveal, providing unique insights
inaccessible through conventional animal models.

1.3.3.2 Modelling of neuropsychiatric disorders

Neural organoids have been widely employed to model neuropsychiatric disorders, mainly to
investigate how specific genetic variants influence disease susceptibility and alter key
biological pathways?0.

One of the most studied conditions is autism spectrum disorder (ASD), a heterogeneous
neuropsychiatric disorder characterized by varying degrees of impairment in communication
and social interaction, repetitive or restrictive behaviors, language difficulties, lack of social and
emotional relationships, apathy, and others190, This clinical heterogeneity is mirrored at the
genetic level, representing a major challenge for developing models capable of capturing the
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full spectrum of genetic heterogeneity'?l. The prevalent approach involved generating patient-
derived organoids from ASD to compare molecular and developmental alterations with healthy
controls. This strategy has provided key insights into how specific mutations affect neural
development. For example, overexpression of the transcription factor FOXG1, a modification
observed in some idiopathic ASD forms, leads to increased production of inhibitory neurons02,
Similarly, the deletion of duplication of the 16p11.2, the most common copy number variation
in ASD, have been shown to alter synapse number, neuronal proliferation and maturation and
overall organoid size103,

Since the disrupted functional connectivity is a hallmark of ASD, neural organoids models were
developed to replicate and study these network-level deficits. For instance, iPSCs from patients
with Timothy syndrome, a severe neuropsychiatric disease characterized by ASD and epilepsy,
were differentiated into dorsal and ventral forebrain organoids, that were subsequently fused
together to mimic interneuron migration. This model revealed a cell-autonomous migration
defect in Timothy syndrome-derived interneurons?®.

1.3.3.3 Modelling of neurodegenerative disorders

Although neural organoids typically resemble the developing brain, they can still serve as
valuable platforms for studying neurodegenerative diseases, particularly when they reproduce
relevant pathological hallmarks. These models can elucidate disease mechanisms and help to
create new therapeutics104,

For example, Alzheimer’s disease (AD) is characterized by the deposition of extracellular
plaques of amyloid-beta (AB) peptides and intracellular neurofibrillary tangles made of
hyperphosphorylated aggregates of the microtubule-associated protein taul%. Neural
organoids have been used to first demonstrate the link between the excessive accumulation of
AP and the formation of neurofibrillary tangles, something that was not achievable in
traditional models. Indeed, mouse models of familial AD could reproduce AP plaques but not
neurofibrillary tangles deposition, and neurons derived from AD patients lacked both106107,

After AD, the second most common neurodegenerative disease is Parkinson’s disease (PD), that
is characterized by the progressive loss of dopaminergic neurons in the substantia nigra,
leading to motor symptoms such as resting tremor and bradykinesial%. The main pathological
characteristic of PD is a-synuclein inclusions (Lewy bodies)19?, and the most common mutation
associated to late-onset familial and sporadic PD is a missense mutation on the leucine-rich
repeat kinase 2 (LRRK2) gene locus!10. As with AD, animal models show limitations; for
example, LRKK2-mutant animals fail to exhibit dopaminergic neuron loss or Lewy body
formationl!l, By contrast, midbrain organoids derived from iPSC containing a mutation in
LRRK2 successfully recapitulated key pathological signatures observed in PD patients carrying
this mutation, including increased aggregation of a.-synuclein and impaired clearance!12,

1.4 Neural organoids in neuro-oncology

Brain organoids represent a promising platform in neuro-oncology because they can bridge the
gap between traditional in vitro and in vivo models. The lack of models capable of faithfully
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reproducing the complexity of brain tumors is one of the key aspects holding back the
investigation of tumor biology and the development of novel treatments?8. Neural organoids
are advantageous because they can maintain multiple cellular lineages and preserve complex
cell-cell communication!!3. Importantly, they retain the genetic and phenotypic heterogeneity
of the parental tumors114115 while also enabling the study of tumor behavior within a human-
specific microenvironment!16, Two main neural organoid-based models are currently
employed in neuro-oncology: (1) transplantation models, in which tumor cells are introduced
into PSCs-derived neural organoids by co-culture or transplantation; (2) in which genetic
alterations are directly introduced into healthy organoid cells to drive neoplastic
transformation39.116,

1.4.1 Transplantation model

Transplantation models are based on the co-culture of tumor cells with neural organoids, thus
containing both malignant and non-malignant cells. This model enables the maintenance of the
tumor microenvironment (TME) interactions and allows the investigation of tumor
invasiveness and TME-driven tumor promoting mechanisms. These models also serve as a
valuable platform for evaluating the effectiveness of therapeutic interventions targeting
invasion, a hallmark of GBM117-119,

Two main approaches have been developed:

1. Co-culture of glioma stem cells (GSCs) with pre-formed neural organoids, resulting in
integration and proliferation of tumor cells and the formation of tumor-like structures
resembling patients’ GBM117.118,

2. Fusion of tumor spheroids with neural organoids, producing assembloids in which
tumor cells infiltrate organoid tissuell°.

The most famous transplantation model for GBM research was the cerebral organoid glioma
(GLICO) model developed by Linkous and colleagues!!”. In this system, glioma stem cells (GSCs)
were co-cultured with neural organoids, generating tumors that preserve histopathological and
molecular features that are similar to surgical and autopsy specimens, maintaining patient-
specific EGFR amplification and phosphor-RTK signaling, as well as the spontaneous formation
of microtubes. These microtubes create a network enabling communication among tumor cells
and between tumor and healthy neural cells, driving invasion and progression116.117.120_ The
ability to study such phenomena in a manipulable in vitro system is highly valuable for both
mechanistic studies and therapeutic targeting.

GLICO has also proven useful for drug screening, since TME influences treatment response.
Using GLICO, Linkous and colleagues were able to demonstrate that GSCs cultured within
organoids displayed greater resistance to drug and radiation-induced genotoxic stress
compared to 2D culture conditions, underlying the importance of taking into account TME
when running drug screenings!l’. Furthermore, the coexistence of malignant and non-
malignant cells allows simultaneous assessment of therapeutic efficacy and neurotoxicity. For
example, the drug UM-002 tested in GLICO showed GBM-specific cytotoxicity at low doses while
sparing neural organoid tissue, but induced toxicity in both populations at higher
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concentrations!?1, Such observations highlight the translational potential of organoid models
in preclinical drug development and toxicity evaluation.

Nevertheless, transplantation models have limitations. Tumor establishment time varies
depending on neural organoid maturation stage, and immune as well as vascular components
of the TME are largely absent116,

1.4.2 Transduction model

Transduction models are based on the induction of oncogenic alterations within healthy neural
organoid cells, typically through oncogene overexpression or tumor suppressor gene
inactivation. These models are useful for studying the role of genetic drivers in tumor initiation
and progression!16, and for generating tumors with genetic profiles similar to GBM patients3°.
Genetic modifications are most often introduced using transposon-based systems for gene
activation and CRISPR-Cas9 for gene knockout122-124,

A proof-of-concept study demonstrated that introducing HRasG12V, alongside TP53 loss into
neural organoids triggered the emergence of highly proliferative, invasive tumor cells. These
cells rapidly replaced normal organoid tissue and were tumorigenic when transplanted into
mice, ultimately leading to animal death!24. Interestingly, cell lines that failed to kill mice also
failed to invade the organoid tissue, indicating the predictive power of neural organoids for
tumor invasiveness and lethality124. While this specific mutational combination was not fully
representative of GBM genetics, the study established the feasibility of this approach24.

In parallel, another study published in the same year showed the recapitulation of genetic
modifications found in people with brain cancers in neural organoids, generating new in vitro
model system for human brain tumors that were called neoCORs23. Using a four-plasmid
electroporation system, researchers combined: (1) Sleeping Beauty (SB) transposase for
genomic integration; (2) GFP for cell tracing; (3) an oncogene construct for overexpression; (4)
plasmids encoding for Cas9 nuclease together with sgRNAs for tumor suppressor knockout.
This allowed to have a flexible system to introduce any combination of gain or loss of function
mutations123. Within one month, organoids carrying GBM-relevant mutations, such as CDKN2A-
/=-/CDKN2B-/-/EGFROE/EGFRVIIIYE, NF1-/-/PTEN-/-/TP53-/- (p53-/-) and EGFRVIII?E/CDKN2A-
/-/PTEN-/-, developed proliferative tumor masses. Notably, MYC overexpression (MYCOE)
generated tumors resembling primitive neuroectodermal tumors (CNS-PNET), for which no in
vitro or animal model previously existed123.

Compared with GLICO, neoCORs also include both tumor and non-tumor cells, permitting
interaction studies and therapeutic testing. However, their unique advantage lies in modeling
tumor initiation, even though more complexity should be reached given the heterogeneity
typical of GBM123, Genetic modifications have also been introduced into guided neural
organoids, as shown by Lago and colleagues, who generated high-grade glioma and
medulloblastoma organoids by electroporating forebrain and cerebellum organoids
respectivelyl22,
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Despite their potential, transduction models face challenges: long establishment times, lack of
immune and vascular cells, difficulties in fully capturing tumor heterogeneity, and possible off-
target or unanticipated effects of the artificially introduced genes on gene expressionl1e,
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2 Rationale

In our group, glioma progression was studied in an animal model based on the transduction of
the Platelet-Derived Growth Factor B (PDGF-B) in E14 mice brains#. The developing tumors
undergo progression from low grades (mLGG) to high grades (mHGG). mLGG and mHGG are
distinguished based on histopathological features and on the tumorigenic potential when
injected into syngeneic mice. mHGG explanted 100 days after birth are tumorigenic, while
mLGG, explanted within 60 days from birth, do not give rise to secondary tumors when
transplanted in syngeneic mice*® [Figure 1a]. Previous studies showed that this lack of
tumorigenic potential is mainly due to theirimmunostimulatory properties. In fact, when mLGG
were transplanted in NOD/SCID mice, they succeeded in generating a secondary tumor.
However, when these tumors are transplanted in immunocompetent mice, they generated
tertiary tumors!2> [Figure 1b]. This suggests that immune selective pressure alone is unlikely
to fully account for tumor progression. These data indicated that in PDGF-B-induced gliomas
malignancy is acquired over time, with a latency of about 90 days. Further experiments focused
on clonal dynamics revealed a significant reduction in the number of clones during the
progression from low grade to high gradel26. This implies that mHGG are constituted of a
limited number of clones that underwent the clonal selection during the tumor progression.
Consequently, when mHGG are transplanted into syngeneic mice, they should not undergo
further clonal selection. However, transplantation experiments demonstrated that the clonal
selection happens even in this casel26. It is still unclear whether post-transplantation selection
mirrors the one occurring during the progression from low to high grades.

