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Zusammenfassung

Die Involvierung des zentralen Nervensystems (ZNS) bei der Behandlung von B-Zell-
Vorläufer-Akuter-Lymphoblastenleukämie (engl. BCP-ALL) im Kindesalter bleibt
eine klinische Herausforderung. Toxizitäten als Nebenwirkung der Therapie haben
tiefgreifende Auswirkungen auf die Lebensqualität der Patienten. Krankheitsrückfälle
(Rezidiv) im ZNS können bei einer großen Anzahl von Hochrisikopatienten häufig
auftreten1,2. Die bei der Befallung des ZNS involvierten biologischen Mechanismen,
sind noch nicht vollständig erforscht und werden weitesgehend im Rahmen von 2D-
Zellkultur- und in vivo-Mausmodellen untersucht. Es bestehen wesentliche Unterschiede
im zellulären Aufbau zwischen menschlichem und murinem ZNS, welches die Ver-
wendbarkeit von in vivo Erkenntnissen beeinträchtigt. Die aus humanen Stammzellen
gezüchteten Hirnorganoide gehen auf einige dieser Nachteile ein und stellen daher einen
ergänzenden Ansatz zur Untersuchung der ZNS-Leukämie dar. Die Grundlage des
Projekts ist die Untersuchung von BCP-ALL Zellkulturen welche in der ZNS-Leukämie
erkrankung bekannt sind. Hier wurden Organoide und leukämische Zellen für einen
längeren Zeitraum kokultiviert und deren Interaktion unter Fluoreszensmikroskopie
gemessen. Tatsächlich wächst die Hochrisikogruppe der TCF3::PBX1 -positiven Sub-
typen nach 14 Tagen unter die Oberfläche der Organoide. Die für das Experiment
isolierten pluripotenten Stammzellen oder menschlichen B-Lymphozyten zeigten deutlich
weniger Interaktion. Darüber hinaus wuchsen andere Hochrisikoleukämie-Untergruppen,
darunter BCR::ABL1 und TCF3::HLF in Hirnorganoide hinein. Live-Cell Analysen
wurden verwendet um die Zellmigration von BCP-ALL
zu Organoiden zu bestätigen. Dabei wurden von Zellen der Hochrisikogruppe deutlich
längere Distanzen gegenüber der Kontrollzellen zurückgelegt. Ein wichtiger Meilenstein
innerhalb des Projekts war die Entwicklung einer neuartigen Computer-Analyse Pipeline
zur präzisen Messung der leukämischen Zellen relativ zum Volumen der Organoide.
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Solche Pipelines verfügen über eine enorme Durchsatzrate, welches bei der hohen Anzahl
von Leukämiezellen in den Organoiden vorteilhaft ist. Darüber hinaus können hier
präzise Angaben zur Eindringtiefe ermessen werden. Hier lieferte das Verhalten von
BCP-ALL ein klareres Bild, auf welcher Ebene sich die Zellpopulationen im Organoid
verteilen. Interessant ist das Verhalten von leukämischen Entitäten mit bekanntlich-
geringerer ZNS-Erkrankungen, welche sich viel näher zu gesunden pluripotenten Stam-
mzellen oder B-Lymphozyten verhalten. Dies unterstreicht die Anwendbarkeit solcher
Analysen bei Organoiden und fügt weitere tools zur Forschung hinzu. Die Inhibierung
spezifischer B-Zell- und Chemokin-Rezeptorsignal-Komponenten ist in der Literatur zur
ZNS-Leukämie bereits erforscht worden. Entsprechend den Daten eines kürzlich pub-
lizierten Mäusemodells, führte ein Knockdown der CD79a/Igα (Prä-BCR-Komponente)
sowie die Inhibierung durch den Chemokin-Rezeptor-CXCR4-Antagonisten Plerixafor,
zu einem verringerten Einwachsen von TCF3::PBX1 -positiven Zellen in Organoiden.
Die Mechanismen welche die leukämische Ausbreitung im ZNS antreiben sind ein
aktiver Forschungsbereich. Die Entnahme infiltrierter und nicht infiltrierter BCP-ALL-
Zellen aus Organoiden lieferte erste Einblicke in transkriptionelle Veränderungen nach
der Einwachsung in Organoiden. Eine RNA-Sequenzierung dieser Proben zeigte eine
Erhöhung des activating transcription factor (AP-1)-pathways, insbesondere seiner
Komponenten FOSB, FOS und JUN. Diese Mitglieder haben bereits eine Ähnlichkeit
zur ZNS-Leukämie bei T-ALL Patienten gezeigt. Hier offenbaren infiltrierte Zellen eine
Verschiebung im Energiestoffwechsel, wie sie von Krebszellen in Reaktion auf hypoxische
Umgebungen mittlerweile bekannt ist. Die Beteiligung von AP-1 wurde schließlich
auch durch Durchflusszytometrie und Immunfluoreszenzanalyse von infiltrierten und
nicht infiltrierten Zellen geprüft. Um den Zeitpunkt der Aktivierung von AP-1 genauer
festzustellen, wurde eine mit einem AP-1-GFP-Reporter transduzierte BCP-ALL Zel-
llinie mit Organoiden kokultiviert. Live-Cell Messungen konnten schlieslich die Aktivität
von AP-1, anhand der erhöhten Fluoreszenz des GFP-Reporter, in der Migrationsphase
der ALL-Zellen feststellen. Zusammenfassend präsentierte dieses Projekt die Kokultur
Assay zwischen Hirnorganoiden und BCP-ALL-Leukämie als neuartiges Modell im
Rahmen der Untersuchung der ZNS-Leukämie. Die Überlappung klinischer Daten sowie
die Ergebnisse der bereits etablierten in vitro und in vivo Modelle sprechen für die
Spezifizität des Hirnorganoids als komplementäres Modell.



Summary

The involvement of the central nervous system (CNS) remains a clinical challenge
in the treatment of childhood B-cell precursor acute lymphoblastic leukemia (BCP-
ALL). Treatment-related toxicities significantly impact patients’ quality of life, and
CNS relapse is frequent, particularly among high-risk patients. Despite extensive
investigation, the underlying biological mechanisms driving CNS invasion in BCP-ALL
remain incompletely understood. Current research predominantly relies on 2D cell
culture and in vivo mouse models, which may not faithfully replicate human CNS
architecture and cellular identity. To address these limitations, human brain organoids
offer a complementary approach for studying CNS invasion in BCP-ALL. In this project,
a novel co-culture assay between leukemia and cerebral organoids was established.
Notably, the high-risk group TCF3::PBX1+ leukemia exhibited robust engraftment,
commensurate with their time exposed to organoids. This stood in contrast to human
haematopoietic stem and progenitor cells (HSPCs). Further, other high-risk leukemia
subgroups (e.g. BCR::ABL1, TCF3::HLF) also identified prominent engraftment in
cerebral organoids during co-culture assay. This stood in contrast to HSPCs. Live-cell
analysis revealed the directed migration of BCP-ALL towards organoids, while moving
significantly longer distances than HSPCs under the same conditions. Further, Chronic
myelocytic leukemia (CML) which are not typically associated with the CNS disease
was adopted as another control for the co-culture assay. The project also introduced a
novel spatial analysis pipeline for the precise measurement of leukemic engraftment into
organoids. Interestingly, the analysis of engraftment behavior highlighted fractions of
BCP-ALL populations disseminating into deeper organoid regions, while CML cells and
healthy HSPCs used as controls did not exhibit such deep migration into the organoids.
In line with murine model data, blocking specific pre-B-cell and chemokine receptor
signaling components, such as CD79a/Igα (preBCR component) or pre-treatment with
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the CXCR4 antagonist Plerixafor, significantly reduced invasion of TCF3::PBX1+

BCP-ALL cells into the organoids. Furthermore, RNA sequencing of infiltrated and non-
infiltrated BCP-ALL cells isolated from organoids unveiled transcriptional upregulation
of the activating transcription factor (AP-1) pathway, particularly involving FOSB,
FOS, and JUN components. Flow cytometry, immunofluorescence analyses and AP-1
reporter assay data confirmed AP-1 involvement during the migration of BCP-ALL
cells into the cerebral organoid. In summary, a co-culture invasion assay utilizing
cerebral organoids and BCP-ALL leukemia presents a novel platform for investigating
and targeting signaling pathways implicated in CNS invasion.
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Chapter 1

Introduction

1.1 Hematopoiesis
The diverse pool of human blood cell types shares a common origin. By the process of
haematopoiesis, multipotent, self-renewing stem cells differentiate into all cell lineages
of the blood. Hematopoietic stem cells (HSCs) are located within the bone marrow’s
endosteum and sinusoidal blood vessels where their localization, self-renewal, and
differentiation are controlled3,4. These immature blood cells residing in the bone marrow
(BM) differentiate in a complex, hierarchical process, followed by their emigration to
the periphery to undergo further maturation and carry out their effector function(s) 3.
Multipotent progenitors (MPPs) give rise to "lineage-committed" lymphoid or myeloid
progenitors, which deliver highly specialised blood cell types (fig. 1). Under healthy
conditions, transcriptional regulators (including cytokines and hormones) control the
proliferation and quiescence of HSPCs by limiting their cell cycle transit, such as the T
helper 1 (Th1)-derived cytokine oncostatin M (OSM). It has been long known that
chronic stimulation of CD4+ T cells maintains normal haematopoiesis5. Critically,
dysregulating the balance between proliferation and differentiation may be an accepted
driver of leukemogenesis6.

1
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Figure 1: Hematopoiesis - A Graphical Illustration of Lymphoid and Myeloid
Lineages: The bone marrow niche generates many differentiated cell types via
lymphoid and myeloid stem cell differentiation. (A) The bone marrow (BM) contains
various multi-potent progenitor cells created during hematopoiesis. Their differentiated
lymphoid and myeloid cell types emanate into the bloodstream. (B) The lymphoid
lineage gives rise to natural killer (NK) cells, T-cell, and B-cells. (C) The Myeloid
lineage leads to the production of monocytes, megacaryocytes, neutrophils, and red
blood cells.

1.2 Leukemia: A Brief Overview
1.2.1 Hematological Malignancies and their Global Prevalence
Leukemia (from Greek ’leukos’ meaning white, ’haima’ meaning blood) is a term used to
describe various types of blood cancer classified according to their characteristics, such
as morphology, immunophenotype, cytogenetic and molecular abnormalities, and clinical
features. The diseases are classified into four main categories based on their clinical
features, which are myeloid or lymphoid lineage and acute or chronic. This classification
helps relate to the appropriate treatment approach. Acute myeloid leukemia (AML),
acute lymphocytic leukemia/lymphoma (ALL), chronic lymphocytic leukemia/ small
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lymphocytic lymphoma (CLL/SLL) and chronic myeloid leukemia (CML) form the
most commonly studied leukemias. Broadly, hematological malignancies are widely
accepted to result from aberrant hematopoietic processes by leukemic stem cells (LSCs),
capable of self-renewal and differentiation. In the case of B-lymphoid malignancies,
multi-potent progenitors (MPPs) give rise to lymphoid-primed multi-potent progenitors
(LMPP), multi-lymphoid progenitors (MLP), common lymphoid progenitors (CLP),
ProB-progenitors, PreB-cells, and finally mature B-cells7. Subtypes in childhood ALL
can be of the T- or B-cell lineage, and their localization to developmental compartments
had been revealed through immunophenotype screens in the 1970s and 1980s. ALL
can result from the deregulated proliferation process of the lymphoblastic population,
leading to their arrest at an immature stage. This group may be subdivided into
infant ALL (iALL) or childhood-ALL at below or above 12 months of age respectively 7.
Since the period in which ALL during childhood was considered fatal, novel treatment
protocols have boasted 5-year overall survival rates of 85-90% and above 8,9. This thesis
is centered around BCP-ALL to which an extended introduction is depicted below.

The B-lymphoid lineage or B-cell precursor acute lymphoblastic leukemia (BCP-ALL)
is reported to make up 80% of childhood ALL. Childhood BCP-ALL is responsible for a
third of pediatric cancers in the developed world, adding around 10-45 cases per million
children annually, with around 1 in 2000 likely to be at risk of developing ALL before 15
years of age10. Even more, BCP-ALL is a complex disease with varied incidence rates
across the globe. These rates are influenced by factors such as geography, environment,
and genetics. While it can be challenging to consolidate specific incidence rates due
to these variations, high-quality studies and surveillance reports provide valuable
insights into the trends and challenges associated with BCP-ALL. BCP-ALL is the
most common type of leukemia in children, with varying incidence rates in different
regions. In developed countries, the incidence of ALL in children is around 30-40 cases
per million. The age-standardized incidence rate has shown a modest annual increase
of 0.6%, indicating a relatively stable incidence rate in recent years. For example, a
study from the Netherlands reported a stable incidence rate with a slight increase over
a 26-year period, with the age-standardized incidence rate being 37 cases per million
children aged 0–17 years11. A population-level analysis into relative survival across
Germany and the United States in adult ALL showed a 5-year relative survival of
43.4% and 35.5% respectively12.
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1.2.2 Molecular Subtypes
1.2.2.1 TCF3::PBX1
Modifications to the genome, most prominently chromosomal translocations, give rise to
fusion proteins responsible for driving abnormal cellular change. In BCP-ALL several
translocations are linked to inferior clinical outcomes compared to patients lacking
them. The underlying fusion gene TCF3::PBX1 (formerly referred to as E2A::PBX1 )
is formed by the chromosomal translocation t(1;19)(q23;p13). It arises in around 5-10%
of BCP-ALL patients, 5% of pediatric ALL patients, and has been shown to ‘readily
emerge’ in utero during fetal hematopoiesis while remaining clinically inconspicuous. It
was previously shown that although the contemporary treatment regiments are providing
an overall favorable outcome for patients, it is overcome by an overall high incidence
of CNS relapse13. CNS involvement at diagnosis is seen in 4-7% of adult patients14,
and in 2-5% of pediatric ALL15. A third of pediatric ALL patients experiencing relapse
involve the CNS compartment15,16,17.