Despite the insights gained from this animal model, some critical aspects remain unresolved.
Studying mLGG is particularly challenging, as these cells cannot be maintained in culture,
requiring de novo induction in embryos each time. This approach is costly, labor-intensive, and
ethically problematic. Similarly, dissecting the very early events of gliomagenesis is difficult
because tumors are initially too small to be detected, and continuous monitoring in vivo is not
feasible. To address these limitations, we established an in vitro glioma model based on neural
organoids. The first part of this work was focused on developing a model based on mouse
neural organoids (mNO), to establish and optimize the methodology in a system aligned with
our animal model, allowing us to refine approaches and address specific questions that
emerged from the in vivo work. Once the platform was established, our aim was to transition
to human neural organoids (hNO), for investigating the glioma progression in a more
translational model [Figure 1c].
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Figure 1. Rationale and project outline. (a) In vivo mouse glioma model. The mouse model used in our laboratory is based
on the overexpression of PDGF-B in mouse embryos at E14. Following injections, mice develop gliomas that progress over time
from low-grade glioma (mLGG) to high-grade glioma (mHGG). These tumor stages differ in their histopathological features and
in their tumorigenic capacity when transplanted into syngeneic mice: while mHGG readily generate secondary tumors, mLGG
fail to do so. (b) Immunoescape of mLGG. Despite their inability to engraftin immunocompetent host, mLGG can form secondary
tumors when transplanted into immunodeficient NOD/SCID mice. Cells derived from these secondary tumors underwent
progression and acquire tumorigenic potential, since they are able to generate tertiary tumors when transplanted into
immunocompetent mice. (c) Project outline. To overcome the limitations of the in vivo model, the aim of the project was to
develop a complementary in vitro platform based on neural organoids. First, mouse neural organoids (mNO) have been
generated and used to establish glioma models either by genetic engineering or by inoculation of glioma cells. Tumor growth
was monitored and characterized over time. Once validated, the system was extended to human neural organoids (hNO), to
provide a translationally relevant model of gliomagenesis.
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3 Materials and Methods

3.1 Cell culture

Primary cultures of glioma cells, derived from dissociation of murine gliomas, were cultured in
Matrigel (BD Biosciences) coated flasks using DMEM/F12 medium (Thermo Fisher Scientific)
supplemented with 1:50 B27 (Thermo Fisher Scientific), 10 ng/ml recombinant human FGF2
(PreproTech), 10 ng/ml recombinant human EGF (PreproTech) and Penicillin-Streptomicin
(Thermo Fisher Scientific).

Neural progenitor cells (NPC), derived from embryos at embryonic day 14, were cultured in
Matrigel (BD Biosciences) coated flasks using DMEM/F12 medium (Thermo Fisher Scientific)
supplemented with 1:50 B27 (Thermo Fisher Scientific), 10 ng/ml recombinant human EGF
(PreproTech) and Penicillin-Streptomicin (Thermo Fisher Scientific). For the experiments
described in the paragraph 4.1.3 “Mouse neural organoid derivation from neural precursor
cells”, NPC were cultured in GMEM medium (Thermo Fisher Scientific) supplemented with 10%
FBS (Thermo Fisher Scientific), 1000 U/ml LIF (MedChem Express), 1mM sodium pyruvate
(Euroclone), 0.05 mM beta-mercaptoethanol (Thermo Fisher Scientific)) 1ImM MEM non-
essential amino acids (Thermo Fisher Scientific).

Mouse embryonic stem cells (mESC) E14Tg2A were cultured in Matrigel coated flasks. Cells
were thawed in GMEM medium (Thermo Fisher Scientific) supplemented with 10% FBS
(Thermo Fisher Scientific), 1000 U/ml LIF (MedChem Express), 1mM sodium pyruvate
(Euroclone), 0.05 mM beta-mercaptoethanol (Thermo Fisher Scientific)) 1mM MEM non-
essential amino acids (Thermo Fisher Scientific) and subsequently cultured in GMEM medium
supplemented with 1:50 B27 without vitamin A (Thermo Fisher Scientific), 1:100 N2 (Thermo
Fisher Scientific), 1000 U/ml LIF (MedChem Express), 1uM PD0325901 (MedChem Express),
3 uM CHIR99021 (MedChem Express), 1mM sodium pyruvate (Euroclone), 0.05 mM beta-
mercaptoethanol (Thermo Fisher Scientific), 0.1 mM MEM non-essential amino acids (Thermo
Fisher Scientific).

Human induced pluripotent stem cells (hiPSC) ISFi001-A were cultured in Geltrex (Thermo
Fisher Scientific) coated 6-well plates in mTeSR medium (Stem Cell Technologies), with daily
media changes.

3.2 Neural organoid generation

3.2.1 Mouse neural organoids

On day 0, mESC were dissociated into single cells using trypsin 0.05% (Thermo Fisher
Scientific) and 3000 of them were seeded in U-shape Ultra Low Attachment (ULA) 96-well plate
(Corning) in 150ul of one of these media: 1) GMEM medium (Thermo Fisher Scientific)
supplemented with 10% FBS (Thermo Fisher Scientific), 10 uM SB431542, 1mM sodium
pyruvate (Euroclone), 0.05 mM beta-mercaptoethanol (Thermo Fisher Scientific), 0.1 mM MEM
non-essential amino acids (Thermo Fisher Scientific); 2) GMEM medium (Thermo Fisher
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Scientific) supplemented with 1:50 B27 without vitamin A (Thermo Fisher Scientific), 1:100
N2 (Thermo Fisher Scientific), 1000 U/ml LIF (MedChem Express), 1 uM PD0325901
(MedChem Express), 3 uM CHIR99021 (MedChem Express), 1 mM sodium pyruvate
(Euroclone), 0.05 mM beta-mercaptoethanol (Thermo Fisher Scientific), 0.1 mM MEM non-
essential amino acids (Thermo Fisher Scientific). Media change was performed on day 4. On day
6, EB media was changed with the neural induction media, composed of DMEM/F12 media
(Thermo Fisher Scientific) supplemented with 1:100 N2 (Thermo Fisher Scientific), 1ug/ml
heparin (Sigma), 0.1 mM MEM non-essential amino acids (Thermo Fisher Scientific). Media was
changed on day 8 and on day 11 it was switched to differentiation media without vitamin A,
composed of 1:1 DMEM/F12 and Neurobasal media (Thermo Fisher Scientific), supplemented
with 1:100 B27 without vitamin A (Thermo Fisher Scientific), 1:200 N2 (Thermo Fisher
Scientific), 2.5 ng/ml insulin (Sigma), 0.05 mM beta-mercaptoethanol (Thermo Fisher
Scientific), 0.1 mM MEM non-essential amino acids (Thermo Fisher Scientific). Media was
changed on day 13. On day 15, NO were moved from 96-well plate to petri dishes and kept in
agitation (50 rpm) in differentiation media with vitamin A, composed of 1:1 DMEM/F12 and
Neurobasal media (Thermo Fisher Scientific), supplemented with 1:100 B27 (Thermo Fisher
Scientific), 1:200 N2 (Thermo Fisher Scientific), 2.5 ng/ml insulin (Sigma), 0.05 mM beta-
mercaptoethanol (Thermo Fisher Scientific), 0.1 mM MEM non-essential amino acids (Thermo
Fisher Scientific). From day 15 on, media was changed twice a week and mNO were maintained
under agitation until day 30, when they were used for further processing.

3.2.2 Neural organoids from NPC

On day 0, NPC were dissociated to single cells using trypsin (Thermo Fisher Scientific) and
seeded at a concentration of 9000 cells per well in a ULA 96-well plate to form EBs. Two
different media composition were tested: 1) DMEM/F12 medium (Thermo Fisher Scientific)
supplemented with 1:50 B27 (Thermo Fisher Scientific), 10 ng/ml recombinant human FGF2
(PreproTech), 10 ng/ml recombinant human EGF (PreproTech) and Penicillin-Streptomicin
(Thermo Fisher Scientific); 2) GMEM medium (Thermo Fisher Scientific) supplemented with
10% FBS (Thermo Fisher Scientific), 1000 U/ml LIF (MedChem Express), 1mM sodium
pyruvate (Euroclone), 0.05 mM beta-mercaptoethanol (Thermo Fisher Scientific), ImM MEM
non-essential amino acids (Thermo Fisher Scientific). After 4 days, EBs were directly embedded
in Matrigel and cultured in differentiation media without vitamin A, composed of 1:1
DMEM/F12 and Neurobasal media (Thermo Fisher Scientific), supplemented with 1:100 B27
without vitamin A (Thermo Fisher Scientific), 1:200 N2 (Thermo Fisher Scientific), 2.5 ng/ml
insulin (Sigma), 0.05 mM beta-mercaptoethanol (Thermo Fisher Scientific), 0.1 mM MEM non-
essential amino acids (Thermo Fisher Scientific).

3.2.3 Human neural organoid

To obtain human neural organoids (hNO), iPSC were dissociated to single cells using accutase
(Sigma-Aldrich) and seeded at a concentration of 9000 cells per well in a ULA 96-well plate to
form embryoid bodies. iPSC were seeded in DMEM/F12 (Thermo Fisher Scientific)
supplemented with 20% Knock-Out replacement serum (Thermo Fisher Scientific), 3% ES-
quality FBS (Thermo Fisher Scientific), 0.1 mM MEM non-essential amino acids (Thermo Fisher
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Scientific), 0.025 mM beta-mercaptoethanol (Thermo Fisher Scientific), 1:200 rock inhibitor
Y27632 (VWR) and 4 ng/ml recombinant human FGF2 (PreproTech). On day 3, media was
changed with low FGF medium without rock inhibitor Y27632 and recombinant human FGF2.
On day 5, embryoid bodies were directed toward either dorsal or ventral neural induction by
changing the media in neural induction media (NIM) with or without patterning molecules. For
dorsa identity, NIM without the addition of small molecules was used: DMEM/F12 (Thermo
Fisher Scientific), 1:100 N2 (Thermo Fisher Scientific), 1 mM MEM non-essential amino acids
(Thermo Fisher Scientific) and 0.1 pg/ml heparin (Sigma-Aldrich). For ventral identity, NIM
was supplemented with 0.1 uM SAG and 2.5 uM IWP-2. Media was changed every other day
until day 13, on which patterned embryoid bodies were fused together via Matrigel (BD
Biosciences) embedding. One dorsal and one ventral organoid were placed in a Matrigel droplet
and moved to be close one to the other. Once the Matrigel droplet solidified at room
temperature, the embedded organoids were transferred in petri dishes with improved
differentiation media without vitamin A, composed of 1:1 mixture of DMEM/F12 and
Neurobasal (Thermo Fisher Scientific), 1:200 N2 supplement (Thermo Fisher Scientific), 1:100
B27 without vitamin A, 2.5 pg/ml insulin (Sigma-Aldrich), 0.025 mM beta-mercaptoethanol
(Thermo Fisher Scientific), 0.5 mM MEM non-essential amino acids (Thermo Fisher Scientific)
and Penicillin-Streptomicin (Thermo Fisher Scientific). On day 17, the fused organoids were
transferred to an orbital shaker in improved differentiation media with vitamin A and
maintained under agitation (50 rpm) until day 105-110, when they were transplanted with
tumor cells.

3.3 Co-culture of glioma cells with NO

For the establishment of co-culture, three different methods were evaluated. In all of them,
mHGG were initially dissociated into single cells with trypsin.

1. In the first method, each NO was in an individual well of a 24-well plate. Subsequently,
10.000 mHGG were added per well in DMEM/F12 medium (Thermo Fisher Scientific)
supplemented with 1:50 B27 (Thermo Fisher Scientific), 10 ng/ml recombinant human
FGF2 (PreproTech), 10 ng/ml recombinant human EGF (PreproTech) and Penicillin-
Streptomicin (Thermo Fisher Scientific). After 24 hours, NO were washed with 1X PBS
and transferred to a new 24-well plate, where they were maintained under agitation for
long-term culture.

2. Inthe second method, NO were seeded individually in a ULA 96-well plate and co-
cultured with 5000 tumor cells per well in the same supplemented DMEM /F12
medium. After 24 hours, the organoids were washed with 1X PBS and transferred to
petri dishes under continuous agitation for long-term maintenance.

3. In the third method, 3000 mHGG cells were seeded into ULA 96-well plate one day
priori to co-culture to allow the formation of tumor spheroids. On the following day,
NO were added to each well. After 48 hours, the resulting fused assembloid were
transferred to petri dishes and maintained under agitation for extended culture.

The second method was selected for all the subsequent experiments.
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3.4 Transplantation of mHGG in NO

mHGG were dissociated into single cells using trypsin 0.05% (Thermo Fisher Scientific) and
resuspended in DMEM/F12 medium (Thermo Fisher Scientific) supplemented with 1:50 B27
(Thermo Fisher Scientific), 10 ng/ml recombinant human FGF2 (PreproTech), 10 ng/ml
recombinant human EGF (PreproTech) and Penicillin-Streptomicin (Thermo Fisher Scientific).
For the microinjection, NO were placed in droplets of differentiation media with vitamin A in a
petri dish to limit their movement during the injection process. Tumor cells were adjusted to a
concentration of 2000 cells/ul and 1 pl was injected into each organoid using a Nanoject
microinjector under a stereomicroscope, within a biosafety cabinet. Following injection, fresh
medium was, and organoid were maintained overnight without agitation. On the following day,
the medium was replaced to remove non-integrated tumor cells, and the petri dishes were
transferred to agitation conditions for long-term culture.

3.5 Electroporation of NO

Organoids were electroporated using the Neon NxT electroporation system (Thermo Fisher
Scientific) and the Neon 100 ul transfection kit, according to manufacturer’s instructions. The
electroporation parameters were set as follows: pulse volt 1150 V, pulse width 30 ms and pulse
number 2. Each electroporation was performed with a total of 5 ng DNA, consisting of a 1:1
mixture of pRP-CAG-hyPBase (Vector Builder), which encodes the transposase enzyme, and
pPB-CAG-hPDGFB-IRES:EGFP (Vector Builder), which encodes human PDGFB along with
transposase-recognized sequences. Control organoids were electroporated with a 1:1 mixture
of pRP-CAG-hyPBase and pPB-CAG-EGFP (Vector Builder). After electroporation, organoids
were maintained overnight without agitation. On the following day, the medium was replaced
with fresh medium, and the organoids were transferred to agitation conditions for long-term
culture.

3.6 Immunofluorescence staining

3.6.1 Immunofluorescence staining on cells

mHGG, NPC and mESC were seeded onto glass coverslips pre-coated with Matrigel (BD
Biosciences) and fixed with 4% paraformaldehyde (PFA) at room temperature for 15 minutes.
Following fixation, cells were washed three times with PBS and permeabilized with PBS 0.5%
triton-X for 30 minutes. Non-specific antibody binding sites were blocked with PBS containing
10% normal goat serum (NGS) for 30 minutes. Primary antibody staining was then performed
for 2 hours at room temperature in PBS 10% NGS and 0.5% triton-X. Subsequently, secondary
antibodies were added for 45 minutes under the same conditions, simultaneously with nuclear
staining using Hoechst-33342 dye (1 pg/ml, Sigma-Aldrich).

Primary antibodies used were the following: mouse monoclonal antibodies against Nestin (BD
Pharmigen, 556309, 1:250), NeuN (Chemicon, MAB377, 1:100), GFAP (Sigma-Aldrich, G3893,
1:200), beta-tubulin 3 (Sigma-Aldrich, T8660, 1:100), Oct3/4 (Santa Cruz, sc-5279, 1:200);
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rabbit polyclonal antibodies against Sox2 (AbCam, 97959, 1:500), Pax6 (Covence, PRB.278P,
1:200), Olig2 (Millipore, AB9610, 1:500), NG2 (Chemicon, AB5320, 1:200).

Secondary antibodies used were the following: Alexa Fluor 488-conjugated AffiniPure anti-
mouse IgG (H+L) (Jackson Immunoresearch Laboratories, 115-545-166, 1:500), Dylight 549-
conjugated AffiniPure anti-rabbit IgG (H+L) (Jackson Immunoresearch Laboratories, 111-505-
003, 1:500).

3.6.2 Immunofluorescence staining on sections

Organoids were fixed in 4% PFA overnight at 4°C, cryoprotected in 30% sucrose, included in
0.C.T Compound (Bio-Optica) and sectioned on CM3050S cryostat (Leica) producing 10 pm
thick cryosections. Sections were stained with the following primary antibodies in PBS 10%
NGS 0.5% triton-X: mouse monoclonal antibodies against Nestin (BD Pharmigen, 556309,
1:250), NeuN (Chemicon, MAB377, 1:100), GFAP (Sigma-Aldrich, G3893, 1:200), beta-tubulin 3
(Sigma-Aldrich, T8660, 1:100), GLAST (Miltenyi, 130-095-814, 1:50), Map2 (Sigma Aldrich,
M4403, 1:500); rabbit polyclonal antibodies against Sox2 (AbCam, 97959, 1:500), Pax6
(Covence, PRB.278P, 1:200), Olig2 (Millipore, AB9610, 1:500), ki67 (AbCam, ab15580, 1:100),
Sox2 (Merck, 28826070, 1:1000); chicken polyclonal antibodies againt GFP (AbCam, 13970,
1:500), GFP (Aves Labs, GFP-1020, 1:500); rat monoclonal antibodies against CD140a
(PDGFRalpha, BD Pharmigen, 558774, 1:100), Ki67 (Thermo Fisher Scientific, 14-5698-82,
1:300); guineapig monoclonal antibodies against Ibal (Synaptic Systems, 234 308, 1:1000),
DCX (Merck, AB2253, 1:1000).

Sections were stained with the following secondary antibodies in the same conditions,
simultaneously simultaneously with nuclear staining using Hoechst-33342 dye (1 pg/ml,
Sigma-Aldrich): Alexa Fluor 488-conjugated AffiniPure anti-mouse IgG (H+L) (Jackson
Immunoresearch Laboratories, 115-545-166, 1:500), Dylight 549-conjugated AffiniPure anti-
rabbit IgG (H+L) (Jackson Immunoresearch Laboratories, 111-505-003, 1:500), Alexa Fluor
488 anti-chicken IgG (H+L) (Molecular Probes, A11039, 1:500), Alexa Fluor 660 goat IgG (H+L)
anti-rabbit (Life Technologies, A21074, 1:500).

Apoptotic nuclei were revealed using In Situ Cell Death Detection Kit TMR red (Roche)
following the instruction of the manufacturer.

3.7 Gaussia Luciferase assay

Gluc activity was evaluated weekly in a reaction set up obtained by combining 5 pul of media
conditioned by Gluc-expressing mHGG or neural organoids co-cultured with Gluc-expressing
cells with 25 pl of buffer constituted by 1:100 Renilla Luciferase Assay Substrate and Renilla
Luciferase Assay Buffer from the Renilla Luciferase Assay System (Promega). The luminometer
(Promega Glomax 20/20n) was set to acquire a series of 40 consecutive measures with an
integration time of 1 second.
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3.8 Animal procedures

All animal procedures were approved by the internal committee for the protection of animals
used for scientific purposes (OPBA) of the IRCCS Ospedale Policlinico San Martino and by the
Italian Ministry of Health according to the italial law D.lgs 26 /2014 and the European Directive
2010/63/EU of the European Parliament. All experiments were performed on C57BL/6 mice.

In utero intraventricular injections of replication-incompetent retroviral vectors were
performed on deeply anesthetized pregnant dams at the fourteenth day of gestation. Following
laparotomy, uterine horns were exposed, and embryos were injected within the telencephalic
ventricles with approximately 2 pl of retroviral suspension containing 1% polybrene (Sigma)
to facilitate cell infection. After birth, injected animals were monitored daily and sacrificed
when a tumor mass was detected in nuclear magnetic resonance (NMR) around day 40, or
anyway at the appearance of neurologic symptoms.

The NMR exam has been performed with a 7 Tesla Bruker BioSpin MRI GmbH (Ettlingen,
Germania). The system is equipped with Paravision 360 software and dedicated surface coils
for mouse brain imaging. During magnetic resonance images acquisition, mice were
anesthetized with isoflurane in Oz at 2-2.5% for induction and maintained at 1-1.5%. Body
temperature was maintained between 35°C and 37°C using a heated animal bed, and
respiratory rate was continuously monitored and kept within 80-120 breaths per minute by
adjusting the anesthetic concentration. The imaging protocol included the use of a phased-array
coil for the mouse brain, and T2-weighted turboRARE sequences were acquired.