1.2.2.2 BCR::ABL1
The BCR::ABL1 oncoprotein is encoded by the BCR::ABL1 fusion gene. The gene is
the result of a reciprocal translocation between the Abelson leukemia virus (ABL or
ABL1) gene on the long arm of chromosome 9 at position q34.1, and the breakpoint
cluster region (BCR) gene on the long arm of chromosome 22 at position q11.2. This
translocation t(9;22)(q34;q11) yields a highly truncated chromosome 22, also commonly
referred to as the Philadelphia (Ph) chromosome. While it is associated with chronic
myeloid leukemia (CML), another manifestation is found in a small, high-risk group
in BCP-ALL. BCR::ABL1+ BCP-ALL cases carry an unfavorably higher incidence of
CNS-leukemia, in fact, it is represented in approximately 15% of BCP-ALL cases. In
the case of adult ALL, this figure varies significantly, ranging from 15 to 50%, increasing
with age. Statistical data concerning relapse during clinical trials of BCR::ABL1+

patients revealed 23% relapse of which 10% experienced isolated CNS-, or combined
CNS and BM relapses18. Of note, the introduction of Ph-status documentation of
all patients before initiating therapy as a common practice has significantly boosted
survival rates19.
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1.2.2.3 TCF3::HLF
The TCF3::HLF oncoprotein (formerly referred to as E2A-HLF) forms from the
chromosomal translocation t(17;19)(q22;p13) and was first identified and reported
in 199120,21,22,23. It is a rare genetic subtype of ALL seen in less than 0.5% of pediatric
ALL, and is accompanied with poor prognosis and considered universally fatal within 2
years of initial diagnosis22. CNS involvement at diagnosis24.

1.2.2.4 MLL-r/KMT2A-r
The rearrangement of the KMT2A (Lysine [K]-specific MethylTransferase 2A gene,
formerly mixed lineage leukemia 1 (MLL1) occurs in 4-5% of de novo adult, up
to 22% of pediatric patients and 75% of infant leukemias25,26. The majority of
KMT2A rearrangements (KMT2A-r) are associated with poor prognosis, as well as
therapy-related side effects26. In fact, KMT2A-r can manifest as therapy-related
leukemias, whereby their formation is attributable to prior treatment with certain
chemotherapeutic agents27. Furthermore, KMT2A-r ALL have been shown to relapse
early in addition to high incidence of CNS involvement. KMT2A-r rearrangement in
adults with ALL is seen as a high-risk genetic abnormality, typically benefiting from
allogeneic hematopoietic stem cell transplantation28.

1.3 Central Nervous System Involvement in BCP-ALL

1.3.1 The Limitations of Conventional Classification
Tools for CNS-Leukemia

CNS involvement at diagnosis of BCP-ALL is a critical factor for prognosis and therapy
planning. CNS relapse, occurring either at diagnosis or later during therapy, poses
a significant challenge in the treatment of BCP-ALL. Although it is less common at
initial diagnosis, the risk persists throughout treatment and into remission. The global
incidence of CNS relapse in BCP-ALL is difficult to quantify due to varying diagnostic
criteria, treatment protocols, and follow-up practices across different studies and regions.
The conventional classification of the stage of CNS disease determines the total count of
white blood cells in the cerebrospinal fluid (CSF), along with the microscopic analysis
of a cytocentrifuged CSF sample to identify leukemic blasts. In the 1970s, the diagnosis
of CNS involvement in BCP-ALL relied on this specific tool. A cell count of 10/mm3

represented a major indicator of CNS disease29. The presence of lymphoblasts and the
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number of leukocytes is a classification criterium for CNS infiltration into three risk
groups (CNS 1-3)1. Given the major technological developments over the half-century,
more advanced and sensitive diagnostic criteria and techniques for CNS involvement
have emerged. Flow cytometry (FC) and polymerase chain reaction (PCR) are advanced
diagnostic techniques which now reveal minimal residual disease (MRD) in the CNS at
the submicroscopic level, significantly bolstering current diagnosis capabilities. FC can
perform physical and chemical analyses of cell populations within the CSF, identifying
and characterizing abnormal cells in the process. PCR takes a different approach by
amplifying the snippets of genetic material within leukemic cells, vastly improving
the detection of MRD. While this diagnostic method has been around for a while,
there is ongoing debate regarding whether cytology can accurately indicate the level of
leukemic infiltration and the likelihood of experiencing a relapse in the CNS. Evidence
points to methodological issues, e.g. in the preservation of samples and discrimination
between malignant and benign T-lymphocytes. Furthermore, doubt has been cast on
the representability of these assays when considering the clinical picture. Although
an initial diagnosis classifies around 2-5% of patients as CNS3 in ALL, as much
as three-quarters of this group relapse before CNS-directed therapy is usually adopted 1,2.

1.3.2 Current Practices of Detection and Classification of Risk Factors
CNS disease relapse in BCP-ALL remains a major challenge today. The lack of highly
sensitive biomarkers available is a major barrier to accurate prediction of relapse in
pediatric ALL patients. Crucially, a balance between the best possible treatment
and the risk of toxicity and long-term damage to patients requires careful balancing.
Current diagnostic tools (FC and/or PCR) play a role in predicting multi-year
cumulative survival. It has been recently discovered that patients who test positive
for either CNSflow+ (using flow cytometry) or CNScomb+ (using a combination of
cytospin and flow cytometry) at the time of diagnosis, have a higher likelihood of
experiencing relapse within 4 years, as compared to those who test negative using these
methods30. Specifically, CNSflow+ and CNScomb+ are significant predictors of relapse,
underscoring the importance of advanced diagnostic tools in identifying patients at
higher risk for targeted interventions. It was shown recently how PCR and cytospin, a
method of concentrating cells from the CSF onto a microscopy slide by centrifugation,
diverge when compared head-to-head. For instance, analysis of cell-free DNA from CSF
of pediatric ALL patients detected CNS dissemination in 20–47% of cases compared to
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5–17% by cytospin, indicating a significant occurrence of CNS involvement at diagnosis.
A recent study showed that 28% of patients had CNS involvement at diagnosis
according to flow cytometry, while only 3% were detected by cytospin. The flow positive
(CNSflow+) group had a 10.7% 3-year cumulative incidence of relapse, compared to
6.9% for the flow negative group. A different study investigating FC detection indicated
a 5-year cumulative incidence of relapse of 29% for the flow positive group versus 7% for
the flow negative group, highlighting the importance of detecting CNS involvement as
it can affect the prognosis1. It also suggests the necessity for more sensitive techniques
like flow cytometry or next-generation sequencing to assess treatment response in the
CNS. Critically, the contrast in CNS involvement rates between detection methods
is highly relevant regarding relapse rates. In summary, evolving detection methods
have helped clinicians improve diagnosis, particularly in the evaluation of MRD
and the risk of relapse. Yet it must be stressed that room for better predictors of
CNS disease, particularly with the emergence of new biomarkers, is needed in the future.

1.3.3 Leukemia Pathways to the CNS
To provide a clearer breakdown of leukemia dissemination into the CNS, a detailed
cross-sectional cartoon is depicted below. The CNS comprises the brain and spinal
cord. The meninges protecting the brain are a layered structure with embedded vessels
serving the brain (fig. 2). These include the outer dura mater, separated from the
inner meninges by the subdural space. The inner meninges include the arachnoid and
pia mater (fig. 2B), collectively known as the leptomeninges (fig. 2C), which coat the
brain parenchyma (functional brain tissue). The subarachnoid space sits between the
arachnoid and pia mater, harboring cerebral vessels and the cerebrospinal fluid/ liquor
cerebrospinalis (CSF) (fig. 2I). The CSF is produced in the choroid plexus, an epithelial
layer in the walls of the lateral ventricles. To add to the different components of the
meningeal layers, CSF is also resorbed from the subarachnoid space into the blood via
the pacchionian granulations (arachnoid granulations) (fig. 2F). Blood is carried to the
CNS via the vertebral and internal carotid arteries. Even though blood flow to the brain
and meninges are distinct, both systems drain into the cranial sinuses. Most recently,
reports show that a third of relapse cases in pediatric ALL experience intermittent,
leptomeningeal metastasis of the leukemic cells circulating in the vessels31.

Several loci are considered for invasion of leukemia cells, including via the Virchow-
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Robin spaces through the blood-brain barrier, through the meningeal microvessel or via
the blood-CSF barrier at the choroid plexus32 (fig. 2). Interestingly, leukemic cells
had been observed to pass directly into the leptomeninges from the bone marrow
by passing through vertebral and calvarial bone fenestrations33. Recently, CNS
involvement was thought to mainly affect the meninges, which consist of the pia, dura,
and arachnoid mater, through which leukemia cells may expand or remain as focal
lesions. However their entry may be facilitated by a selection of entries32. Lymphocytes
may cross microvessels blood-brain-barrier (BBB) into the parenchyma (fig. 2, 1 ),
the blood-leptomeningeal barrier (BLMB) of the pia mater (fig. 2, 2 ), as well as the
blood-cerebrospinal fluid barrier (BCSFB) (fig. 2, 3 ). Additionally, it is believed that
leukemia cells may utilize bridging veins within the skull and meninges to reach the
CNS, bypassing other potential entry routes. Finally, leukemia could use the dural
lymphatics to transport leukocytes to and from the parenchyma and subarachnoid
space (fig. 2, 5 . To summarize, BCP-ALL dissemination into the CNS may follow
multiple routes.

1.3.4 Molecular Underpinnings Driving Infiltration and Cell Quiescence
1.3.4.1 Cell Migration and Dissemination
Metastasis is a crucial stage in the development of tumors. It happens when cells
from the original tumor acquire the ability to migrate, enter the bloodstream or lymph
vessels, move to a different location, and leave the vessel system. Metastasized cancer
is responsible for around 90% of cancer-related deaths34,35,36,37. Some of the cellular
components required for tumor invasion are represented in leukemic cells. B-cell invasion
into the CNS can begin with the rolling and tethering processes through venues of blood
vessels along the BBB, including microvascular endothelial cells. Selectins, a family of cell
surface glycoproteins (E-, P-, and L-selectins), are involved in leukocyte cell trafficking
(L-selectin). L-selectin can be expressed on leukemia cells, and the extent of their
expression has been linked to highly metastatic disease. The leukemia cells are thought
to tether through P/E-selectin initially. Others present interaction of the intercellular
adhesion molecule ‘ICAM1’ with the B-cell receptor and finally with the chemokine
ligand-receptor, allowing the B-cells to escape through tight junctions via the process
of trans-endothelial/paracellular/trans-cellular migration. Another family of surface
proteins, Integrins, are known to be involved in multiple aspects of metastasis, including
invasion and pro-survival pathway activation. During hematogenous metastasis, they
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Figure 2: BCP-ALL Paths to Entry to the CNS Niche- Cartoon depicting a
coronal section of the human brain labeled A-I and 1-4. (A) Skull, (B) Pia Arachnoida,
(C) Leptomeninges, (D) Superior Sagittal Sinus, (E) Emissary Vein, (F) Arachnoid
Granulations, (G) White Matter, (H) Cerebral Cortex, (I) Cerebrospinal Fluid. Numbers
1 through 5 : 1 Blood Brain Barrier (BBB), 2 Blood-cerebrospinal Fluid Barrier

(BCSFB), 3 Veins traversing the skull and meninges, 4 Blood Leptomeningeal Barrier
(BLMB), 5 Dural lymphatics may drive lymphocyte movement across the pyrenchyme
and subarachnoid space

direct leukemia cell attachment to vessel walls and entry into the metastatic niche.
Several molecular pathways and their components have been linked to CNS infiltration
in the past38,39. Pre-B-lymphocytes express the antigen receptor pre-B-cell receptor
(pre-BCR). The pre-BCR is a receptor tyrosine kinase mediating the proliferation
and differentiation of B cells through antigen stimulation. Recently the pre-B cell
receptor and its signaling units CD79a and CD79b were shown to regulate CNS
involvement31,40. In fact, targeting of the CD79b component by antibodies showed
robust anti-leukemia efficacy and reduced CNS-ALL burden in ALL models40. The
ZAP70 (Zeta-chain-associated protein kinase 70 )-kinase is a downstream signaling
component of the BCR. In chronic lymphoid leukemia (CLL), it has been shown to
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enhance B-cell migration towards chemokines41,42. ZAP-70 expression has also been
reported in 56-59% of BCP-ALL cases. In T-ALL, ZAP-70 interconnected with the
pre-BCR signaling, has been previously shown to promote CNS infiltration43,44. This
was dependent on ERK1/2-mediated induction of the chemokine receptors CCR7 and
CXCR4. The Ras/Raf/MEK/extracellular signal-regulated kinase (ERK) pathway
represents one of the critical pathways for pre-BCR signaling in healthy and malignant
B cells, and CXCR4 is also being directly controlled by pre-BCR-signaling via Bruton’s
tyrosine kinase (BTK)45,46,47. A variety of chemokine receptors, such as CXCR3,
CXCR4, and CCR7, present on normal lymphocytes encourage migration to the CNS
which expresses the corresponding ligands in the endothelium of the brain and the
epithelium of the choroid plexus. The expression of the chemokine receptor CXCR4,
highly prevalent in most hematological malignancies, on the surface of ALL B-cells is
increased compared to healthy cells. Its cooperative ligand CXCL20 is enriched in the
human brain. Meanwhile the key driver of migration and entry of self-reactive T-and
B-lymphocytes into the CNS has been linked to inflammatory conditions. Moreover,
the CXCR4 ligand stromal-derived factor 1 (SDF-1), also referred to as CXCL12, has
been linked to transendothelial migration in ALL48. In a preclinical model of BCP-ALL,
the targeted inhibition of CXCR4 and its ligand stromal-derived factor 1 (SDF-1)
signaling via the small-molecule inhibitor plerixafor in mice prevented dissemination
of BCP-ALL blasts into the skull, vertebral bone marrow and subarachnoid space 49.
Furthermore, cellular pathways controlling cell motility are induced due to integrin
activation. Chemokines, cytokines, and growth factors are soluble factors known to
drive metastatic disease by guiding the chemotaxis, invasion, and colonization of liquid
and solid tumors. The BM, CNS and skin are vital compartments affected by leukemia,
in which SDF-1 is synthesized and secreted, luring in leukemia cells via chemoattraction.
More specifically, its expression initiates early during cortical development, thereafter
exhibiting high levels in both the developing cortex and meninges. Postnatally, SDF-1
maintains consistent expression in various brain regions, including the hippocampus,
persisting throughout the organism’s lifespan50.