Tumor masses were visualized by using a Leica fluorescence microscope thanks to the EGFP
expression and dissected in HBSS medium (Life Technologies). Tumor cells were dissociated
with enzymatic digestion in Trypsin/EDTA and mechanical dissociation with a Pasteur pipette
in 10% FBS (Life Technologies) and after centrifugation at 500xg for 5 minutes, the pellet was
resuspended in debris removal solution (Miltenyi Biotec) and debris were removed following
the manufacturer instructions. Briefly, the debris removal solution containing tumor cells was
overlayed with PBS and centrifuged for 10 minutes at 3000xg at 4°C. Then, the buffer and the
interphase containing the cell debris are removed and the pellet is washed with PBS. After a
centrifugation for 10 minutes at 1000xg at 4°C, the pellet was resuspended in PBS
supplemented with 1% FBS and 1.5 mM EDTA for fluorescent activated cell sorting (FACS).

3.9 Flow cytometry

Tumor cell sorting was perfoemed on a FACSAria II (BD Biosciences) with a 85 pm nozzle tip at
a default pressure of 45 psi with the highest precision sort mode. Discrimination doublets and
checked sorting gate were done with a dot plot where GFP-Area parameter matched with GFP-
Width parameter and then monitored in a FSC-A vs SSC-A dot plot. Sorted GFP+ tumor cells
were resuspended in DMEM/F12 medium (Thermo Fisher Scientific) supplemented with 1:50
B27 (Thermo Fisher Scientific), 10 ng/ml recombinant human FGF2 (PreproTech), 10 ng/ml
recombinant human EGF (PreproTech) and Penicillin-Streptomicin (Thermo Fisher Scientific),
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and they were seeded on neural organoids (5000 or 30.000 cells per organoid, depending on
experimental group).

3.10 Image analysis

Image analyses were performed using Image] software. For the quantification of cells positive
for nuclear markers (Sox2, Oct3/4, Ki67, TUNEL), fluorescent signal was measured in the
relevant channel within a region of interest (ROI) automatically defined based on nuclear
staining (Hoechst). For the quantification of the distance of tumor cells from the edge of the
organoid, an custom analisis pipeline was implemented in Image]. This approach involved first
defining the perimeter of the organoid as a ROI, followed by the identification of individual
tumor cell ROIs based on GFP fluorescence. For each GFP+ ROI, the minimum distance to the
organoid perimeter was calculated.

3.11 Statistical analysis

Sample sizes for each experiment are indicated in the results sections. Statistical analyses were
performed with two-sided t-test when between two conditions and with anova when between
multiple conditions.
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4 Results

4.1 Mouse neural organoid generation and characterization

Our aim was to establish an in vitro model that recapitulated our in vivo model to study
gliomagenesis and glioma progression. Therefore, we generated mouse neural organoids
(mNO) from embryonic stem cells. In the following sections, we described the protocol
optimization, morphological and cellular characterization of mNO, their use as recipients for
mHGG cell transplantation, as well as their genetic modification to model glioma growth and
progression in vitro.

4.1.1 Optimization of mouse neural organoid protocol

For the generation of mouse neural organoids (mNO), we opted for an unguided approach,
involving the spontaneous self-assembly of mouse embryonic stem cells (mESC) into a
structure that contains different brain regions. mESC line E14Tg2A (passages 25-38) was
courtesy given by Professor Federico Cremisi (Scuola Normale Superiore, Universita di Pisa)
and their pluripotency was assessed through immunostaining for pluripotency markers Oct3 /4
and Sox2. Results indicated that 71-98% of cells were positive for Sox2, while 78-93% were
positive for Oct3/4, confirming the pluripotent state of the mESCs [Figure 2a].

For the generation of mNO, we adapted a well-established protocol originally designed for
human neural organoids by Lancaster and Knoblich®%79, Briefly, the protocol had four phases,
as detailed in the methods section (Mouse neural organoids): 1) embryoid body (EB) formation;
2) neural induction; 3) static differentiation; 4) dynamic differentiation [Figure 2b]. The
optimization was about the EB formation step and the passage between neural induction and
static differentiation. Regarding the EB formation phase, the original protocol for human neural
organoids used a media suitable for human iPSC and little information was present in the
literature regarding a media to use in this phase for mNO. Therefore, we investigated three
different media compositions, as detailed in Table 1 and summarized in Figure 2c. Both medium
#1 and #2 are commonly employed for the culture of murine embryonic stem cells (mESCs).
They share the leukemia inhibitory factor (LIF), a cytokine known for its differentiation-
inhibiting properties. However, they diverge in two significant aspects: (1) the absence of fetal
bovine serum (FBS) in 2i medium, which eliminates a potential trigger for differentiation; (2)
the presence of glycogen synthase kinase 3 (GSK-3) inhibitor CHIR99021 and mitogen-
activated protein kinase (MAPK)/extracellular-signal-regulated kinase (ERK) kinase (MEK)
inhibitor PD0325901, both playing pivotal roles in maintaining pluripotency in stem cells27. In
contrast, medium #3 has primarily served as a differentiation medium in guided cortical
organoid studies128129,

On day 0, mESC cells were plated in an ultra-low attachment 96 well plate either in medium #1
(n=12), medium #2 (n=48) or medium #3 (n=48), and the correct differentiation of mNO was
observed over the following 15 days, according to the hallmarks given in the literature??. On
day 6, EBs were transferred into neural induction medium. At this stage, when observed under
the microscope, EBs should exhibit increased brightness around their periphery, indicative of
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neuroectodermal differentiation. Remarkably, only EBs cultured in medium #1 displayed these
distinct brighter regions, which gradually began to exhibit a radial organization, resembling a
pseudostratified epithelium. EBs cultured in medium #3 also showed increased brightness
around the periphery but lacked the radial organization seen in the medium #1 group. In
contrast, EBs cultured in medium #2 did not exhibit any optically translucent, radially
organized neuroectoderm. On day 11, organoids ended the neural induction and were
embedded in Matrigel droplets. During the differentiation stage, organoids were expected to
form buds of more expanded neuroepithelium. Organoids cultured in medium #1 exhibited the
desired morphology. In contrast, organoids cultured in medium #3 and medium #2 failed to
develop neuroepithelial buds. Instead, they displayed extended cell processes, indicative of
direct neural differentiation [Figure 2d].

Another step that was optimized during protocol refinement was the Matrigel embedding,
originally included as a source of extracellular matrix (ECM) to support cellular organization
within the organoid’?. However, this step proved to be time-consuming and introduced
potential contamination risks due to the use of non-sterile material. Given previous evidence
showing that neural differentiation can occur independently from exogenous ECM
supplementation?39, we tested this modification in our system as well [Figure 2e]. Consistent
with observations by Costa and colleagues, we found that organoids cultured without Matrigel
exhibited evident tissue budding at later stages compared to the organoids cultured with
Matrigel [Figure 2f, black arrows].. Importantly, this slower morphological development did
not impact long-term differentiation. At later stages, both conditions led to comparable tissue
architecture and neuronal maturation, confirming that the initial ECM, whether exogenously
provided or endogenously produced, is not critical for the overall differentiation outcome139,

Medium #1 Medium #2 Medium #3
Basal medium GMEM GMEM GMEM
Serum or supplements | B27 supplement | FBS 10% FBS 10%
without vit.A 1:50
N2 supplement 1:100
Small molecules LIF 10000U/mL LIF 10000U/mL SB431542 (TGFb
(inhibitors and inhibitor) 10pM
cytokines) PD0325901 (MEK
inhibitor) 1uM
CHIR99021 (GSK-3
inhibitor) 3uM
Constant medium L-Glutamine 2ZmM L-Glutamine 2mM L-Glutamine 2ZmM
components Sodium Pyruvate ImM | Sodium Pyruvate ImM | Sodium Pyruvate 1mM

MEM-NEAA 0,1mM
-mercaptoethanol
0,05mM

MEM-NEAA 1mM
B-mercaptoethanol
0,05mM

Table 1. Detailed composition of the media for EBs formation.

MEM-NEAA 0,1mM
B-mercaptoethanol
0,05mM
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Figure 2. Optimization of a mouse neural organoid (mNO) protocol. (a) Immunofluorescence analysis confirmed the
pluripotency of the E14Tg2A mESC line, with high expression of Sox2 (red) and Oct3/4 (green). Nuclei were counterstained
with Hoechst (blue) Scale bars = 50 um. Boxplot represented the quantification of nuclei positive for the pluripotency markers.
(b) Schematic representation of the four-step protocol used to generate mNOs: embryoid body (EB) formation, neural
induction, static differentiation, and dynamic differentiation. (¢) Composition of the three media tested for the EB formation
step. Media #1 and #2 supported pluripotency via LIF, while medium #3 was typically used for differentiation. (d) Brightfield
images showing morphological differences during organoid development across the three media. Only EBs generated in
medium #1 displayed neuroepithelial features, such as translucent peripheral zones and radial organization (white
arrowheads), and progressed to form neuroepithelial buds (black arrows). Scale bars = 200 pm. (e) Scheme comparing
organoids embedded in Matrigel versus cultured without ECM addition during static differentiation. (f) Organoids cultured
with or without Matrigel exhibited neural tissue budding (black arrows). In the presence of Matrigel-derived ECM, tissue
budding occurred earlier during the static differentiation phase, while in its absence, budding became evident only later during
dynamic differentiation. Scale bars = 200 um.