VEGF reportedly regulates neovascularisation/angiogenesis and endothelial cell growth
in normal and abnormal situations. It also plays a critical role in controlling vascular
permeability, transendothelial migration, and cellular survival51,52,53,54. Lymphocytes
and leukemia cells are known to use transendothelial migration to traverse the endothe-
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lial layer. This depends on the presence of integrins and other adhesion molecules on
their surface to bring about the morphological changes needed55,56,57,58. Leukemia cells
secrete VEGF and express functional VEGF receptor (VEGFR) which contributes to tu-
mor growth and dissemination. More to the point, VEGF can promote transendothelial
migration of ALL cells, whereby VEGF/VEGFR2 signaling interference of endothe-
lial cell kinases disrupts their barrier function, enabling cancer cell extravasation 38.
VEGF was found to drive leukemia proliferation, migration, matrix metallopeptidase-9
production, and breaking down the BBB by disrupting tight junctions. Treatments
on mice primary xenografts could reduce leukemia burden in the CNS, but no other
compartments. Interestingly, data from Akers et al. show that ALL leukemia blasts do
not induce an inflammatory phenotype in the brain microvasculature endothelial cells
associated with extravasation59.

1.3.4.2 Fusion Protein-Interleukin Interactions
Patients with the TCF3::PBX1 fusion protein show a higher number of cases of CNS
involvement at initial diagnosis and relapse13. The Tyrosine-kinase MER was initially
identified as a molecular target for CNS involvement; MER is unregulated in many
BCP-ALL patient samples; however, there currently is no evidence to point out that
TCF3::PBX1 directly regulated MER. PBX1 has been shown to alter IL7 receptor
signaling and high expression of IL7R. Other sources claim PBX1 may positively
mediate ALL survival within the CNS60,45. A blood brain barrier (BBB) co-culture
model with BCP-ALL cells revealed resistance to the CNS-directed therapeutic drugs
cytarabine and methotrexate, driven by PBX145. Others reported decreased sensitivity
to these drugs in apoptosis and proliferation assays in cells expressing PBX161. Fur-
thermore, protection of leukemia blasts within a choroid plexus niche was reduced via
shRNA (but not control shRNA) knockdown of PBX1 in a co-culture of blasts and CPs60.

1.3.4.3 Cell Survival in the CNS and Response to Hypoxia
New insights into signaling pathways regulating/affecting CNS homing and survival
in BCP-ALL have emerged in recent years. Understanding the mechanism of action
regulating CNS relapse could provide avenues for directed therapy to minimise toxicity.
Leukemia cell survival and resistance to chemotherapy pose a significant challenge to
overcome with newer therapeutics. In pediatric AML, CXCR4 expression has been
previously introduced as an adaptation to chemotherapy62. BCR signaling via the



12 Chapter 1. Introduction

ERK pathway represents one of the pathways mediating cell survival1,44,63,64,65. Higher
VEGF expression has been associated with cell adaptation to hypoxia1,66. These
findings were further explored in the same study. Human VEGF in xenograft mice was
targeted by administering Bevacizumab, a monoclonal VEGF antibody that blocks the
binding of VEGF to either VEGFR-1 or VEGFR-2. CNS-leukemia, but not BM or
Spleen leukemia, was reduced, in addition to a reduction of meningeal infiltrates, which
remained unchanged in control mice. High levels of VEGF expression remained in
both CNS and BM, indicating that human VEGF governs the ablation of the leukemia
burden in the CNS38. Adaptation in BCP-ALL associated with treatment failures are
especially relevant after dissemination into the CNS niche.

Hypoxic conditions occur in spaces with below-optimal oxygen concentrations.
Meanwhile, cancer cells are known to require large amounts of energy to sustain growth.
One of the hallmarks of cancer describes the adaptation in energy metabolism; however,
this shift would introduce nutrition deficiency and accumulating waste affecting nearby
non-tumor cells. Glycolysis in normal cells generates energy, but tumor cells produce
lactate through high glycolysis activity, known as the Warburg effect observed by
Otto H. Warburg in the early 20th century67. The hypoxic conditions that can occur
in the bone marrow have long been favored to promote the survival of leukemic
cells within this niche. In fact, the hypoxia-gene expression has been documented in
leukemia cells under low physiological oxygen levels experienced in the CNS66. The
state of hypoxia is significant for various bodily functions such as cell metabolism,
survival, proliferation, and angiogenesis, as well as for disease processes like cancer
development and metastasis68,69,70. Novel treatment strategies have been sought to
prevent adaptations of leukemia cells to the low oxygen and nutrient levels in the
CSF environment of the meninges. Hypoxia also contributes to leukemia resistance
to chemotherapy and radiotherapy and promotes its progression71,72,73. Methotrexate
(MTX), a folate analogue used in childhood BCP-ALL and auto-immune disease
treatment, inhibits deoxyribonucleic acid (DNA) synthesis by depleting thymidylate
and purine nucleotides. This induces cell death through DNA strand breakages and
cell death. Prednisolone (PRD), a glucocorticoid that binds the glucocorticoid receptor
(GR), is used in ALL treatment. Cell cultivation under normoxic (21% O2) or hypoxic
(5% O2) conditions, followed by treatment with MTX and PRD, revealed a protective
effect of the hypoxic condition on the viability of tested BCP-ALL cell lines. Further
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analysis of these cells revealed that hypoxia may modulate the expression of pro- and
anti-apoptotic proteins, thereby promoting chemotherapy resistance in BCP-ALL 71. A
study comparing ALL cells from the CNS and bone marrow revealed that adaptations
to hypoxia were present in CNS-leukemia. The study used whole human-genome
expression analysis to screen sample pairs from meningeal infiltrates. BCP-ALL
xenograft mice showed VEGF expression after transplantation. VEGF expression is
significantly increased in ALL cells derived from the CNS271. Moreover, the role of
VEGF in mediating transendothelial migration and cancer dissemination was detailed
above. Leukemia cells in the CNS are thought to acquire a state of quiescence. Here,
the microenvironment plays a supporting role in generating survival signals in leukemic
cells. Such has been considered to be supported by members of the AP-1 pathway74.
The transcription factor activator protein 1, or AP-1, are a family of dimers consisting
of the JUN, FOS, FOSB and other activating transcription factor protein families.
The component JUN is elevated in AML and supports cell growth and survival in
AML. AP-1 has also been associated with hematological cancers, including ALL74,75.
Specifically, FOSB is associated with CNS-leukemia76. Recent evidence has shown
success in targeted inhibition of AP-1 in cancers, such as MLL-r leukemia75.

1.3.5 Conventional Treatment Strategies and CNS Prophylaxis
Studies conducted in the 1970s suggest that before routine CNS prophylaxis, 50%
to 75% of children experienced CNS relapse, usually within months of the original
diagnosis. This high rate of early CNS relapse suggests that occult CNS leukemia
was present from the outset, emphasising the limitations of past detection methods
in identifying subclinical CNS disease1,29. A central nervous system (CNS)-directed
therapy can be taken up early in clinical treatment; however, it should be specific to
the treatment subject in question77. CNS relapse was reported in more than 30% of
patients without a prophylactic regimen78. The goal of their inception was to prevent
CNS infiltration; however, it has since been reported that the CNS is likely affected at
the onset of the disease. Current CNS-directed treatment involves intrathecal/systemic
administration of glucocorticoids (dexamethasone), intrathecal/intravenous (high-dose)
delivery of methotrexate and cytarabine, and asparaginase14. The success of such
a treatment regimen had already been revealed in long-term follow-ups during the
late 90s, adopting dose-intensive therapy courses of Hyper-CVAD (hyperfractionated
cyclophosphamide, vincristine, doxorubicin, and dexamethasone)79. Intrathecal (IT)
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therapy, involving the direct injection of chemotherapy into the CSF, is crucial for
CNS-directed therapy due to the poor CSF penetration of many systemic anticancer
agents. The COG AALL1131 trial explored the efficacy of prophylactic triple intrathecal
therapy (TIT) (methotrexate, cytarabine, and hydrocortisone) versus single intrathecal
therapy (methotrexate alone) post-induction in high-risk BCP-ALL patients aged 1–31
years, excluding CNS3 patients. The trial was halted due to a since TIT could not
be deemed superior to IT MTX. While a non-significant trend towards reduced CNS
relapse rates was observed in the TIT group, it was met by an increase in isolated bone
marrow relapses. Lastly, neurological toxicity rates did not differ between the IT MTX
and TIT treatment groups. Taking the current leaps in the successful treatment of
ALL patients aside, we still face room for improvement in diagnosis and the potential
prospect of life for patients after therapy80,81. Early prophylactic radiation therapy has
since been replaced by intensive systemic, intrathecal applications of chemotherapeutic
agents such as methotrexate and cytarabine (Ara-C)16. An example study in adult
patients for Ph-positive ALL included a combinational treatment of imatinib or
dasatinib with prednisone and CNS prophylaxis, leading to a complete remission rate
(CR) of 96% to 100%82,83. However, this is usually accompanied by severe side-effects
affecting patients quality of life.

1.3.6 Current Limitations in BCP-ALL Treatment Efficacy due to Toxicity
Detrimental short-/long-term burden to the CNS (including haemorrhages, leukoen-
cephalopathies, chemical meningitis, and neuropsychological and spinal dysfunctions)
still lingers84. Treatments are often accompanied by but are not limited to, high
neurotoxicity of irradiation, increased risk for secondary neoplasia, endocrinopathy, and
neurocognitive dysfunction. "Serious Adverse Events" (SAE) have been observed in
4-12% of children85. From a broader perspective, the current use of therapy control has
significantly improved the healing and survival rate of children diagnosed with ALL.
This, however, should not undermine the need for therapies with low long-term toxic
side effects and, if necessary, better use of CNS treatments while trying to limit their
use. Regarding CNS-BCP-ALL, cells are mainly found in the meninges that cover the
brain and spinal cord and only spread to the brain tissue during the advanced stages
of the disease86. It has been suggested that since CNS involvement in children with
ALL appears at diagnosis, drugs targeting leukemia cell migration to the CNS may
merit limited clinical success. Additionally, further research is required to verify if the
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migration from blood and bone marrow persists after the first seeding. This can be
explored through pre-clinical or clinical models, where treatment is initiated once CNS
involvement is detected. Treatment is also limited by the need for more efficacious
drugs that pass the CSF to the site of residing leukemia cells. Various chemotherapies,
including vincristine and methotrexate, are currently used for ALL treatments. These
chemotherapies work by blocking the cell cycle and inducing cell death. Novel drugs
have been used to target the dissemination of leukemia into leptomeninges. CXCR4
antagonists Plerixafor and BL/8040, block the CXCR4/mediated migration across
meningeal blood vessels1. However, cell survival mechanisms resulting from critical
molecular adaptations in leukemia cells challenge new treatment strategies.

1.3.7 Promising Targeted Therapies Tackling Molecular Adaptations in
CNS-BCP-ALL

Recent research has focused on understanding the biology of CNS involvement in
BCP-ALL to develop targeted therapies. Studies have explored metabolic adaptations of
leukemic cells to the CNS environment and identified potential therapeutic targets such
as VEGF and mRNA translation, which could offer new avenues for treatment1. One
promising approach involves the use of combined inhibition targeting the anti-apoptotic
regulators BCL-2 and MCL-1. When used in combination in preclinical models like
patient-derived xenografts, this has shown significant reductions in leukemia loads.
This suggests a powerful strategy against high-risk BCP-ALL by co-inhibiting BCL-2
and MCL-1 and enhancing therapeutic outcomes through targeting the mitochondrial
apoptosis pathway, which plays a critical role in the survival and treatment resistance
of cancer cells, particularly in BCP-ALL87. Another important pharmacological option
is Blinatumomab, a bispecific T-cell engaging (BiTE) antibody construct that recruits
T cells to target CD19 on BCP-ALL cells. While Blinatumomab is more effective
than standard cytostatic agents, not all patients respond to the treatment. A study
focusing on predictors of efficacy for Blinatumomab in BCP-ALL patients revealed
that non-responders showed impaired CD19-BiTE-mediated cytotoxicity in vitro. This
research suggests that the functionality of patient-derived T cells, particularly their
ability to proliferate and exert cytotoxic effects in the presence of Blinatumomab, could
serve as biomarkers for identifying potential non-responders before or early during
treatment88. These studies provide insight into current pharmacological strategies
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against BCP-ALL, underscoring the importance of targeted therapies and the need for
personalized treatment approaches based on specific patient and disease characteristics.
As research advances, integrating these novel therapies into clinical practice could
improve outcomes for patients with BCP-ALL, providing more effective and potentially
less toxic treatment alternatives.

1.4 A Brief Overview of Preclinical Model Sytems in
BCP-ALL

1.4.1 2D in vitro Cell Culture Models Can Not Represent Three-
Dimensional Tissue Microenvironments

Researchers have long relied on two-dimensional (2D) cell cultures and animal
models to study tissue and organs’ formation, function, and pathology. However,
critical areas for improvement in their ability to accurately reflect the complex
three-dimensional environment limit their use case. In this regard, it has been shown
how cell-cell/cell-matrix interactions and morphology differ between 2D and 3D
cultured cells. Although two-dimensional (2D) cell cultures are a well-established and
versatile model system, conventional monolayer cultures do not fully recapitulate the
physiology of biological tissues89,90,91,92,93. Furthermore, the complex cortical layers of
the brain cannot be modeled under 2D conditions.