4.1.2 Morphological characterization of mouse neural organoids

To evaluate the cellular composition and structural organization, we performed
immunofluorescence staining on 30-day-old mNO using markers specific to key neural and glial
cell types. Neural progenitor cells (NPCs) were identified by the expression of Sox2 and Nestin,
indicating the presence of undifferentiated neural precursors. In addition, radial glial (RG) cells
were detected through the co-expression of Sox2 and GLAST [Figure 3a]. Sox2+ cells were
frequently organized in rosette-like structures, characterized by radial organization around a
central lumen and reminiscent of the neuroepithelial organization found in the early
developing neural tube [Figure 3b]. These structures represent an in vitro correlation of
ventricular zones and their presence within the mNO confirms the establishment of spatially
organized progenitor domain. Post-mitotic neurons, marked by NeuN, were observed alongside
proliferating Ki67+ cells, indicating ongoing neurogenesis. Early neuronal processes were
visualized by BIII-tubulin (Tubblll) staining [Figure 3c]. Despite the original protocol the
presence of glial cells was not investigated’?, we investigated their presence as well because we
thought that their presence was relevant to the generation of an in vitro environment that was
more reminiscent of a brain. Both astrocytes, identified by GFAP expression, and mature
oligodendrocytes, identified via Olig2 staining, were present. However, oligodendrocytes were
scares, as expected by an unguided protocol that did not include any specific differentiating and
trophic factor for this lineage. As for astrocytes, they are localized in specific regions of the
organoid. [Figure 3d]. This diversity suggests that, by day 30, the organoids had already
established a complex neural environment containing both neuronal and glial populations.
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Figure 3. Immunofluorescence-based characterization of 30-day-old neural organoids. (a) Neural progenitor cells
(NPCs) were identified by co-expression of Sox2 (red) and Nestin (green), while radial glia (RG) cells expressed Sox2 (red) and
GLAST (green). Close ups show high-magnification views of selected regions (yellow boxes). (b) Sox2+ cells organized into
rosette-like structures, recapitulating early neuroepithelial architecture. Nuclei are stained with Hoechst (blue). (c) Post-
mitotic neurons (NeuN, green) and proliferating cells (Ki67, red) co-exist within the organoid tissue. Immature neurons and
developing processes were also detected by BIlI-tubulin (Tubblll, green). (d) Glial populations were detected, including GFAP+

astrocytes (green) and Olig2+ oligodendrocyte lineage cells (red). All images correspond to 30-day-old organoids. Nuclei are
counterstained with Hoechst (blue). Scale bars: 500 um for the mosaic images and 50 pum for the close ups.
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4.1.3 Mouse neural organoid derivation from neural precursor cells

To streamline the generation of mouse brain organoids, we employed mouse neural progenitor
cells (NPCs) isolated from embryonic day 14.5 (E14.5) embryos and cultured in B27-
supplemented medium (referred to as B27c medium). Immunostaining demonstrated that
NPCs exhibited characteristic neural progenitor markers, including Sox2 and Nestin, along with
the unexpected expression of Olig2, a marker typically associated with oligodendrocytes.
Conversely, they did not express markers indicative of more differentiated cell types, such as
NeuN and -tubulin III [Figure 4a]. Given their pre-committed neural identity, we initially tried
to bypass the neural induction step. NPC seeded in ULA 96-well plate formed spheroids within
4 days (n=16). However, upon embedding in Matrigel, all organoids displayed elongated
cellular processes within the matrix, without the formation of organized neuroepithelial
structures, indicating failed organoid architecture according to the procotol used for mESC
[Figure 4b]. hypothesized that this aberrant differentiation could be driven by B27c medium,
which may promote premature differentiation, as evidenced by the expression of Olig2. To test
this, NPC cultures were transitioned to one of the media used for mESC (referred to as ES
medium). Under these conditions, a reduction in nuclear Olig2 expression was noted, with the
protein being largely localized in the cytoplasm, while Sox2 expression was retained [Figure
4c-d]. This observation suggested that NPC cultures in ES medium retained certain pluripotent
features while modulating the nuclear presence of a transcription factor associated with
mature cell types. Based on this, we attempted to generate mouse brain organoids using NPC
cultures in ES medium. However, two major limitations emerged: (1) NPCs failed to efficiently
aggregate into spheroids, and (2) in cases where aggregation occurred, spheroids stopped
growing [Figure 4e]. Itis possible that, unlike mESC-derived aggregates, the presence of cellular
processes in this context did not reflect aberrant differentiation but rather an intrinsic behavior
of NPCs following aggregation. Nonetheless, when spheroids were transferred to
differentiation medium supplemented with vitamin A, growth arrest was observed, likely due
to incompatibility between the standard culture conditions required for NPC maintenance and
the media used in the organoid differentiation protocol. Together, these results indicate that
NPC maintained in either B27c or ES medium are not a suitable starting material for mouse
brain organoid generation using this protocol.
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Figure 4. Evaluation of mouse neural progenitor cells (NPCs) as starting material for brain organoid generation. (a)
Immunofluorescence analysis of primary mouse NPCs confirmed the expression of Sox2, Nestin and Olig2 and the non-
expression of Btubulin III. Scale bars= 50 pm.(b) Schematic and brightfield images showing organoid generation from NPCs:
although embryoid bodies (EBs) formed, Matrigel embedding resulted in elongated cellular projections without organized
neuroepithelium. Scale bars: 200 um. (¢) Immunostaining comparison of NPCs maintained in B27c versus ES medium. In ES
medium, nuclear Olig2 expression is reduced while Sox2 is retained. Scale bars: 50 pm.(d) Quantification of Olig2 and Sox2-
positive nuclei confirmed the reduced expression of nuclear Olig2 in ES medium, while Sox2 expression is comparable in the
two culture conditions. * p-value < 0.05 (e) Brightfield time-course of EB formation and growth in B27c and ES media. NPCs in
ES failed to aggregate or grow properly, indicating unsuitability for organoid generation. Scale bars: 200 pm.

4.2 Glioma generation and characterization in mouse neural organoids

Once we established a suitable mNO containing all the relevant cell types, we focused on the
development of in vitro glioma model using these organoids as a platform. In particular, we
explored two complementary approaches:

1) A cell-based approach, that involved the inoculation of primary murine glioma cells
(either high-grade or low-grade) in mNO through co-culture or direct transplantation,
allowing tumor cells to grow within the organoid environment.

2) Agenetic-based approach, that relied on the genetic modification of healthy cells in mNO
to induce malignant transformation and tumor formation.

The cell-based approach is valuable in modelling tumors derived from patient samples, as it
preserves the intrinsic features of primary glioma cells in an environment that is more similar
to a brain than the plastic. In contrast, the genetic-based approach is better suited for
investigating gliomagenesis and early molecular and cellular events that drive glioma initiation
and progression.

4.2.1 Co-culture of glioma cells with mNO

We chose to begin with the co-culture approach because it was technically more feasible and
time-efficient compared to genetic engineering approaches, requiring fewer steps and less
optimization. Moreover, tumor cells were already available in the laboratory. By starting with
this strategy, we could quickly assess the compatibility between mNO and glioma cells before
moving on to the more complex and time-consuming genetic-based modeling.

4.2.1.1 Optimization of the co-culture method
To identify the optimal strategy for incorporating tumor cells into mNO, we evaluated three co-
culture methods [Figure 5a]:

1) Co-culture of tumor cells and organoids in a 24-well plate, followed by transfer to a new
24-well plate in agitation.

2) Co-culture of tumor cells and organoids in 96-well plate, followed by transfer to petri
dish in agitation.

3) Fusion of pre-formed tumor spheroids with organoids in 96-well plate, followed by
transfer to petri dish in agitation.

Among these, protocol #2 demonstrated consistent tumor cell integration and extensive
infiltration, as shown by immunofluorescence imaging identifying GFP+ tumor cells throughout
the organoid tissue. In contrast, protocol #1 and #3 resulted in limited or superficial integration
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[Figure 5b]. Quantification of tumor cells in sections confirmed a significantly higher tumor cell
counts in organoids from protocol #2 compared to protocol #1 (p<0.05) and protocol #3
(p<0.01) [Figure 5c]. As for the quantification of the tumor cell invasiveness into the organoid
parenchyma, no significant differences were observed among the three protocols [Figure 5d].
However, there was a trend toward reduced invasiveness in protocol #1, suggesting a less
efficient penetration of tumor cells. Moreover, protocol #2 also proved to be the most practical
and time efficient. In contrast, protocol #1 required the use of 24-well plates, which not only
led to a more dispersed distribution of tumor cells—reducing their chances of successfully
attaching to the organoids—but also made routine maintenance, such as media changes, more
labor-intensive. On the other hand, protocol #3 required an additional step for the generation
of tumor spheroids and a longer incubation period (48 hours versus 24 hours for protocols #1
and #2), making it more time-consuming. Based on both efficacy and practicality, protocol #2
was selected as the standard protocol for subsequent glioma-mNO co-culture experiments.
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Figure 5. Comparison of glioma cell integration methods into mouse neural organoids. (a) Scheme of the three protocols
tested: co-culture in 24-well plate with subsequent transfer to a new 24-well plate under agitation (Protocol #1), co-culture in
96-well plate with subsequent transfer to petri dish under agitation (Protocol #2), and fusion with tumor spheroids in 96-well
ULA plates with transfer to petri dish under agitation after 48h(Protocol #3). (b) Representative immunofluorescence images
of GFP+ tumor cells (green) integrated within mNO (nuclei stained blue). Protocol #2 shows widespread infiltration of tumor
cells, whereas Protocol #1 and #3 show superficial or no integration Scale bars: 500 um. (c) Quantification of infiltrating tumor
cells per organoid for each protocol (dots represent sections analyzed). Median cell counts are shown as horizontal bars; error
bars indicate range. Protocol 2 yielded significantly more tumor cells compared to Protocol #1 (p < 0.05) and Protocol #3 (p <
0.01). (d) Quantification of the median distance of the most invasive (nineteenth percentile) GFP+ tumor cells in each section.
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4.2.1.2 Mouse neural organoids support maintenance and invasive capacity of high-
grade glioma cells

To evaluate the capacity of mouse neural organoids (mNO) to support the maintenance of
tumor cells, we first established tumor-bearing brain organoids by co-culturing them with two
primary mouse high-grade glioma cells (mHGG#1 and mHGG#2). Organoids were collected and
analyzed at 10, 20, 30 and 40 days post co-culture [Figure 6a]. GFP+ tumor cells were visible
under the microscope a few days after the start of the co-culture, indicating successful
engraftment [Figure 6b]. The tumor take rate was high, with 95% of organoids showing the
presence of mHGG#1 (103 out of 108 mNO analyzed) and 97% of mHGG#2 (36 out of 37 mNO
analyzed). Immunofluorescence analysis on sections of organoids showed changes in the
distribution of tumor cells over time, with differences between the two cell lines. As for
mHGG#1, tumor cells were predominantly localized at the periphery of the organoid, forming
tumor mass-like aggregates, especially at early time points (10 and 20 days). Over time,
infiltrating mHGG cells were also observed, as expected from a high-grade glioma cell line, while
the tumor masses-like structures remained relatively localized. In contrast, mHGG#2 showed a
more aggressive growth pattern starting as early as 10 days post co-culture, with widespread
engrafting of tumor cells to the organoid parenchyma [Figure 6c]. Quantification of the area
coverage of GFP+ tumor cells showed that mHGG#2 had a significantly larger area of
colonization across all time points compared to mHGG#1. In both cell lines, a progressive
decrease in area coverage was observed over time, particularly pronounced in the case of
mHGG#2 [Figure 6d]. This reduction may be attributed to the fact that many tumor cells grew
on the surface of the organoid rather than deeply invading its inner regions. As the culture
progresses, tumor cells superficially attached may detach, a process likely favored by the
constant agitation of the culture condition. This is also supported by the fact that GFP+ debris
and detached organoid fragments were frequently observed in long-term cultures and typically
removed during routine medium changes.
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The proliferative state of mHGG cells co-cultured with mNO was confirmed by immunostaining
for ki67, that is a proliferation marker also used in the clinical setting to gain information on
the tumor aggressiveness and therapeutic responsiveness131.132, Tumor cells were proliferating
across all the time points analyzed, with the median percentage of GFP+/ki67+ cells ranging
from 59.0% to 92.4%, without any significant difference between the two tumor cell lines (for
mHGG #1, 10 days: 82.4+18.2; 20 days: 59.0+31.0; 30 days: 63.0£15.8; 40 days: 75.8+10.5; for
mHGG #2, 10 days: 92.4+9.7; 20 days: 79.7+13.1; 30 days: 77.7+14.5; 40 days: 75.8+13.6)
[Figure 7a-c]. Additional confirmation of the proliferative state of mHGG was provided by Sox2
staining: Sox2+ tumor cells were consistently detected at all time points, with percentages
ranging from 52.9% to 87.4%, even in this case without any significant difference between the
tumor cell lines (for mHGG #1, 10 days: 79.8+18.9; 20 days: 52.9£19.7; 30 days: 68.5£8.8; 40
days: 70.3£10.9; for mHGG #2, 10 days: 87.4+14.9; 20 days: 85.3£24.9; 30 days: 71.5+18.2; 40
days: 71.3+11.2) [Figure 7b-c]. These findings indicate that the organoid environment supports
tumor cell proliferation and the preservation of stem-like features.