1.4.2 Rodent Model Systems: Benefits and Shortcomings
Murine models have long been used as a means to recapitulate human ALL. These can
be categorized into spontaneous, induced, transgenic, and transplant murine models.
The first three centre around the animal tumor, while transplantable models include
allogeneic and xenogeneic transplantation, most commonly involving human tumor
xenografts in immunodeficient mice. With the onset of the (NSG) mouse model, a
total absence of NK cells was achieved, negating the need for irradiation before the
injection of leukemia cells. At its core, the NSG model combines a knockout of the IL-2
receptor gamma common-gamma-chain with the "nonobese diabetic/severe combined
immunodeficiency" (NOD-SCID)94. These have become invaluable for establishing PDX
models for drug screening pipelines and preclinical trials. Transgenic models intend to
introduce the known genetic alterations associated with leukemia into mice. The latter
is an approach to immunocompromise mice to enable consistent and stable leukemia
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engraftment. Progress in developing syngeneic models has led to the onset of inducible
models that control transgene expression. Introducing these genetic aberrations into
mice allows a better understanding of pathways underlying leukemogenesis, thus
contributing to potential therapeutic targets. However, drawbacks to the model’s
efficacy remain. Recreating the human disease in mice can, for instance, be significantly
affected by the choice of promoter used in gene expression. Furthermore, protein-protein
interactions between human and mouse models may differ. Syngeneic models, however,
benefit in modeling leukemogenesis by conserving key microenvironment factors that
may otherwise have to be introduced at physiological levels in xenograft mice. Early
models of an immunodeficient murine model involved pre-irradiation of mice before
transplantation94,95. The inherent advantage to these models comes partly from the
species’ relatively low cost and short life cycles. What is more, 99% of human genes
have been found to exist in mice, while gene homology may be up to 78.5%. Tumor
growth in the spontaneous tumor models conveniently anneals to that of human tumors,
which may reveal the effect of genetic factors on tumorigenesis. Inducible models,
introducing genetic perturbations via exogenous carcinogens, greatly benefit from less
complexity, a shorter experimental timeline, and higher reproducibility. Disadvantages
of the murine model include their association with high expenses, significant time
investment, and ethical considerations96,97. Given their long experimental cycle
and high cost, these attributes have been associated with the spontaneous animal
tumor model. Moreover, inducible models may yield higher mortality and variability
of lesions. Many transplantable tumor models’ immunodeficiency needs to be
handled in an aseptic environment. Furthermore, not all human tumors, such as in
leukemia, successfully engraft in rodent models. Harvested human cancer cells from the
animal likely require separation from the murine material, adding to the complexity 94,95.

1.4.3 Brain Architecture and Development in
Rodents and Humans

The early development of the central nervous system (CNS) differs significantly between
rodents and humans. The ventricular zone is where stem and progenitor cells reside,
undergoing different types of division. Symmetric division occurs early in the division,
leading to the initial amplification of the progenitor pool. Later, asymmetrical division
occurs whereby a secondary division leads to another progenitor, which migrates
outward to become a neuron. In another case, it may also form intermediate progenitor
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cells (IPs), which divide into two terminally differentiating neurons once more. These
are examples of direct and indirect neurogenesis, respectively. During the developmental
phase of the CNS in rodents and humans, the posterior brain is similar, while the
cortex is vastly expanded. In addition to the ventricular zone (VZ) and the cortical
plate (CP), the human brain contains the outer subventricular zone (SVZ). The SVZ
includes a specialised cell type known as "outer radial glial" (oRG) cells, seldom found
in rodents. During neurogenesis, oRG cells behave as a transit-amplifying population.
oRGs are neuronal progenitor cells (NPCs) that asymmetrically divide into IPs. As a
result, the continuous asymmetrical cell division in the developing human cortex can
yield vastly greater populations of neurons compared to rodents. This contributes to
the prospect that certain aspects of brain development cannot accurately be modeled
using rodent systems98.

1.5 The Organoid as an Emerging 3D In Vitro Model
1.5.1 Emergence of The Organoid Term and Current Definition
Between 1965 and 1985, the term "organoid" referred chiefly to experiments in
developmental biology involving dissociation and reaggregation. In the last decade, this
term experienced a revival. The near-endless capacity to self-renew and differentiate
into a large swathe of cell lineages made ES and hiPS cell technology invaluable in
developmental biology. A great pioneer arrived in Yoshiki Sasai and his colleagues
sought to exploit a new use case. They proposed that 3D cultivation of pluripotent
stem cells would unlock an inherent capability to self-rearrange and organize in layered
structures driven by their genetic program. In this way, they sought to investigate
spatial patterning and morphogenesis in early organogenesis in vitro 99,100,101. An
organoid can be defined as an in vitro multi-cellular unit that can recapitulate the
structure and functional characteristics of a particular organ or tissue within the
body. These can take many forms, annealing to the organs in our body that it is
trying to mimic. While the point at which something becomes an organoid is open
to discussion, it should carry complexity, multi-cellularity, and three-dimensionality
distinct from traditional monolayer cell cultures. Organoids can be generated using
stem cells. As the stem cells differentiate and self-organize, the desired structure
of the organoids is formed. This is one of the numerous methods of generating
organoids102,103. The advantage of using stem cells lies in their self-organization
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and formation of intricate structures (such as kidney nephrons). Hence in the field,
researchers are using this approach to understand the formation process of, e.g.
brain tissue, kidney tissue, etc., as well as using it as a basis to understand the
disease states (e.g. microcephaly in the brain organoid model/kidney disease phenotype).

1.5.2 Brain Organoids: Stem Cell Differentiation and Patterning Factors
The advancements in stem cell research made in recent decades have led to revolutionary
approaches in stem cell research. Tools enabling the re-programming of human
somatic cells to produce hiPS cells which can be precisely pushed along a specific cell
lineage have introduced methods of human embryonic, as well as organ development
and disease104. In the last decade, pioneering work on the three-dimensional stem
cell culture by Yoshiki Sasai laid the foundation of what organoid research would
become. It is known that spontaneous neural differentiation occurs in embryonic
stem (ES) cells without intervening with inhibitors (e.g. BMP, Nodal, Wnt). This
was termed a "neural-default state" for ES cells years ago99. Using a serum-free
floating culture (SFEBq), Sasai and colleagues achieved neuroectoderm formation and
identified stratified cortical development in organoids. Organoids can be cultivated
from two categories of stem cells: (i) pluripotent embryonic stem (ES) cells and
induced pluripotent stem (iPS) cells, and (ii) organ-restricted adult stem cells (aSCs).
Omitting any patterning factors (Fgf, Wnt, BMP) led to the formation of rostral
hypothalamic tissue. Applications of said patterning factors allow for control of
alternate regional identities. Significant overlap to human tissues exists in the types
of patterning or extrinsic signaling molecules adopted, indicating that inhibitions of
critical pathways such as BMP, GSK3β or Wnt are vital to generating well-differentiated
neuronal populations105. Lancaster and Knoblich have been credited for generating
matrix-embedded organoids bearing multiple brain regions103. Recent publications
involving cerebral organoids have, in one way or another, built on their organoid
publications. The composition of culturing media has emerged as a critical factor to
guarantee high-quality organoids. Lancaster et al. adopted retinoic acid early since
it is reported to support neuronal differentiation in vivo 102. Gabriel and colleagues
introduced modifications with an ALK5 inhibitor (SB431542) and an AMPK pathway
inhibitor (Dorsomorphin) (table 10). In this example, spheroids generated from
hiPS cells are treated with inhibitors to activate key pathways promoting neuronal
differentiation of the neurosphere while suppressing the bone morphogenic protein
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(BMP) and the TGFβ/activin/nodal signaling pathway106,107,108,109. Combining these
factors may enhance neural differentiation more effectively than using retinoic acid alone.

1.5.3 Cerebral Organoids: Structure and Characterization
Cerebral organoids are named as such, as they were designed to recapitulate structural
features found in the developing neocortex. It should be pointed out that organoids
develop for an extensive time but are limited by the culturing technologies available
today. The formation of neural rosette-like structures shows this maturation that
forms the distinct layers of the pseudo-neuroepithelium105 (fig. 3). They are typically
layered in several layers of development, beginning from the lumen (centermost part of
rosettes), where early progenitors reside. Like the human neocortex, the further the
structure expands, the more differentiated cell types one would find. To summarize,
the ventricular or rosette-like structures bear a defined radial outgrowth from their
centre, starting with outer radial glia towards more differentiated neurons at the apical
site of these rosettes. If one imagines a single slice of these structures, progenitor cells
(Nestin/SOX2), outer radial glial cells (oRG) (PAX6), and ventricular radial glial cells
(vRG) (PAX6, HOPX, FAM107A) make up the ventricular and sub-ventricular zones
within the basal layers. Deep-layer and upper-layer neurons in the apical layers can
include astrocytes (GFAP) and neurons positive for a range of markers (e.g. MAP2,
TUJ1, TBR1, Reelin). Many abundant proteins have been identified for neuronal cell
types in organoids.

1.5.4 Applications of Organoids in CNS Cancer Research
1.5.4.1 Tumor-modeling Organoid Systems
In their early development, "organotypic tumor spheroids" were one example of
patient tissue-derived organoids110. Here, " organoids " are aimed to closely mimic
human tumor tissue for in vitro studies. Today, their terminology resembles their
purpose closer; "tumoroids" or "tumor organoids". While early cultures involved
serum-supplemented media, modern protocols closer anneal that of healthy tissue
organoids, being serum-free; however, patterning factors are omitted to mainly produce
tumor cells. Difficulties exist in the success rate of generating these organoids in vitro.
To their advantage, mimicking patient tumors is superior to conventional in vitro
models since they carry the key in vivo features and survivability ex vivo. Clonal
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Figure 3: Structural Organization and Cellular Identity in Matured Cerebral
Organoids- The schematic illustration shows the structure and cellular identity typical
for cerebral organoids (bottom-centre). The neuroectoderm (top-centre), which becomes
prominent during the early stages of organoid maturation, can best be characterized by
the immunochemical staining of slices. Rosette-like structures emerge from immature
organoids and experience a radian outgrowth into multiple zones. Ventricular radial
glial (vRG) cells, commonly positive for PAX6, form the ventricular zone (VZ). During
maturation, multiple progenitor layers emerge, adding subventricular (SVZ) and outer
subventricular zones (OSVZ) bearing outer radial glial (oRG) cells; these cell types
are critical in the asymmetrical cell division of the developing human cortex. Cells of
the OSVZ give rise to intermediate progenitors (IPs) and neurons which surround the
ventricular zone. hiPSare detectable with anti-SOX2/Nestin markers. Neurons express
markers such as beta-three tubulin (TUJ1), T-box brain protein 1 (TBR1), and even
microtubule-associated protein 2 (MAP2)99,100.

evolution, i.e. the degree of genetic heterogeneity resulting from extended ex vivo
culture, is not limiting their application. Thus, expanded tumor organoids can be
matched with healthy organoids. Glioblastoma (GBM) multiforme is a rapidly growing
and aggressive brain tumor. Tumor organoids derived from GBM patient biopsies
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were already created in the 1980s. Even then, it was shown that the genomic profile
and cellular and molecular phenotypes of the original patient tumor were conserved,
whereas primary cell cultures were deviating away. Also, the inter- and intra-tumoral
heterogeneity of the tumor were represented110,111,112,113. Drawbacks in this model exist,
which will become relevant for healthy tissue organoids (stem-cell-derived organoids)
in subsequent chapters. In short, vascularisation of the tumor tissue is a crucial
component lost ex vivo, accompanied by losing an immune component. Brain, breast,
kidney, and liver tumor organoids are only a tiny subset published today.

1.5.4.2 Tissue-modeling Organoid Systems
Recent shifts to interrogate human cancer in 3D cultures show a more progressive
research field. Molecular mechanisms of patient tumors can be studied by newer 3D in
vitro models. Furthermore, increasing the adoption of 3D models can improve protocols
and drive modern tissue engineering. Such developments have occurred with the onset
of stem cell-derived organoids. Brain organoids are a stem cell-based 3D in vitro model,
which partially resemble the brain of their donor host in the regional organization
and cell identity102. Organoid technologies have already become a valuable tool in
biomedical research, as a model of organ function and a potential screening method
for pharmacological studies113,114,115. The versatility of organoid technology provides
a range of applications in the field, primarily by forming human structures that can
be grown in the lab. It has traditionally been challenging to interrogate human
tissue/organs in the lab since these must be developed from patient-derived material.
Such an approach would interfere with the prime directive in patient care; to improve
the health and maintenance of the patient. Luckily, the organoid model may provide a
way around this issue, allowing researchers to study human diseases that could not have
been studied before. Research around the cultivation and characterization of human
brain organoids has been evolving rapidly over the last few years, such that they can
be tailored to model specific regions of the brain (i.e. cerebrum, midbrain, frontal lobe
etc.)113,114,115. However, stem cell-based 3D culture models are gaining traction in
cancer research116,117. Recent research on co-culture assays of cerebral organoids with
glioblastoma stem cells (GSCs) yielded positive results to consider their application
in CNS invasion studies115,118. Moreover, a newly published organoid protocol has
tackled hematological disease by creating organoids bearing a bone marrow-specific
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environment119. Studying cancers in vitro has also seen a different approach to stem
cell-based organoid models through biomimetic. This term refers to a branch in
bioengineering aiming to raise the cell and matrix complexity of 3D models120. This
approach shows more relevance in creatig solid tumors. That said, cerebral organoid
models had never been employed in ALL research.

1.5.4.3 Pre-Clinical Applications of iPS-derived Organoids
A significant proportion of leukemia patients will face the likelihood of CNS disease. The
mechanisms of invasion and adaptation of cells to a hostile environment are core targets
for novel treatments. Murine and 2D monolayer cell models form part of the pre-clinical
model group, providing new mechanistic insights. Unfortunately, both systems feature
inherent disadvantages. Furthermore, an increasingly stronger push towards alternative
pre-clinical models has been seen with the adoption of the organoid model. However,
this model has been chiefly adopted for brain cancer research, such as glioblastoma stem
cells (GSCs). GSCs are adherent cells shown to interact and invade organoids by forming
invading protrusions. Patient-derived samples have also been used to test the specificity
of the model. By comparison, BCP-ALL leukemia cell in vitro cultures are primarily in
suspension. Until now, the capability of leukemia cells to engraft into brain organoids
has been unknown. The field of CNS leukemia has yet to approach organoids as a
model of invasion. Drug compound testing using preclinical models is highly relevant
and is an avenue that has been studied with GSC-organoid experiments. Investigating
the effect of drug compounds on cell engraftment in the context of leukemia will be
another first. The analysis of brain organoids has seen rapid development in recent
years. Organoids are most often imaged using laser scanning confocal microscopes or,
most recently, using advanced light-sheet microscopes. Image analysis can be performed
to reveal events and structural features of organoids. However, such applications can
be prohibitively expensive and require maintenance. Novel computer pipelines offering
automation in analysing large batches of organoid images exist but have yet to become
mainstream. An example of this approach, combined with the precision of light-sheet
microscopy, has delivered stunning insights into the organization and development of
brain organoids121,122. A new type of pipeline to fully characterize the engraftment of
cells into organoids is urgently needed.

This PhD thesis focuses on the suitability of the in vitro brain organoid model to
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determine the migration of BCP-ALL cells into the CNS tissue. To achieve this goal,
ALL cells with the translocation TCF3::PBX1 (a risk factor for brain metastases) will be
cultivated together with brain organoids. In parallel, other clinically relevant subtypes,
CNS low-positive samples, and CD34+ HSPC cells will be tested as negative controls.
The evaluation is performed by confocal microscopy, as the ALL cells are coupled with
a fluorescent molecule and thus can be detected in the brain organoids.



Aims and Objectives

The human organoid is emerging as a competitive alternative to the well-established
pre-clinical models of the last decades. A growing body of literature is beginning to
address initial barriers, incorporating it as a pre-clinical model. BCP-ALL leukemia
is frequently associated with a detrimental CNS-component, while treatment requires
new biomarkers and therapeutics to improve the prognosis for patients. Established
in vitro and in vivo models continue to test potential therapeutic targets for CNS
disease; however, several shortcomings of both limit a faithful recapitulation of human
biology. Pluripotent stem cell research has already let to the generation of diverse
cell types, driving the progression of increasingly complex organoid models. Brain
organoids are a diverse group of organoids, mimicking different regions of the human
CNS. Cerebral organoids (specific to the human cerebrum) have already found a footing
in cancer research as models of cell invasion. No models of BCP-ALL CNS disease exist;
furthermore, new analysis pipelines for cell invasion are required. This thesis details
how cerebral organoids may pose a promising model for CNS leukemia research and
aims to implement the missing developments listed below.

1 Establishment of a first-of-its-kind invasion assay between leukemias and cerebral
organoids. The aim is to set standardized experimental conditions and test the specificity
of the system by comparing high-risk CNS-leukemias and controls with low to no CNS-
implications.

2 Establishment of a novel computational pipeline to study leukemia engraftment
characteristics. This can provide a qualitative assessment of proportion and depth of
leukemia infiltration.

25
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3 Targeting CNS leukemia relevant pathways like CD79a/Igα or CXCR4-SDF-1 in
leukemia cells to validate translatability between organoid co-culture and in vivo murine
models

4 CNS-infiltrating leukemias can utilize cellular adaptations for their survival. The
aim is to test whether organoid-leukemia undergo transcriptional modifications as a
direct consequence of, engraftment which may be consistent in the literature.



Chapter 2

Materials and Methods

The following methods were conducted as previously described in Gebing et al. in
press, Blood Advances.

2.1 Cerebral Organoid Cultivation: A Step-by-Step Workflow
2.1.1 Considerations and Disclosures to the Protocol
This project expanded upon existing protocols for cultivating cerebral organoids while
introducing alterations to the workflow102,115,123. In this way, cerebral organoids were
cultured without particular patterning factors while supplementing factors previously
documented to improve neuroepithelial outgrowth123.

2.1.2 Human hiPS cells Cultivation
2.1.2.1 Equipment Required for Human ES and hiPS cell Culture
To effectively carry out the protocols described in this manual, specific equipment is
essential, including: an incubator that can maintain a stable environment at 37◦C
with 95% humidity in a 5% CO2 atmosphere, crucial for consistent biological sample
cultivation; a low-speed centrifuge with a swinging bucket rotor, operated with the
brake activated to ensure sample integrity; Pipette-Aid and serological pipettes for
precise liquid handling; a pipettor with disposable tips for efficient sample transfer; an
inverted microscope capable of 20X to 100X magnification for detailed examination
of samples; an isopropanol freezing container, recommended for controlled freezing

27
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procedures to preserve biological integrity; freezers for long-term storage, including
a unit capable of reaching -150◦C or a liquid nitrogen vapor tank for ultra-low
temperature storage, a -80◦C freezer for long-term preservation, and a -20◦C freezer
for standard freezing requirements; and a refrigerator that maintains temperatures
between 2◦C and 8◦C for cooling samples, ensuring stability and preventing degradation.

2.1.2.2 Cultivation of Human-Induced Pluripotent Stem Cell Cultures
GelTrexTM (table 8) matrix solution was used t coat culture well for iPS cell culture
(fig. 4A). For every 1ml of matrix solution, 10 µl of GelTrex was diluted in 1000 µl of
DMEM-F12 (table 8) media in a 15ml Falcon tube, and thoroughly mixed. Sufficient
matrix solution was added to coat culture ware to cover the surface of cell culture
dishes (table 9). The dishes/plates were placed in the incubator for 1hr if intended
for immediate use. For medium to long-term storage, dishes/plates were sealed with
parafilm and stored at 4◦C or -20◦C for short- to long-term storage. The coated
dishes/plates were placed in the incubator for 30-60min before use for iPSCs. For
recommended passaging methods, refer to the StemCell Technologies iPSC cultivation
guide. In brief, human iPSC cultures were held under feeder-free conditions on culture
dishes (table 8) pre-coated with GelTrex. mTeSRTM Plus media was prepared for
cell culture by adding 100ml of mTeSRTM Plus Supplement to 400ml of mTeSRTM
Plus Basal Medium in a filtering tower with 0.22 µm filter (table 8). mTeSRTM Plus
medium is only stable for two weeks after preparation. Alternatively, the medium was
aliquoted, stored at -20◦C for up to 6 months (even at -80◦C), and thawed whenever
required. Daily media changes were made whenever required to prevent unwanted cell
differentiation.

2.1.2.3 Human hiPS cell Lines
HW8 iPSCs (table 3) were generated from normal PBMCs using the CytoTune-iPS
2.0 Sendai Reprogramming kit (A16517, Thermo Fisher Scientific, Waltham, MA,
USA) following written informed consent. Study approval was obtained by the internal
review board at the National Institutes of Health (NIH, protocol number: 16CN
069). Note: Different iPSC lines were used to exclude any donor-specific impact (table 3).

https://www.stemcell.com/troubleshooting-tips-for-hpsc-culture.html
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2.1.3 Neurospheres to Organoids
2.1.3.1 Generating Neurospheres from iPSCs
High-quality, low-passage iPSCs were grown on a Geltrex coating (table 8) in mTeSR
Plus to 70-80% confluency and checked for differentiation (fig. 4B-C). Cells are washed
in PBS for 5 minutes. Accutase, an enzyme-based cell-detachment reagent (table 8),
is added for 5 minutes incubating at 37◦C (fig. 4D). After adding an equal amount
of DMEM-F12, cells are centrifuged at 400g for 5 minutes. The cell pellet is then
re-suspended in 1 ml of STEMdiff™ Neural Induction Medium (table 8) and counted
using an automated cell counter (Beckmann-Coulter) (for a U-bottom 96-well plate
35,000 cells are seeded per well) (fig. 4E). The required amount of suspension volume
is taken (making sure to resuspend the cells, as they will sink to the bottom of the
tube in which they are contained), and sufficient neural induction media is added to
it, depending on the number of plates required (10ml per plate)(fig. 5A). Plates are
seeded using a multichannel pipette by pipetting the cell suspension from a sterile,
plastic reservoir (make sure only to use the same pipette tip 3 or 4 times) (fig. 5B). The
plate(s) is(are) then centrifuged at 500g for 3 minutes (fig. 5C), after which the plates
are checked to see whether the cells have formed a quasi-circular pattern in the centre
of the well (fig. 5D).

Figure 4: Workflow: Generation of iPSCs: Matrigel coating of cultureware (A) is
required for hiPS cell attachment to its surface (B, C). At moderate to high confluency,
cells are detached by enzymatic removal (D) to create a single-cell suspension (E).

Day 0; plates were cultured for five days, with media change on days 2 and 4. Neuro-
sphere medium is prepared from a multitude of components: 1:1 (v/v) DMEM/F12
and Neurobasal Medium. Supplements: 1:200 (v/v) N2 supplement, 1:100 (v/v) B27
supplement (w/o) vitamin A, 1:100 L-glutamine, 0.05 mM nonessential amino acids
(MEM-NEAA), 100 U/mL penicillin, 100 µg/mL streptomycin, 1.6 g/L insulin, and



30 Chapter 2. Materials and Methods

0.05 mM β-mercaptoethanol (see table 8. Neurospheres are removed from each 96-well
plate using a wide-bore P200 pipette tip, adding at most two neurospheres to a single
well of a 24-well plate. Excess media was removed, and 500 µl of neurosphere medium
was added. The day 0 neurospheres are then incubated for four days by adding 500 µl
of the medium on day 2.

Figure 5: Workflow: Prepping and Plating of hiPSC Suspensions for Neuro-
sphere Formation: (A) An automatic cell counter determines the cell concentration
in the hiPS cell suspension. (B) 35,000 cells are seeded per well of a 96-well plate. (C)
Centrifugation of the plates forces the single-cell suspension to the bottom of each well.
(D) Within a few hours, hiPS cells will form spherical aggregates.

2.1.4 Long-term Culture and Expansion of Cerebral Organoids
Neurospheres are removed on day 4 (see section 2.1.3) using a wide bore pipette
(fig. 6A) and added to a spinner flask (CELLSPIN/PFEIFFER, (table 4) with 100ml
of organoid media (fig. 6B). The CELLSPIN platform is set to a rotational speed of
15rpm for organoid expansion (fig. 6C). Organoid medium constitutes a similar recipe
as neurosphere medium but with the addition of the ALK5 inhibitor (5 µM) SB431542
(table 10) and the AMPK pathway inhibitor (0.5 µM) Dorsomorphin (table 10).
Organoid media are also supplemented with factors promoting cell differentiation and
survival. N2 Supplement (table 8): This supplement is composed of Insulin, human
Transferrin (glycoprotein found in blood plasma is crucial for regulating iron levels and
facilitating the delivery of ferric ions.), Putrescine (critical in regulating cell division,
differentiation, and maturation, as well as apoptosis), Selenite, and Progesterone.
B27 Supplement (table 8): This supplement comprises Vitamins, Proteins, and other
components (e.g. monosaccharides). Finally, half of the organoid medium was replaced
with fresh media weekly.
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Figure 6: Workflow: Recovery of Early Organoids for Long-Term Culture
to Maturation: (A) Spheroids found in the center of each well are carefully removed
with a cut-tip pipette. (B) These neurosphere are transferred to a swirling flask set to
25RPM. (C) Organoids mature over time and significantly gain in size within the first
month of culture.

2.2 Leukemia and Hematopoietic Stem Cell Culture
2.2.1 BCP-ALL Suspension Culture
All leukemic cell lines listed in table 1 were cultured in RPMI1640 GlutaMAX table 8
supplemented with 10-15% FCS (table 8) and penicillin/streptomycin (table 8). The
cell line authentication was regularly performed by short tandem repeat profiling.
Primary TCF3::PBX1+ patient sample (PDX) was obtained from diagnosed or relapsed
patients after informed consent approval of the local ethics committee. PDX cells were
transplanted in 5- to 9-week-old NSG mice, and at bulk disease detection, the recipient
mice were sacrificed upon developing clinical disease signatures. The transplanted
leukemia cells were purified (>90% human cells) and adapted to ex vivo culture.

2.2.2 Cell Isolation Protocols
2.2.2.1 Isolation of HSPCs (CD34+) from Human Placental Cord Blood
Placental cord blood was received from the José Carreras Stem Cell Bank (University
Clinic Düsseldorf). The blood is diluted 1:1 in 1XPBS before separation with
Ficoll-PaqueTM Plus (Cytiva). Red blood cell lysis is performed with lysis buffer pH7.4
(Zentralapotheke Uniklinik Düsseldorf) for 5 minutes at RT. The cell suspension is then
counted using an automated cell counter (Beckmann-Coulter) to determine the total cell
count. CD34+ cells (here termed Human Pluripotent Stem Cells, HSPCs) were enriched
using the EasySepTM isolation kit from StemCell Technologies (table 6). Two kits by
STEMCELL (EasySepTM Human Cord Blood CD34 Positive Selection Kit II and
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Table 1: List of Leukemic Entities Cultured as part of this Project

Cell Name Fusion Gene Subtype
697 TCF3::PBX1 BCP-ALL
Kasumi2 TCF3::PBX1 BCP-ALL
PDX1* TCF3::PBX1 BCP-ALL
HAL01 TCF3::HLF BCP-ALL
SUPB15 BCR::ABL1 BCP-ALL
PDX3* BCR::ABL1 BCP-ALL
KCL BCR::ABL1 CML
K562 BCR::ABL1 CML
PDX2*(ini**) KMT2A ALL
PDX2*(rel***) KMT2A ALL

* = patient-derived xenograft
** = initial cell sample
*** = relapse cell sample

EasySepTM Magnet, table 5) were used as per the manufacturer’s protocol. The isolated
cell suspension is then analyzed using flow cytometry to check for CD34+ expression
levels and viability. The viability of CD34+ cells was also monitored 14 days post-co-
culture by FACS. Over 85% CD34+ and viable cells were used in co-culture experiments.