To further investigate the tumor cell growth dynamic in mNO over time, we hypothesized that
while a portion of tumor cells continued to proliferate, another fraction may undergo cell death.
To test this hypothesis, a pilot TUNEL assay was performed on organoid sections. This
preliminary analysis revealed that only a small proportion of mHGG cells was apoptotic at each
timepoint analyzed, even though a slight increase in the percentage of apoptotic cells was
observed by 30 days post co-culture, with the median percentage of GFP+/TUNEL+ cells
passing from 5.41% to 11.4% [Figure 7d-e]. Although further validation is necessary, these
results are consistent with the proliferation analysis, indicating that while a small percentage
of tumor cells was apoptotic, the majority actively proliferated within the organoid
microenvironment.
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of stemness. (c) Boxplot representing the quantification of the percentage of Ki67* (left) and Sox2* (right) cells among GFP*
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To overcome possible limitations related to image-based quantification, we decided to take
advantage of a bioluminescence technique previously validated in our laboratory and used to
follow the growth of tumor masses in vivo!33. mHGG cells previously engineered to express
Gaussia Luciferase (mHGG-gluc) were co-cultured with mNO and tumor cell engraftment was
followed via fluorescent microscopy since tumor cells were also engineered to express DsRed.
Fluorescence images in the red channel revealed the presence of DsRed+ tumor cells as early
as 7 days after the start of the co-culture in 67% of organoids co-cultured with the mHGG-gLuc-
1 cell line and in 36% of those co-cultured with the mHGG-gLuc-2 line. After 14 days, these
percentages increased to 87% of organoids positive for mHGG-gLuc-1 and 67% for mHGG-
gLuc-2. The DsRed+ tumor cells were organized in tumor masses that grow over time [Figure
8a, yellow arrows], recapitulating the behavior of tumors in vivo.

Before applying the measurement of Gaussia Luciferase to the co-cultures, we first verified the
correlation between the number of tumor cells and the luminescence signal. To this end, gLuc
expression levels were measured at known concentrations of tumor cells. The results
confirmed a correlation between the luminescence signal, measured with a luminometer and
expressed in Relative Light Units (RLU), and the number of tumor cells [Figure 8b].
Additionally, the analysis revealed that the two cell lines differ in gLuc expression levels:
mHGG-gLuc-2 cells showed higher expression of the protein compared to mHGG-gLuc-1 cells
when seeded at the same cell number. Once the correlation between measured kRLU and cell
number was established, we used gLuc expression measurements to obtain quantitative data
on tumor cell dynamics in the organoid co-cultures. The gLuc signal was measured weekly in
the culture medium for both cell lines. mHGG-gLuc-2 cells displayed an increasing trend over
time, at least up to 35 days of co-culture, in agreement with the growth of tumor masses
observed through fluorescence microscopy. In contrast, the luminescence signal from mHGG-
gLuc-1 appeared more stable over time. [Figure 8c]. However, we reasoned that the apparent
stability of the luminescence signal in mHGG-gLuc-1 co-cultures might be attributed to its
intrinsically lower Gaussia Luciferase expression levels compared to mHGG-gLuc-2. This
reduced secretion likely resulted in a weaker overall bioluminescent output, thereby limiting
the sensitivity of the measurement and potentially masking changes in tumor growth dynamics.

To validate and further investigate the results obtained through the quantification of Gaussia
luciferase signal in the culture medium, the proliferative state of mHGG-gLuc cells was also
assessed by immunofluorescence analysis on organoid sections at 40 days from the start of co-
culture. As for Ki67 staining, proliferating tumor cells ranged from 58.8% to 68.0% for mHGG-
gLuc-1 line and from 52.4% to 66.3% for mHGG-gLuc-2 [Figure 8d]. Similar results were
obtained also for Sox2 staining, in which percentages of positive tumor cells were ranging from
78.8% to 88.7% for mHGG-gLuc-1 and from 51.0% to 63.4% for mHGG-gLuc-2 [Figure 8e]. No
statistically significant differences between the two cell lines were detected.

The fluorescence and luminescence data showed early engraftment and progressive growth of
mHGG cells, particularly in organoids co-cultured with the mHGG-gLuc-2 line.
Immunofluorescence analyses confirmed active proliferation and stem-like features in both
tumor cell lines, even after 40 days of co-culture.
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represents a biological replicate of the experiment, and it is the average of two technical replicates. Error bars represent the
standard error of the mean (SEM) (c) Weekly monitoring of gLuc expression in the culture medium, expressed as RLU, in
mHGG-gLuc-1 (left) and mHGG-gLuc-2 (right) co-cultures. Each dot represents the median signal from one batch and error bars
represent the standard deviation. The blue line represents a linear regression, and the grey shaded area indicates the 95%
confidence interval. (d) On the left, immunofluorescence analysis on organoid sections at 40 days of co-culture. Images show
co-localization of DsRed (red) with Ki67 (green). Scale bars = 100 um. On the right panel, boxplot shows the quantification of
the percentage of tumor cells positive for Ki67. (d) On the left, immunofluorescence analysis on organoid sections at 40 days
of co-culture. Images show co-localization of DsRed (red) with Sox2 (green). Scale bars = 100 um. On the right panel, boxplot
shows the quantification of the percentage of tumor cells positive for Sox2.

4.2.1.3 Co-culture of mouse neural organoids with low-grade glioma cells did not
result in tumor formation

Since mNO supported the maintenance of mHGG cells, we investigated whether they could also
support mouse low-grade glioma (mLGG) cells. These cells are non-tumorigenic when
transplanted into immunocompetent mice and cannot be propagated in standard in vitro
culture conditions. To obtain mLGG cells, in utero intraventricular injection of retroviral
particles overexpressing PDGFB was performed on pregnant dams at E14. The appropriate
timepoint for the isolation of LGG-derived cells was determined by nuclear magnetic resonance.
GFP fluorescence was used to identify tumoral regions, revealing multifocal tumor masses in
both animals analyzed [Figure 9a]. mLGG cells were co-cultured with mNO using the same
method previously described for the mHGG and organoids were analyzed at the same time
points. However, GFP+ mLGG cells were not detected in cryosections at any of the timepoints
analyzed [Figure 9b], suggesting that mLGG failed to attach to or invade the organoid.

Considering that neuronal electrical activity plays an important role in glioma progression, we
hypothesized that it might be a key factor for the maintenance of mLGG cells in mNO. For this
reason, mLGG cells were also co-cultured with one-year-old human neural organoids (hNO)
derived from wild-type iPSC (wt-hNO) and iPSC derived from an epilepsy patient (ep-hNO),
kindly provided by Prof. Silvia Cappello (Ludwig-Maximilian Universitat, Munich). Since the
hNO were GFP+, GFP fluorescent signal could not be used to distinguish hNO endogenous cells
from mLGG cells. Therefore, we used two Nestin antibodies: one specific for the human isoform
(expressed only in hNO), and the other for the mouse isoform (expressed by mLGG cells). No
mouse Nestin signal was detected in any of the organoids analyzed, indicating that mLGG cells
did not attach to or invade the human neural organoids [Figure 9c].

This failure of mLGG cells to attach to or invade the mNO may be explained by two main factors.
First, it could be method-related: the co-culture approach may be suitable for highly invasive
tumor cells, such as mHGG, that have already acquired aggressive traits during tumor
progression, but less effective for early-stage, low-grade cells with limited proliferative and
infiltrative capacity. Second, it could be biology-related: while the microenvironment provided
by mNO appears sufficient to sustain the growth and maintenance of already progressed mHGG,
it might still lack specific cues necessary to support the survival or further progression of early-
stage mLGG cells.
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Figure 9. Mouse low-grade glioma (mLGG) cells co-culture with mouse and human neural organoids.
(a) Representative in vivo GFP fluorescence images of brains from two mice (mLGG#1 and mLGG#2) following in utero
intraventricular injection of PDGFB-overexpressing retrovirus at E14, showing multifocal tumor formation.
(b) Immunofluorescence analysis of mNO co-cultured with GFP+ mLGG cells at 10, 20, and 30 days post co-culture. No
persistent GFP signal is detectable at any time point, suggesting failure of mLGG cell engraftment. Ki67 staining (red) highlights
host cell proliferation. On the righe panels, positive control (mNO + mHGG) shows clear GFP+ tumor infiltration, while negative
control (mNO alone) shows no GFP signal. (c¢) Co-culture of mLGG cells with human neural organoids (wt-hNO and ep-hNO)
analyzed at 10 and 30 days. Immunostaining with human- and mouse-specific Nestin antibodies reveals Nestin(h) expression

in the organoid, but absence of Nestin(m), indicating that mLGG cells neither attached to nor invaded the hNO, regardless of
electrical activity profile
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4.2.2 Transplantation of mHGG into mNO

To begin addressing the method-related limitation, we decided to try an alternative strategy for
tumor cell delivery that more closely mimics the orthotopic transplantation used in vivo,
Specifically, we injected tumor cells directly into mNO, rather than relying on surface co-
culture, to facilitate more efficient engraftment and integration.