2.2.2.2 Isolation of CD19+ B-lymphocytes from Human Buffy Coats
Buffy coats donated to the Blutspendezentrale (Universitätsklinikum Düsseldorf,
Moorenstr. 5, Düsseldorf) and received on the day of isolation were used for
B-lymphocyte-positive isolation. Buffy coats from healthy donors were used to harvest
CD19+ B-lymphocytes using the EasySep™ Direct Human B Cell Isolation kit from
StemCell Technologies. This kit allows for direct isolation from whoel blood without
needing Ficoll. Flow cytometry was used to stain isolated cells with CD19+, resulting
in a purity of 98% and viability of 99%.

2.2.3 Stable Live-Cell Fluorescence Staining via CFDA-SE
Carboxyfluorescein Diacetate Succinimidyl Ester (CFDA-SE) (table 6) is a fluorescent
labelling dye primarily used for cell tracking and proliferation assays. The molecule is
highlighted for its stable cell binding, minimal toxicity with less than 5% cell death, and
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suitability as a fluorochrome for cell labeling. Cytoplasmic endonuclease enzymes can
cleave the diacetate group from the molecule to form Carboxyfluorescein Succinimidyl
Ester (CFSE), which in turn becomes excitable at 488nm wavelength light (498nm
peak) and emission at 517nm124. To confirm that the CFSE signal is still present
after 14 days, all cells were recovered from wells in which organoids and leukemia cells
had been co-cultured. Whole organoids were also mashed to include cells enfrafted in
them. The resulting cell suspension was stained with CD19+ to compare the signal
with CFSE to see if all CD19+ cells are double-positive with CFSE compared to controls.

2.2.4 Lentiviral Transduction of Cells
This protocol and the lentiviral transduction of cells was provided by Melina Vogt.
Generation of 697 AP-1 models using LentiX™ Single Shots and Lipofec-
tamine 3000
Lenti-X HEK293T cells (1 million (M) cells) were plated into a 6-well plate in Lentivirus
Packaging medium (50 ml Opti-MEM + 2.5 ml FBS + 0.5 ml sodium pyruvate (table 8))
and grown until they reached around 80% confluence. The lentiviral vector plasmid (7
µg, table 2 containing the target sequence was diluted in Opti-MEM, supplemented with
6 µL P300 Reagent (table 8) to a final volume of 250 µL. Additionally, Lipofectamine
3000 (7 µL, table 8) was diluted in Opti-MEM to a final volume of 250 µL. Afterwards,
both mixtures were combined (1:1) to reach a total volume of 500 µL, which was subse-
quently added to Lenti-X Packaging Single shots (table 8). The mixture was vortexed
and incubated for 10 min at RT. After short centrifugation of the tube, the entire
nanoparticle complex solution was added dropwise to the cell culture medium, and the
plates were incubated at 37◦C for 48 h. After incubating the cells for 48 h with the viral
solution, cells were centrifuged and washed to remove any residual viral particles. The
lentiviral supernatant was harvested, filtered through a 0.45 µm filter to remove cellular
debris, and added to LentiX Concentrator (one volume of concentrator was diluted
with three volumes of supernatant; (table 8)). The mixture was incubated at 4◦C for
30 min and centrifuged (1500 x g for 45 min at 4◦C). Afterwards, the supernatant was
removed, and the pellets were resuspended in media. 100,000 cells of the 697 cell line
were centrifuged and resuspended in previously prepared virus solution and added to a
12- well plate. AP-1 and NEG cells were selected by treatment with Puromycin, and
cells were 90+% pure for 697.
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Table 2: List of Plasmids Used for Lentiviral Transduction

Function Vector Selection Cat. No.
AP-1 Re-
porter

pGreenFire 2.0 AP-1 Re-
porter

Puromycin TR452PA-
P

Control pGreenFire 2.0 mCMV Puromycin TR411PA-
P

2.2.5 Knockdown Experiments
Cell knockdown models were generated and provided by publication co-author (in
press, Blood Advances) as previously described65. Short hairpin (sh) RNA-mediated
knockdown in ALL cell lines were performed as described previously125. The
shCD79a target sequence (TTCATAAAGGTTTTCATCTTCA) was designed with
SplashRNA126.

2.2.6 Mitomycin-C Treatment
The BCP-ALL cell line 697 was cultivated to 70-80% confluency in 12-well plate and
treated with Mitomycin-C at a final concentration of 30nM in RPMI-Glutamax + 1%
P/S + 20% FBS (Table 5). All cells were collected and stained with CFDA-SE at a
final concentration of 20 µM before introduction into co-culture with mature cerebral
organoids. The co-culture was performed according to the standardised protocol
(section 2.3.1).

2.3 Co-culture Assays
2.3.1 Standardised Protocol for 14-Day Co-culture Assays
Mature cerebral organoids were grown from iPSC lines (table 3) according to section 2.1.3.
Organoids were observed for quality and condition, and the required amount for each
experiment was transferred to a 12-well plate (one organoid/well). All wells were washed
with PBS to clean organoids from any debris. Each well containing an organoid received
1.5ml of the organoid medium. Cells stained with CFDA-SE at a final concentration of
(20 µM) were added at 10,000 cells per well (unless otherwise specific in the particular
experiment). Media changes were performed every third day by replacing half of the
media from the wells. All experiment plates were left on a shaker platform (table 4) in
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the incubator for 14 days, unless otherwise specified (fig. 7).

Figure 7: Workflow: Co-culture Assay between of Stable-Stained BCP-
ALL Cells and Cerebral Organoids: Top - Healthy cells (buffy coat-isolated
B-lymphocytes or cord blood-derived HSPCs) and leukemic entities require stable
staining via dye to be visible long into co-culture and within organoids. Bottom - For
investigating cell engraftment between leukemia and controls, co-cultures are running
for up to 14 days. Any transmigration of leukemic cells underneath the organoid surface
and further in will be visible under microscopy.

2.4 Limited Dilution Experiment
Cells were stained with a final concentration of 20 µM CFSE, per the established
protocol (section 2.2.3). Instead of seeding 10,000 cells per organoid, it was decided to
dilute the positive control to add 10, 50, 100, 1000, and 5000 cells per organoid (limited
dilution series).

2.5 Toxicity Screening
2.5.1 AMD3100 "Plerixafor" (CXCR4 Inhibitor)
An initial drug screening was performed for AMD3100 "Plerixafor"62 (5mg) by
preparing single dilutions of 0.1mM stock to make 1.0 µM, 0.8 µM, 0.4 µM,
0.2 µM, 0.1 µM, 0.05 µM, each as seven repeats per concentration. The com-
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pound was dissolved in 100% EtOH (table 7). As a control, the BCP-ALL cells 697
were treated with EtOH at the maximum concentration used (from stock concentration).

2.5.2 T-5224 (c-Fos/AP-1 Inhibitor)
T-5224 ihibits the transcription factor cFos/activator protein AP-1 by specifically
inhibiting the DNA-binding ability of c-Fos/c-Jun127,128. The 697 and Kasumi2 cell
lines were seeded at 0.5M cells per ml in 12-well plates to test multiple concentrations
of T-5224 in solution. T-5224 is dissolved in DMSO. T-5224 was added at final
concentrations of 10 µM and 1 µM while DMSO treated cells were added as a control
to the BCP-ALL cell line 697. Cell viability was measured using an automated cell
counter (Beckmann Coulter). Cell remained viable at 10 µM, with 93.1% viability in
the 1 µM condition (data not shown)

2.6 Cerebral Organoid: Post-Assay Procedures
2.6.1 Organoid Handling: Pipetting Techniques
Adding or removing liquids from vessels can risk damaging or destroying organoids. It
was found that the pipette tips should be held near the surface of liquids when aspirating
while slowly moving down with the lowering waterline. Furthermore, organoids will
move most when the most fluid has been removed. Adding liquid away from the organoid
is recommended to prevent any damage (fig. 8A). Washing organoids inside flat well
plates requires careful handling. For aspiration, tilting the container will help to remove
all liquids without touching the organoid (fig. 8B). Rapid aspiration (red arrows) may
lift organoids towards the pipette tip, risking aspiration of the organoid (green arrow).
Some liquid may, however, remain, which can be prevented by using round-bottom tubes.

2.6.2 Organoid Washing Buffer
A washing buffer composed of 1XPBS w. 2% Triton-X100, 5% BSA (Sigma-Aldrich),
0.05% NaN (Sodium Azide) was adapted from previous organoid research field129. After
all Triton and BSA completely dissolve, the solution is filtered through a pump-driven
0.22 µm strainer. A quencher solution of 1XTBS was added for 5-10 minutes at RT
after removing FA waste. 1ml of an organoid washing buffer was added to each organoid
for overnight blocking at 4◦C (some protocols mention up to 3 days of incubation). A
DAPI nuclear stain (table 6) labeled all nuclei as a reference for the CFSE-stained cells.
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Figure 8: Workflow: Techniques Required for Gentle Removal and Treatment
of Organoids: Careful pipetting of organoids is recommended to prevent damage or
accidental removal during the fixation/staining periods. (A) Round-bottom Eppendorf
tubes provide enough room for organoids and adequate volumes of washing buffer and
are sealable to protect organoids from dust and debris. (B) It is recommended to tilt
culture plates and not entirely remove all liquid when removing organoids from cell
culture.

An example protocol by Sigma-Aldrich using a recommended dilution of 1:600 dilution
of an 8 µM DAPI stock solution was used. All samples were incubated for 30 minutes
at RT with occasional rocking/shaking by hand.

2.6.3 3D Culture Fixation and Immunofluorescence Staining
Organoids were fixed overnight in 4% formaldehyde (FA) at 4◦C and quenched in 1x
TBS solution. Blocking was achieved with a washing buffer composed of 1x PBS w.
2% Triton-X100, 5% BSA (Sigma-Aldrich), 0.05% NaN (Sodium Azide) adapted from
previous organoid research field129. Primary and secondary antibodies (table 6) were
prepared in an organoid-washing buffer. Organoids that do not carry a fluorophore
were stained with either mitogen-associated protein 2 (MAP2) or beta-three-tubulin
III (TUJ1) to stain for protein markers highly abundant in mature neurons, thus
marking the surface of the organoids. Cerebral organoids cultured from fluorescent
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iPSC cells (table 3) express their own TagRFP-T; no additional staining was required
to mark the surface of the organoids. Organoids are washed in 1XTBS solution (10X
TBS is made from 100ml 1M Tris (pH 7.5) and 1400mM NaCl in H2O) in-between
immunofluorescence staining. Tris is an excellent buffer for various biochemical
purposes due to its high buffer capacity, water solubility, and enzyme reaction resistance.
It is commonly used to stabilise reaction systems, given that its pH has a stable buffer
capacity within the range of 7.5-9.0.

Note:

Organoids based on the mtag-RFPt hiPS cell line were utilized
in the initial stages of the experiments prior to transitioning
to non-fluorescent organoids, which were subsequently stained
with anti-MAP2 antibodies in all subsequent experiments. It
is noteworthy that these early organoids were not employed
for spatial analysis in our computational pipeline outlined in
section 2.8.2.

2.6.4 Dehydration via a Dilution Range of 1-Propanol
Following incubating the final fluorescent dye (e.g. DAPI), all washing buffer from
the Eppendorf containing the organoid was removed. During the dehydration stage
(before clearing), organoids are incubated in a step-wise increasing concentration of
1-Propanol (table 7). A stock solution of 99.9% anhydrous 1-Propanol is diluted in
1X D-PBS, preparing 30, 50, and 70% 1-Propanol-PBS solutions (almost pure 99.9%
1-Propanol is added before clearing). The pH of the dilution is kept between pH9.0
and pH9.2 by placing the solution on a stirrer plate and adding a stock solution of
tri-ethanolamine (table 7) (for a 50-100ml solution, a few drops of triethanolamine
would suffice). Each organoid is incubated in 30% 1-Propanol for at least 4hrs at 4◦C.
Afterwards, the diluted 1-Propanol was carefully replaced by 50% 1-Propanol, and the
process was repeated for 70% and 99.9% 1-Propanol. The organoid was washed again
(1-2 times) in 99.9% 1-Propanol until the supernatant was clear).
2.6.5 Organoid Sample Clearing and Mounting for Confocal Imaging
Fluorescence microscopy visualizes specific antigens by means of primary antibodies
targeting antigens, and secondary antibody conjugated with fluorophores. Confocal
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Figure 9: Organoid Clearing for Tissue Transparency - Cerebral organoid
samples previously incubated in 99.9% 1-Propanol can be cleared in ethyl cinnamate
solution. (A) Mature cerebral organoids in culture media. (B) Cleared organoids (black
arrows) are almost translucent after incubation in ethyl cinnamate. Scale paper: Large
black box (1.0mm), Middle blue box (5mm), Smallest blue box (2.5mm).

microscopy is a pivotal tool for biological analysis as it enables higher resolution
and greater contrast by reducing out-of-focus or background fluorescence, offering a
more detailed view of cellular structures and dynamics. To this day, a wide range of
protocols have been developed that are usually non-toxic, preserve the endogenous
fluorescence of the tissue, and are compatible with a wide range of tissue types.
However, disadvantages to their use case remain. Some protocols require up to a
week, omitting the duration needed for antibody labelling and imaging. This may
be prohibitive for larger screens and higher numbers of samples. It was decided to
avoid the 3D reconstruction of many paraffin-embedded slices for leukemia-organoid
co-culture assays. Not only does the size of the tissue expend the complexity and time
required for imaging, but the risk of distortion ins may impact the model’s accuracy
when working on the scale of a few leukemia cells in a larger tissue. In essence, it was
preferred to identify the spaces within the organoid in which invading cells target. More
importantly, and as was described earlier, scalability and accelerated throughput of
organoid-leukemia co-cultures are a target of this project. This necessitated 3D whole
organoid imaging as a highly non-trivial process as an alternative to traditional 2D slices.
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The protocol used for sample mounting and clearing anneals to previously described
techniques129. After sample dehydration in 99.9% 1-Propanol (pH not adjusted) for
at least 4 hours at 4◦C (light-protected), all samples were ready for clearing. All
alcohol is slowly removed with a P1000 pipette to be filtered and reused. 99% Ethyl
Cinnamate (ECi) solution (table 7) is gradually added to saturate the organoid.
It was found that 2ml round-bottom Eppendorf tubes reliably prevented samples
from sticking to the bottom. All Eppendorfs are incubated at RT for around 1hr
on a gyratory rocker or similar apparatus to allow movement of organoids within
the Eppendorf. Organoids may be checked on occasion to check for their gradual
gain in transparency by holding the Eppendorf against a light source. When
fully cleared, organoids are identified by their prism-like scattering of the light
source (section 2.6.4). Keeping organoids of experimental conditions separate from
another, caused some initial challenged faced challenges in storing all samples effectively.

Note:

Ethyl cinnamate can corrupt polystyrene plastic, making finding
a suitable imaging platform difficult. Plastics recommended
by Masselink et al.129 were eventually chosen, with which full
z-stacks of all organoids are recorded.

2.6.6 H&E and IF Stain Procedure for Paraffin-embedded Sections
All samples were paraffin-embedded and sliced at a thickness of 4 µM and underwent
the following treatment for paraffin removal: (I) 5 min incubation in Xylene (II) Wash
with 20-times back-and-forth rocking in Xylene (III) 5 min wash in 100% EtOH (IV)
100%EtOH wash (V) 95%/70%/50% EtOH wash (VI) 50:50 (wt/vol.) 1XPBS:dH20.
Organoid sections were permeabilised by adding 0.1% Triton X-100 solution for 15
min. 200-300 µl of either 10% goat serum (table 8) or 10% donkey serum (table 8)
in 1XTBS blocking solution was added for either i) 1hr at RT or ii) overnight at
4◦C in a humidity cassette. Both primary and secondary antibodies were diluted in
blocking solutions. A few drops (approx. 50 µl) of primary antibody were added and
left to incubate overnight at 4◦C in a humidity cassette. All sections were washed
three times with an appropriate volume of 1XTBS for a total of 15 min between
stainings. A few drops (approx. 50 µl) of secondary antibody (table 6) were added
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for 1-1.5 hours at RT, protected from light. All sections were given a final wash in
1XTBS for 3x15 minutes. Finally, a 300 nM solution of DAPI (table 6) was prepared
from an 8 µM stock and added for 5 minutes, followed by a single 1XTBS wash. All
slides containing sections were then mounted using 1-2 drops of ProLong Gold An-
tifade reagent (table 6), and a rectangular coverslip (table 8) was carefully placed on top.

2.7 Imaging
2.7.1 Confocal Imaging
Whole cerebral organoids (unused or used in co-cultures) and 2D cell monolayers were
measured on an Olympus FV3000 confocal laser scanning microscope. The image
acquisition settings are shown below and remain unchanged unless changes are specified
in the figure legends.

2.7.1.1 Image Data Storage and Figure Creation Tool
An Omero image server was used to process and develop figures from all confocal
images. Cartoon illustrations in this thesis created with BioRender.com. Maximum
intensity projections of co-culture data were generated using Fiji (open-source) or
directly within the Omero-figure plugin. A representative image is shown below
depicting the orthogonal viewer tool used adopted for select figures (section 2.7.1.1).
This tool was used to help determine whether single or multiple fluorescence signals
originate from below the surface of organoids.

2.7.1.2 Confocal Microscope Datasheet
2D and 3D confocal immunofluorescence was performed using a Fluoview3000 confocal
laser scanning microscope (Olympus) running FV31S-SW software at Version 2.6.1.243.
Bright-Z function was utilized where necessary to compensate for significant signal
loss. The system had a UPLSAPO 60X NA1.35 oil immersion objective for slides or a
UPLSAPO 10X2 NA0.4 dry objective for imaging whole organoids using internal HSD
GaAsP detectors. To measure multiple markers, the following settings for excitation
and emission were used: DAPI (excitation (ex.): 405 nm, emission (em.): 430 nm-470
nm), AlexaFluor488 (ex.: 488 nm, em.: 500 nm-540 nm), AlexaFluor594 (ex.: 594 nm,
em.: 610 nm-710 nm), AlexaFluor647 (ex.: 647 nm, em.: 650 nm-750 nm), tagRFP-t

BioRender.com
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Figure 10: Orthogonal Viewing Viewing Tool - Reconstruction of tissue slices
has been a common research practice; however, a significant downside has pushed
researchers to record larger tissues in 3D1.

(ex.: 561 nm, em.: 570 nm-620 nm), carboxyfluorescein diacetate succinimidyl ester
(CFDA-SE) (ex.: 488 nm, em.: 500 nm-540 nm). All were performed at room
temperature, and 3D organoid samples were mounted in Ethyl-3-phenylprop-2-enoate
(table 8).

2.7.2 color Images of H&E Stainings
color Images of H&E Stainings: Microscope: Leica Aperio AT2. Objective: 40X
(10-times magnification), i.e. 400X zoom. Acquisition parameters apply to all figures
unless specified otherwise.

2.7.3 Incucyte Live-Cell Imaging
As described above, cells were stained with CFDA-SE. 1000 cells were plated in multiple
wells of a 96-well suspension plate (clear plastic, Greiner) with or without a day 30
cerebral organoid. The vessel was imaged in an Incucyte S3 (Sartorius) by standard
whole-well imaging over 48 hours. Magnification: 4x. Image Channels: Phase, Green.
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2.7.3.1 Cell Movement Tracking (TrackMate Plugin)
Still, images captured in the time-lapse imaging mentioned above were pro-
cessed using the TrackMate130,131 plugin on ImageJ. Images were: i) imported, ii)
converted to a stack, iii) converted to 8-bit iv) imported and processed using TrackMate.

2.8 Image Analysis Pipeline
2.8.1 Generation of High Quality 2D Scatter Visualizations 3D Image Data
2.8.1.1 Step 1: Image Processing and Positional Data
Bitplane Imaris V9.1 software (RRID : SCR007370OxfordInstruments

http://www.bitplane.com/imaris/imaris tools were used to process and
quantify organoid co culture images (fig. 11A). Whenever cells were counted, the dot
replacement tool was adopted, creating a mask of the cells to provide a total cell count.
The position of these cells within 3D space was exported as a set of cartesian coordinates.

2.8.1.2 Step 2: Data Import and Filtering
Pandas and NumPy are well-established open-source libraries for Python. The
former is generally favored for data analysis and visualization, while the latter
is used for numerical calculations. Positional data were generated using the dot
replacement tool in Imaris software. The files include, amongst others, cartesian
coordinates represented by an x-, y-, and z-component (µm). They were imported as
dataframes into Matplotlib and cleaned to only relay the x-, y-, and z-coordinates
in µm. Every organoid consisted of a pair of dataframes i) CFSE (cells) and
ii) MAP2 (MAP2 staining loci), and triplicate data were individualised into a
dataframe for downstream processing. Data were filtered to remove -inf "negative
Infinity" ie. values not representable by a finite number, numbers which can skew results.

2.8.1.3 Step 3: Co-culture Scatter Plots (Proplot)
Proplot is a Python package that is used for highly detailed data visualizations. It
may benefit users to create complex figures, including subplots, and greater freedom
when designing the aesthetics132. This is why the package was chosen to visualize
the positional data, mainly due to the many events that need to be displayed. After
importing and filtering data, every x-, y-, and z-coordinate of each cell type and organoid

http://www.bitplane.com/imaris/imaris
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analyzed is given their ID. A simple subplot generates a 2D scatter plot for each XY-,
YZ-, and XZ-axes. To allow the reader to distinguish cells better between each 2D
image, a "colorbar" for CFSE is represented according to the z-coordinate of the data
points in the data frame. This reveals single or clusters of leukemia cells and determine
whether they were near the organoid surface or within. For co-culture assays involving
PDX, cell lines, and healthy control cells, dataframes were created for both the detected
leukemia cells, as well as the organoid staining (see section 2.3.1 - CodeDataAvailabili-
ty/organoid_leukaemia_analysis/notebooks/Scatter_Plots_Leukaemia_Healthy.ipynb).
For all experimental conditions, the coordinates had to be declared manually. Then,
the coordinates were plotted with the "ProPlot" package documentation. A custom
"colorbar" was made that would help localize cells more efficiently in each row. By
declaring the color (c) of the colorbar to anneal to the z-coordinate (z), the color hue
changes according to the z-position (z-axis) value of a coordinate.

2.8.2
Generating Detailed Organoid Surface Reconstructions
from Confocal Image Data Data

Open3D is an open-source library valuable for implementing 3D data in software
development133. It was intended to use this documentation to develop a new method
for examining and visualizing organoids. Positional data given by the dot replacement
tool in Imaris software was imported into Python v3.1 by matplotlib134 packages.
Other packages, including numpy135 and pandas136, were used (please refer to the
GitHub repository (repository/requirements.txt)). Every organoid consisted of a pair
of data frames i) CFSE (cells) and ii) MAP2 (MAP2 staining loci). A novel computer
pipeline was used to create smooth, highly detailed renders of organoid (fig. 11B). This
was accomplished using Open3d, an open-source package created to create, amongst
others, 3D renders using point data. Using the original implementation, a notebook
was written with code to create a triangle mesh from an oriented PointCloud (pcd)
using the "Screened Poisson Reconstruction" method proposed by Kazhdan and Hoppe
in 2013137. This method requires a pointcloud as an input. A pointcloud is a collection
of points in 3D space following the cartesian coordinate system (x, y, z), typically
representing the external surface of objects. Each point may have attributes attached
for visual appearance, such as color values (RGB), and their reflectivity. Pointcloud
data are usually contained inside multi-dimensional arrays known as tensors, which
provide efficiency when performing demanding transformations or filtering calculations.
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More critically, they also contain the orientation and relative position of each point in
space. This provides the critical information needed for rendering, detection of features,
and comparing multiple pointclouds138. A poisson surface reconstruction is named such,
as "poisson" refers to the elliptic partial differential equation, named after the French
mathematician and physicist Simeon Denis Poisson. The MAP2 loci served as the basis
for the pointcloud. The poisson surface reconstruction creates a continuous 3D mesh
from oriented pointclouds by solving an equation that interpolates the points while
fitting a smooth surface through them, ensuring both accuracy and smooth curvature 133.

2.8.2.1 Distance Queries using Raycasting Scenes (Open3D Library)
Following up, distance queries, an integral tool of the RaycastingScene class in Open3D,
was used to query the distance between leukemia cells and organoid meshes (fig. 11C).
It places 3D objects in a virtual space and uses artificial "rays" to determine their
appearance. A closest distance calculation was used to find the minimum distance
between points of two datasets133. The program returned the distances for each
leukemia cell in the image data relative to the reconstructed organoid surface, producing
a large dataset. The resulting data were categorized for triplicate repeats and then
used to build a dataframe containing the distances and to which cell type it belongs.
These results were then plotted using the seaborn139 package, a data visualization tool
for Python.
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Figure 11: Workflow: Informatics-based Processing of Image Data and
Quantification of Invasion Events - Workflow for visualization and quantification
of image data. (A) Organoids and CFSE immunofluorescence signals are quantified into
individual foci whose xyz location can be exported for further processing. (B) Both
organoid and CFSE positional data are used to create a mesh which is then used to
reconstruct the organoid surface. (C) Finally, the distance between CFSE cells and
the organoid surface is quantified and plotted. A logarithmic scale helps divide the
extensive data into those cells bound near the surface and those having invaded below
the surface. (D) The positional data could also be plotted in 2D as scatter plots. This
would help localize 3D events in a 2D environment.
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2.8.3 Data and Code Availability
The code used for distance analysis and generating plots can be found at https:
//github.com/BIOGOAT/organoid_leukaemia_analysis.git. The imaging data used
for plotting is at https://figshare.com/articles/dataset/data_zip/23515965.

2.9 RNA Sequencing
2.9.1 Isolation of Engrafted Cells from Pooled Organoids
Following the manufacturer’s instructions, the Dynabeads™ CD19 Pan B (table 6)
selection kit was used to isolate CD19+ cells from the organoid/leukemia cell suspension.
The DETACHaBEAD CD19 kit (table 6) was used to separate beads from the
suspension of positively isolated cells. The maximum total yield of isolated cells was
1.1 million (M) from organoids and 400,000 from suspension (Positive Selection from
Organoids: 1.1M cells (90.2% Viability), positive Selection from Suspension: 0.39M
cells (86.4% Viability). To validate the effectiveness of the isolation kit, 697 WT cells
from the culture flask (5 million) were used and isolated according to the manufacturer’s
protocol. After using de-attachment of the beads, cells were visible in suspension. FACS
analysis using CD19 Pacific Blue antibody (2.5 µl) showed a clear population for CD19,
indicating that the kit is functional. Flow cytometry was then used to stain co-cultured
cells isolated from organoids and suspension, revealing in a purity of 98% and viabil-
ity of 99%. RNA extraction was performed using the miRNeasy Micro Kit (50) (table 5).

2.9.2 Sample Preparation
Protocol by Service Provider"Biological and Medical Research Center (BMFZ), Medical
Faculty, Heinrich-Heine-University, Universitätsstraße 1 & Transcriptomics Labor"
Due to sample limitation, capillary gel electrophoresis was performed as a quality
analysis and a ’Total RNA High Sensitivity Assay’ (Agilent Technologies) on the
FragmentAnalyser System was implemented. The library preparation was performed
according to the manufacturer’s protocol using the ’Illumina Stranded Total RNA
Prep, Ligation with Ribo-Zero Plus’ (Illumina Inc.) kit. The following steps were
performed: rRNA depletion, fragmentation, cDNA synthesis, adapter ligation and
library amplification. Bead-purified libraries were normalized and sequenced on the
NextSeq2000 system (Illumina Inc.) with a read setup of SR 1x101 bp. The bcl2fastq2
tool (v2.20.0.422) was used to convert the bcl files to fastq files for adapter trimming

https://github.com/BIOGOAT/organoid_leukaemia_analysis.git
https://github.com/BIOGOAT/organoid_leukaemia_analysis.git
https://figshare.com/articles/dataset/data_zip/23515965
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Figure 12: Workflow: Isolation of Highly Infiltrated and Non-Infiltrated
Leukemic Cells for RNA Sequencing- (A) Matured cerebral organoids are co-
cultured with BCP-ALL cells for 4 weeks (Note! Image is not representative as
CFDA-SE staining is omitted for downstream RNA sequencing). (B) Leukemic cells
are be classified into infiltrated (within organoid) or non-infiltrated (remaining in
suspension). (C) Magnetic bead-based isolation of leukemic cells from organoids and
suspension is required to have pure suspensions. (D) RNA Sequencing is performed to
compare infiltrated to non-infiltrated BCP-ALL.

and demultiplexing. Sequenced read depth was well above 30 Million clusters per
sample. The raw sequencing data were uploaded to Galaxy software, and initial
quality control was performed by FastQC and aggregated via MultiQC. After cutting
the adapters with FASTQ Trimmer, the reads were aligned to the reference genome
GRCh38 with RNA STAR. FastQC determined that at least 85% of all reads were
uniquely mapped. To quantify the gene expression featureCounts was used, followed
by edgeR to normalize the data to the sequencing depth. Differentially expressed
genes were determined by an absolute log2 fold change of >1 / < -1 and an FDR <
0.05. Differentially expressed genes with a low log2CPM (normalized log2CPM <

-1) were treated preferentially. The analysis pipelines and plots generated in fig. 35
were provided by the colleague Julian Schliehe Diecks (Universitätsklinikum Düsseldorf).