We first tried this approach with mNO and mHGG. We transplanted 30-day-old mNO with
mHGG, kept them in agitation and analyzed them at the microscope every 10 days until 40 days
post-transplantation [Figure 10a]. Immunofluorescence staining revealed that mHGG engrafted
and expanded within the organoid tissue, maintaining a widespread GFP signal throughout all
timepoints [Figure 10b]. Co-staining for Ki67 showed that the majority of tumor cells remained
proliferative over time, with quantification indicating from 60.7% to 89.3% of GFP+ cells
expressing Ki67 at each timepoint [Figure 10c]. Similarly, Sox2 staining demonstrated that the
majority of mHGG cells retained stem-like features post-engraftment, with from 74.6% to
83.0% of GFP+ cells co-expressing Sox2 across the analyzed days [Figure 10d]. These data
confirm that mHGG cells can integrate into mNO, where they persist, proliferate, and retain
stemness characteristics for at least 40 days post-transplantation. We will apply this method to
mLGG to understand whether this could be a more suitable method to mediate their
engraftment into mNO.
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Figure 10. Engraftment and proliferation of mHGG cells following transplantation into mNO. (a) Schematic workflow for
mHGG cell transplantation into 30-day-old mouse neural organoids (mNO), followed by dynamic culture and
immunofluorescence analysis at 10-, 20-, 30-, and 40-days post-transplantation. (b) Representative immunofluorescence
images showing widespread distribution of GFP+ mHGG cells (green) in mNO over time. Nuclei are counterstained in blue.
Scale bars: 500 um. (c) Representative immunofluorescence images showing GFP+ tumor cells (green) and Ki67+ proliferating
cells (red). Close ups show proliferating tumor cells. Nuclei are stained in blue. On the right, boxplot represents the
quantification of the percentage of GFP+ tumor cells co-expressing Ki67. Each point represents a section of an organoid
analyzed. (d) Representative immunofluorescence images showing GFP+ tumor cells (green) and Sox2+ cells (red). Nuclei are
stained in blue. On the right, boxplot represents the quantification of the percentage of GFP+ tumor cells co-expressing Ki67.
Each point represents a section of an organoid analyzed.

4.2.3 Electroporation of mNO

At the same time, we wanted to test the hypothesis that the environment of mNO may be
suitable to sustain glioma progression only at advanced stages, but not during the initial phase
of tumor development. To explore whether mNO could support the earliest events of glioma
progression, we decided to model tumor initiation from the very beginning, by introducing
defined genetic modifications capable of inducing malignant transformation of healthy cells.

decided to first try to reproduce in vitro our in vivo model, overexpressing PDGF-B in mNO.
While lentiviral or retroviral infection is commonly used for gene delivery, including in our in
vivo model, their use raises biosafety concerns that limit their application in a human model.
Therefore, we opted for a non-viral alternative based on the PiggyBac transposon system,
which enables efficient and stable genomic integration while avoiding the risks associated with
viral gene transfer.

4.2.3.1 Characterization of electroporated cells

Each organoid was electroporated with two plasmids: one encoding the transposase and the
other carrying either PDGFB-EGFP or EGFP alone as negative control [Figure 11a]. In both
conditions GFP fluorescent signal was visible the day after the electroporation, indicating
successful delivery of the plasmid inside the cells. Quantifying electroporation efficiency in a
3D structure such as organoids is challenging, as electroporated cells are unevenly distributed
and located at different depths within the tissue. However, even a limited number of
successfully electroporated cells is sufficient for this experimental setting: even if a single cell
undergoes oncogenic transformation, its expansion can ultimately give rise to a tumor mass.
However, only organoids electroporated with PDGF-B developed tumor-like masses, composed
of cells with a proliferative advantage over surrounding non-electroporated cells [Figure 11b].
This probably suggested the malignant transformation of the electroporated cells induced by
PDGF-B overexpression. To further characterize the electroporated cells, organoid sections
were analyzed by immunofluorescence staining. Electroporated cells expressed
progenitor/stem cells markers such as Nestin and Sox2, as well as Ki67. They also expressed
oligodendrocytes lineage-specific markers, such as Olig2 and NG2 [Figure 11c]. Contrarily, they
did not express neuronal and astroglia markers, being negative for NeuN and GFAP. NeuN
expression was still detectable in neighboring GFP negative cells within the organoid, indicating
that non-electroporated cells retained their capacity for neuronal differentiation [data not
shown]. These features matched the markers expressed by gliomas generated in vivo by PDGF-
B overexpression, suggesting the possible malignant transformation of cell within mNO.
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To assess whether the electroporated cells resembled more LGG or HGG cells, organoids with
visible tumor-like masses at 30 days post-electroporation were dissociated into single cells and
either: (1) plated in culture to test their ability to expand, or (2) co-cultured with naive 30 days
old mNO to evaluate their capacity to engraft in another organoid [Figure 11d, left panel]. HGG
cells are known to proliferate in vitro and infiltrate organoid tissue, while LGG cells failed to do
so. While cells derived from control organoids were negative for GFP and failed to attach to the
culture, cells derived from PDGF-B electroporated organoids were predominantly GFP+ and
were propagated in culture [Figure 11d, central panel]. Moreover, upon re-engraftment into
naive mNO, these cells, these cells successfully colonized the tissue and formed tumor-like
masses resembling those generated by mHGG cells obtained via in utero electroporation
[Figure 11d, right panel]. These findings demonstrate that PDGF-B overexpression in mNO
induces the formation of cells capable of self-renewal, culture propagation and engraftment
into a brain-like microenvironment, which are characteristics of mHGG. The ultimate validation
of their tumorigenic potential will require transplantation into mice, which we plan as a next
step. Collectively, these results indicated that mNO were capable of sustaining glioma
progression from the earliest oncogenic event through advanced tumor-like stages, thereby
recapitulating gliomagenesis.
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Figure 11. Electroporation of mouse neural organoids (mNO) with PDGF-B. (a) Schematic representation of the PiggyBac
plasmids used: the PB-hPDGFB plasmid encoding PDGFB-EGFP and the PB-ase plasmid encoding the transposase. (b) GFP
fluorescence imaging of electroporated mNO at day 1 and day 30. While both PDGFB and control organoids showed GFP signal,
only PDGFB-electroporated organoids developed tumor-like masses over time. (¢) Immunofluorescence staining of PDGFB-
electroporated organoids showing GFP+ cells (green) co-expressing Nestin, Sox2, Ki67, Olig2, and NG2 (red in each panel),
indicating progenitor/stem-like and oligodendrocytic lineage identity. Nuclei are stained in blue. Scale bars: 50 pm. (d) In the
left panel, the experimental workflow: electroporated organoids were dissociated and tested for (i) expansion in culture and
(ii) engraftment into nave mNO. GFP+ cells derived from PDGFB-electroporated organoids expanded in vitro (central panel)
and successfully colonized naive organoids, forming tumor-like masses (right panel).
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4.3 Moving from mouse to human model

We initially developed a murine neural organoid model to complement our in vivo experiments
in murine animal models. This system allowed us to optimize key experimental parameters in
a setting consistent with the biology of murine gliomas. However, due to the inherent species-
specific differences and the need for higher translational relevance, we plan to transition to
human neural organoids. With the murine model validated, the human system provides a more
representative environment to investigate glioma behavior and tumor-microenvironment
interactions in a context closer to human physiology.

A first step in this direction was taken during a research stay in Germany, where I joined the
laboratory of Prof. Dr. Jovica Ninkovic at LMU Munich. During this period, I acquired expertise
in culturing human induced pluripotent stem cells (iPSCs), differentiating them into human
neural organoids (hNO), and performing tumor cell transplantation into hNO.

4.3.1 Transplantation of mHGG cells into human neural organoids

Human neural organoids (hNO) were developed from human induced pluripotent stem cells
(iPSC) ISFi001-A, seeded at a density of 9000 cells/well of a ULA 96-well plate to form embryoid
bodies. On day 5, the embryoid bodies were directed toward either dorsal or ventral neural
induction. On day 13, a dorsal and a ventral organoid were embedded together in a Matrigel
droplet, allowing them to fuse and generate a neural assembloid. On day 17, the fused organoids
were transferred to an orbital shaker and maintained under agitation until day 105-110, when
they were transplanted with 2000 mHGG cells per organoid. The transplanted organoids were
kept in culture for 30 days, then fixed for immunofluorescence analysis [Figure 12a].

The tumor take rate was 90% (27/30 hNO analyzed). Within 30 days, the transplanted
organoids developed multifocal tumor masses of various sizes detected by fluorescent
microscopy, recapitulating tumor cell behavior in vivo [Figure 12b]. mHGG cells in hNO tended
to form bulbs with different morphologies: (1) bulbs with a tumor core and a peritumoral area;
(2) bulbs with a tumor core but no peritumoral area; (3) bulbs with no core and only sparse
cells [Figure 12c]. The tumor core is defined as an area composed solely of tumor cells, while
the peritumoral area contains both cancerous and non-cancerous cells. After 30 days post-
transplantation, 50.9£8.1% of mHGG cells were Ki67+ and 90.3+4.8% were Sox2+, indicating
that tumor cells proliferate and maintain stem-like properties [Figure 12d-e].

One of the key features of the hNO used is the development of microglia. Therefore, we
investigated the interaction between mHGG cells and microglia. Interestingly, in the presence
of mHGG cells, microglia exhibited an amoeboid morphology, typical of an activated state.
Moreover, some microglia cells are in contact with mHGG cells, suggesting possible phagocytic
activity. In contrast, in tumor-free area the microglia displayed a ramified, homeostatic
morphology [Figure 12f]. This suggests that microglia in hNO can respond to the presence of
mHGG cells, becoming activated by them.
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Figure 12. Transplantation of murine high-grade glioma (mHGG) cells into human neural organoids (hNO). (a)
Overview of the protocol for the transplantation of mHGG cells into human neural organoids (hNO). iPSCs were seeded in ULA
96-well plates to form embryoid bodies. On day 5, embryoid bodies were directed toward either dorsal or ventral neural
induction. On day 13, a dorsal and a ventral organoid were embedded together in a Matrigel droplet and fused, generating a
neural organoid with dorsal-ventral polarity. On day 17, fused organoids were transferred to an orbital shaker and maintained
in agitation until day 105, when they were transplanted with mHGG cells. Transplanted organoids were cultured for 30 days
before fixation and immunofluorescence analysis. (b) Immunofluorescence images of transplanted hNO at 30 days post-
transplantation. GFP fluorescence reveals multifocal masses of mHGG cells growing within the organoid. Scale bars = 500 pm.
(c) Fluorescence images showing mHGG cell distribution across hNO sections. Tumor cells (GFP, green) and nuclei (Hoechst,
blue) reveal three distinct growth patterns: (1) tumor core with peritumoral area, (2) core without peritumoral area, and (3)
sparse cells without a defined core. (d) Immunofluorescence staining of transplanted hNO sections after 30 days, showing
expression of Ki67 (magenta) and Sox2 (magenta) in GFP+ (green) tumor cells. Hoechst stains nuclei (blue). Scale bars = 500
um or 100 um. (e) Quantification of the percentage of GFP+ tumor cells co-expressing Ki67 or Sox2 across individual hNO
sections. Error bars represent standard error of the mean. (f) Maximum intensity projection of confocal z-stacks showing
interaction between mHGG cells (GFP, green), astrocytes (GFAP, magenta), microglia (Ibal, yellow), and nuclei (Hoechst, blue).
Insets show a tumor region with amoeboid, activated microglia (yellow box) and a tumor-free region with ramified,
homeostatic microglia (light blue box). Scale bars = 500 um, 50 pm (magnifications). Right panel: orthogonal projection
highlights direct contact between an activated microglia cell and a mHGG cell. Scale bar = 20 um.
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5 Discussion

Glioblastoma (GBM) is a highly aggressive and heterogeneous brain tumor, characterized by
diffuse infiltration, high cellular plasticity, and resistance to conventional therapies. Despite
decades of research, prognosis remains dismal, with median survival rarely exceeding 15
months*. One of the major obstacles in GBM research is the lack of experimental models that
faithfully recapitulate the complexity of the disease. Many preclinical models have failed to
predict therapeutic efficacy in patients, limiting the translational impact of preclinical
discoveries29.79,

In vitro 2D models (tumor cell lines and spheroids) are cost-effective and easy to manipulate,
but lack the three-dimensional architecture, cellular heterogeneity, and tumor-
microenvironment (TME) interactions of GBM353¢, In vivo models (syngeneic and xenograft
mouse models, or genetically engineered mouse models) offer a more physiological context,
enabling the study of angiogenesis, immune responses, and therapeutic effects in a living 43.
However, they are limited by species-specific differences between rodents and humans and
ethical concerns associated with the use of animals#3. More recently, organoid-based models
have emerged as a promising alternative, bridging in vitro and in vivo approaches: they
preserve tissue-like cytoarchitecture and multiple cellular lineages, while remaining accessible
to genetic manipulation and therapeutic testing®389104113,

The aim of this thesis was to establish neural organoid-based models to study gliomagenesis
and glioma progression, complementing our in vivo model based on Platelet-Derived Growth
Factor B (PDGF-B) overexpression in mouse embryos. Given the absence of prior expertise in
our group, we first optimized the generation of mouse neural organoids (mNO), adapting the
Lancaster and Knoblich protocol?’® to murine cells. As for human organoid protocols, we
initiated the differentiation from mouse embryonic stem cells (mESCs). These cells were
maintained under feeder-free conditions on Matrigel-coated plates in the presence of inhibitors
targeting the FGF/ERK signaling pathway, in order to preserve a pluripotent state that
demonstrated to be compatible with subsequent neural differentiation. Under these conditions,
mESCs exhibited robust expression of pluripotency markers, including Sox2 and Oct3/4,
confirming the maintenance of an undifferentiated state suitable for organoid generation.
During the 30 days of differentiation, mNO exhibited features of correctly differentiated
organoids, such as neural rosettes reminiscent of the neural tube, alongside differentiated
neurons and astrocytes, both relevant for tumor-host interactions. Positional markers such as
Foxgl or Nkx2.1 were not addressed since the aim of this thesis was not to model a specific
brain area, but to establish a 3D neural microenvironment capable of supporting tumor growth,
invasion and tumor-host interactions. For this purpose, the presence of organized neural tissue
containing progenitors, neurons, and astrocytes was more relevant than strict regional
specification. Future work could nonetheless include positional marker analysis to further
refine the characterization of the model. A certain degree of immaturity is an intrinsic feature
of neural organoids, which more closely recapitulate neurodevelopment rather than adult brain
stages. Indeed, current neural organoid models are unable to fully reproduce the complexity
and maturation state of the adult brain7071.134 and the generation, and maintenance of long-
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term, highly mature organoids remain technically challenging. For these reasons, we selected
this differentiation timepoint for subsequent experiments, as it represents the earliest stage at
which all cell types of interest were detected. Moreover, for specific experimental approaches
(such as the electroporation of mNO) using organoids that more closely resemble the
embryonic brain environment allowed better alignment with our in vivo model. This choice
also reflected the need for a practical and time-efficient experimental framework, given the long
time scales required for downstream tumor growth and progression studies. Conversely, we
demonstrated that the differentiation protocol was not suitable for the differentiation of
organoids starting from neural progenitor cells, probably due to their already committed
differentiation.

Once obtained mNO with the suitable cell types, we tried two main approaches to generate
gliomas: (1) a cell-based approach, that involved the inoculation of primary murine glioma cells
(either high-grade or low-grade) in mNO through co-culture or direct transplantation, allowing
tumor cells to grow within the organoid environment; (2) a genetic-based approach, that relied
on the genetic modification of healthy cells in mNO to induce malignant transformation and
tumor formation.

The first approach was designed to address a key limitation of our in vivo model: mouse low-
grade glioma (mLGG) cells cannot be maintained in culture, which forced us to generate them
de novo by embryonic injections each time they were needed and prevented us to fully
characterize them. To optimize the method, we used mouse high-grade glioma cells (mHGG),
that, contrarily to the LGGs, can be propagated in vitro over extended periods. Our data
confirmed that mNO provided a supportive microenvironment for mHGG, with engraftment
rates superior to 95% and preservation of both proliferative and stem-like features over time.
Interestingly, the two HGG lines tested displayed different behaviors: mHGG#1 formed mainly
localized tumor masses, while mHGG#2 exhibited rapid and aggressive proliferation into the
organoid parenchyma, reflecting clinically relevant heterogeneity. Dynamic monitoring with
Gaussia luciferase confirmed early engraftment and tumor growth. Although a small proportion
of apoptotic cells emerged at later stages, the majority of tumor cells remained proliferative,
confirming the capacity of mNO to sustain glioma expansion. However, when the method was
applied to LGGs, the co-culture approach failed: tumor cells did not engraft in mNO. Similarly,
co-culture with human neural organoids (hNO), including those with hyper-excitable
characteristics, did not result in detectable integration of mLGG. We speculated that co-culture
may not be suitable for mLGG, which lack fully developed invasive properties. We therefore
explored direct transplantation of tumor cells into the organoid parenchyma. Using mHGG as a
proof-of-concept, we demonstrated stable engraftment, expansion and maintenance of
proliferative and stem-like features for more than one month post-transplantation. This
method will next be tested with mLGG, to determine whether direct delivery in the organoid
parenchyma provides a more reliable strategy to establish tumor-bearing organoids and to
study glioma growth dynamics in a controlled microenvironment.

At the same time, we wondered whether mNO could serve as a suitable platform to model
glioma progression from such early stages. To address this, we aimed to reproduce
gliomagenesis de novo within organoids, using a genetic approach aimed to generate an in vitro
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model capable of capturing the early events of gliomagenesis, immediately following the
genetic alteration. To this end, we applied established strategies for organoid!22-124, and
overexpressed PDGF-B using the PiggyBac transposon system in mNO. This induced the
formation of tumor-like masses composed of proliferative, stem-like cells. These cells
expressed markers consistent with the gliomas generated in vivo and could be propagated both
in culture and upon re-engraftment into naive organoids. In contrast, cells isolated from control
organoids (mNO electroporated with the fluorescent reporter only) were negative for reporter
expression and failed to attach to the culture dish. The absence of reporter-positive cells is not
unexpected, given the low number of electroporated cells detectable 30 days after
electroporation. The inability of these cells to attach in culture is more surprising, as Sox2+
progenitors are generally capable of adherence and expansion; however, in this context they
likely represent only a minor fraction of the total organoid cell population, which may account
for their limited survival and growth under standard culture conditions. Unlike controls, cells
overexpressing PDGFb exhibited features more closely resembling high-grade gliomas,
suggesting that this method can generate de novo tumor cells directly within organoids and
thus provide a valuable platform to model gliomagenesis in a controlled environment. Future
work will involve transcriptomic profiling to determine whether their expression signatures
align more with mLGG, mHGG or an intermediate state, as well as transplantation into
syngeneic mice to confirm their tumorigenic potential.

Transitioning from murine to human neural organoids represents a crucial step toward
translational relevance. While mouse organoids allowed optimization of experimental
parameters and to address specific questions related to the murine glioma model in use in the
group, human organoids provide a species-specific context to study glioma-microenvironment
interactions. Transplantation of mHGG into hNO resulted in high engraftment rate and the
formation of tumor-like masses with heterogeneous growth patterns. Tumor cells remained
highly proliferative and retained stem-like properties. Importantly, the presence of microglia
within hNO enabled the observation of tumor-immune interactions: microglia adopted an
activated phenotype upon contact with glioma cells, highlighting a dynamic response that is
absent in models lacking immune components. This provided proof-of-concept that organoid-
derived immune populations can interact with tumor cells in a manner resembling in vivo
conditions.

In conclusion, this thesis showed that neural organoids can sustain glioma growth, preserve
stemness, and recapitulate key aspects of tumor-microenvironment interactions. By bridging
the gap between traditional in vitro models and animal systems, organoid-based approaches
provide unique opportunities to study GBM biology and to develop more effective therapies.
While challenges remain, particularly regarding vascularization and immune integration, the
advances presented here contribute to the growing recognition of organoids as essential tools
in neuro-oncology.
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6 Conclusion

This thesis confirmed the feasibility and utility of organoid-based systems for modeling glioma
progression. Mouse neural organoids allowed us to establish and optimize an in vitro model of
glioma progression that supported the engraftment and proliferation of high-grade gliomas,
while highlighting some difficulties with less invasive low-grade gliomas that probably need
more direct delivery of cells into the organoid parenchyma. The genetic engineering of
organoids via PDGF-B overexpression provided a proof-of-principle that gliomagenesis can be
induced de novo within a mouse organoid system, opening the way to study the earliest steps
of tumor initiation. Transitioning to human neural organoids represented an important step
towards translational relevance. Initial experiments on human neural organoids revealed that
high-grade glioma cells engrafted efficiently, retaining proliferative and stem-like features, and
induced microglia activation, recapitulating an important aspect of the human tumor
microenvironment. Collectively, these findings establish neural organoids as an intermediate
platform bridging the gap between traditional in vitro systems and animal models, enabling the
study of glioma dynamics and progression in an in vitro context, both murine and human.
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