2.10 Proliferation Assay between CD79a/Igα Knockdown and
shRNA-miR30 Control

A proliferation assay was prepared for a CD79a knockdown and shRNA-miR30 control
cells. Cells were counted using an automated cell counter, and 250,000 cells/ml were
seeded per well. The cell count in cells per milliliter was measured every 48 hours for
14 days.
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Figure 13: Workflow: Post-Co-culture Positive Isolation of Invaded and
Non-Invaded Cells - (A) Up to 48 organoids are co-cultured with 100,000 cells for
four weeks. CFSE is not added to cells in this step. (B) 70 µm strainers are used
to mash and filter whole organoids and suspension cells to create a suspension. (C)
Using magnetics beads, CD19+ leukemic cells were isolated from the organoid/leukemia
suspension. The exact process is used for leukemia suspension cells. FACS analysis
is performed to check the percentage of CD19+ cells in the isolated suspensions. (D)
RNA extraction is performed, and RNA is prepared for "infiltrated" i.e. from mashed
organoids, and "non-infiltrated" i.e. from leukemia suspension.

2.11 Flow Cytometry
2.11.1 Validation of CD79a/Igα Knockdown Model
CD79a Knockdown and shRNA-miR30 Control cells were gated with Viability dye
(table 6). Next, intracellular staining was performed according to manufacturer
instructions and stained with CD79a or isotype antibodies (table 6).
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2.11.2
Validation of CFDA-SE-stained Leukemia Engraftment
in Organoids

Organoids were gently dissociated by pipetting, and cells were stained with Viability
dye (table 6). Next, intracellular staining was performed according to manufacturer
instructions and stained with FosB or cFos antibodies (table 6) overnight at 4◦C. Next,
leukemia cells were washed and stained with secondary anti-rabbit Cy3 antibodies
(table 6). Leukemia cells were incubated only with isotype and secondary antibodies
as a staining control. Leukemia cells carried CFDA-SE to gate the cells inside the
organoid or suspension properly. Analysis was performed with FlowJo software, gating
CFSE-positive as organoid infiltrating cells.

2.12 Statistical Analysis
The statistical analysis utilized GraphPad PRISM 9.00 and SPSS 22. Normal
distribution was assessed via the Shapiro-Wilk test. If the distribution was normal,
statistical significance was determined using an unpaired t-test. Otherwise, the
Mann-Whitney U test was employed. For normal distribution and multiple groups,
ANOVA was utilized. A P-value less than 0.05 was considered significant. Bivariate
correlation analysis was conducted as previously described44.

2.13 Inhibitors used for Co-culture Assays
The compound Plerixafor (AMD3100) (selleckchem.com catalogue No.S8030) is an
antagonist for chemokine receptors CXCR4 and CXCL12, which mediate chemotaxis.
The use of plerixafor is to mobilize hematopoietic stem cells. Its purpose is to stimulate
the immune system by encouraging the release of stem cells from the bone marrow into
the blood of patients with non-Hodgkin lymphoma or multiple myeloma. Plerixafor
(table 8) is a type of bicyclam derivative that acts by blocking the CXCR4 receptor. It
attaches to three acidic residues in the receptor’s binding pocket, specifically Asp171,
Asp262, and Glu288122. Plerixafor (AMD3100) was used to pre-treat the 697 cel line
for 12 hours at a final concentration of 44nM from a stock solution at 10 mg/µl.
T-5224 (table 10) is a molecule that inhibits the activity of a transcription factor called
c-Fos/activator protein (AP)-1. It has anti-inflammatory properties and specifically
targets the DNA binding activity of c-Fos/c-Jun without affecting other transcription
factors. In co-culture, using only the 697 cell line, cells were pre-treated with either
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1 µl or 5 µl final concentration T-5224 (including DMSO control) and co-cultured
with mature cerebral organoids according to the standard protocol (10,000 cells per
organoid).
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2.14 Tables of Human iPS Cells, Devices and Consumables

Table 3: List of Human iPS cell Lines Used for Cerebral Organoid Cultivation

Cell
Line

Supplier Catalog
Nr.

Source
Type

Donor Reprogramming
Method

Cellartis
Human
hiPS cell
Line 12
(CiPSC12)

Takara Bio Y0080 Skin Fibrob-
last

Healthy
24-year-old
male (Euro-
pean/North
African)

Defective
polycistronic
retrovirus
technology
(stable inte-
gration of
Oct-4, SOX2,
KLF-4, and
c-Myc)

HW8
iPSC

Lab of
Zhengping
Zhuang
(National
Cancer
Institute,
NIH)

Skin Fibrob-
last

Healthy male Sendaivirus
(non-
integrating
RNA virus,
transcription
factors: Oct-
4, SOX-2,
KLF-4, and
c-Myc)

mTag-
RFPt

Coriell In-
stitute (NJ,
USA)

AICS-
0031-
035

WTC
parental
line (Conklin
Laboratory,
J. David
Gladstone
Institute)
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Table 4: List of Devices Specific to Cerebral Organoid Culture

Device Manufacturer Catalog Nr.

Titramax 1000 Heidolph Instruments 600-650
Intelli-Mixer ELMI 10-30
CELLSPIN complete PFEIFFER 183001
Spinner Flask 250ml PFEIFFER 182026

Table 5: List of Kits Required for CD34+ Selection from Human Cord Blood

Product Name Manufacturer Catalog Nr.

EasySepTM Human Cord Blood
CD34 Positive Selection Kit II

StemCell Technologies 17896

EasySepTM Magnet StemCell Technologies 18000
miRNeasy Micro Kit (50) Qiagen 1071023
RNASE-Free DNase Set(50) Qiagen 79254

Table 6: List of Antibodies/Dyes Used for Cell Culture/IF Staining

Product ManufacturerCatalog Nr. Dilution Host

Anti-MAP2 Abcam ab5392 1:1000-
1:10000

Chicken poly-
clonal

Anti-Beta-
Tubulin III,
Clone TUJ1

StemCell
Technologies

#60052 5 µg/ml Mouse mono-
clonal IgG2a

Anti-Human
Nestin, Clone
10C2

StemCell
Technologies

#60091 5 µg/ml Mouse mono-
clonal IgG1

SOX2 (D6D9) CellSignalling #3579S 1:200 Rabbit mono-
clonal

S100b Abcam #ab11178 1:100 Mouse mono-
clonal
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Continued from previous page

Product ManufacturerCatalog Nr. Dilution Host

PAX6 BioLegend #901302 1:50 Rabbit Poly-
clonal IgG

AlexaFluor
488GAM

Invitrogen #A32723TR 5-10 µg/ml Goat

AlexaFluor
488DAR

Invitrogen #A32790TR 5-10 µg/ml Goat

AlexaFluor
594 GAM Invitrogen #A11005 5-10 µg/ml Goat
AlexaFluor
594DAR Invitrogen #A32754 5-10 µg/ml Goat
AlexaFluor
700GAM Invitrogen #A-21036 5-10 µg/ml Goat
DAGP633 Sigma N.A. 1:100 N.A.
DAPI StemCell

Technologies
#75004 1:600 of 8

µM stock
N.A.

CFDA-SE
(CFSE)

N.A. N.A. 20 µM (final
conc.)

N.A.

PE anti-human
CD79a

BioLegend N.A. N.A. N.A.

FosB (5G4) mAb Cell Sig-
nalling

2251 1:800 Rabbit

c-Fos (9F6) Cell Sig-
nalling

2250 1:3200 Rabbit

c-Jun (60A8)
mAb

Cell Sig-
nalling

9165 1:200 Rabbit

Viability Dye eBioscience 65-0863-14 Manufacturer
Protocol

N.A.

FOXP3
Transcription
Staining Buffer
Set

ThermoFisher
Scientific

00-5523-00 Manufacturer
Protocol

N.A.
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Continued from previous page

Product ManufacturerCatalog Nr. Dilution Host

IgG1κ isotype BioLegend 400119 Manufacturer
Protocol

Mouse

secondary anti-
rabbit Cy3
antibodies

BioLegend 406402 Manufacturer
Protocol

Donkey

ProLong Gold
Antifade

Invitrogen P36934 Manufacturer
Protocol

N.A.

Table 7: List of Chemicals

Product Catalog Nr. Manufacturer

Sodium Pyruvate 11360070 ThermoFisher Scientific
P300 Reagent L3000001 ThermoFisher Scientific
Dorsomorphin P5499 Sigma Aldrich
Insulin Solution Human I9278-5ML Sigma-Aldrich
NaN (Sodium Azide) 8223350100 Sigma-Aldrich
Tris Base T1503-250G Sigma-Aldrich
Tri-ethanolamine 90279-100ML Sigma-Aldrich
2-mercaptoethanol 31350010 Gibco
NaCl (Sodium Chloride) 7647-14-5 Avantor (VWR)
1-Propanol 71-23-8 Avantor (VWR)
EtOH (Absolut) 64-17-5 Avantor (VWR)
Xylol 1330-20-7 Avantor (VWR)
Triton X-100 AAA16046AE Fisher Scientific
2-Propanol 11304817 Fisher Scientific

Table 8: List of Cell Culture Media and Supplements

Product Catalog Nr. Manufacturer

GelTrexTM A1413302 ThermoFisher Scientific
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DMEM-F12 21331046 ThermoFisher Scientific
1XPBS (Phosphate-Buffered
Saline)

J61196.AP ThermoFisher Scientific

Opti-MEMTM 31985062 ThermoFisher Scientific
Lipofectamine 3000 L3000001 ThermoFisher Scientific
STEMdiffTM Neural Induction
Medium

05835 StemCell Technologies

Neurobasal Medium 21103049 StemCell Technologies
L-Glutamine 25030081 Gibco
B27 Supplement (50x) 12587010 Gibco
N2 Supplement (100X) 17502048 Gibco
MEM-NEAA (MEM, Non-essential
amino acids)

11140035 Gibco

Penicillin-Streptomycin
(10,000U/mL)

15140122 Gibco

RPMI1640 GlutaMAX 61870036 Gibco
FBS F9665-500ML Sigma-Aldrich
Goat Serum G9023 Sigma-Aldrich
Donkey Serum D9663 Sigma-Aldrich

Table 9: List of Laboratory Equipment and Consumables

Product Catalog Nr. Manufacturer

isopropanol freezing container 1535050 ThermoFisher Scien-
tific

Mr. FrostyTM Freezing Container 5100-0001 ThermoFisher Scien-
tific

Bio-One CELLSTAR 10536952 Greiner
Bottle top vacuum filtration sys-
tems, SFCA membrane

513-1551 Nalgene

Accutase 00-4555-56 Sigma Aldrich
Ficoll-Paque Plus GE17-1440-03 Cytiva
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Red Blood Cell Lysis Buffer N/A Zentralapotheke
Uniklinik Düsseldorf

Eppendorf (Round-bottom) 0030123620 Eppendorf
Lenti-X Packaging Single Shots 631276 Takara
LentiX Concentrator 631231 Takara
24x50mm 1.5 Menzel-Glaeser
FOXP3/Transcription Staining
Buffer Set

00- 5523-00 eBioscience

Table 10: List of Inhibitor Compounds

Compound Catalog Nr. Manufacturer

SB431542 S1067 Selleckchem.com
Rock Inhibitor (Y-27632) S1049 Selleckchem.com
Plerixafor (AMD3100) S8030 Selleckchem.com
T-5224 HY-12270 MedChemExpress
Dorsomorphin P5499 Sigma-Aldrich
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Results

3.1 Project Stages Overview
This section outlines the various stages of the project. The characterization of cerebral
organoids and the workflow to produce them has been addressed in previous chapters.
This thesis proposes cerebral organoids, a form of iPSC-derived 3D culture system, as
a novel tool in CNS-leukemia research. In brief, cerebral organoids initiate from cell
aggregates termed "neurospheres" which mature to organoids by an expanding neu-
roectoderm and stratified neuroepithelium. Immunofluorescence and immunochemical
staining of organoids and subsequent imaging is used to characterize the organoids. To
this end, the workflow was separated into stages. In summary, the cerebral organoid
cultivation protocol is established by confirming that the structural and cellular features
are consistent with the literature (fig. 14A). A novel implementation to co-culture ALL
leukemia with organoids is then developed and tested with high-risk CNS leukemia
along with less neurotropic leukemia and healthy human stem cells (fig. 14B). This
is followed by a first-of-its-kind implementation of computer analysis to reveal deep
leukemia engraftment into organoids (fig. 14C). To further test the specificity of the
model, known molecular pathways implicated in CNS-leukemia are targeted via cell
knockdown models or inhibitors to document their effect on engraftment (fig. 14D).
Finally, RNA sequencing is performed to find molecular pathways implicated in the
engraftment of leukemia cells into the organoids (fig. 14E). The fulfillment of these
stages is key to address the research questions of the thesis.

58
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Figure 14: PhD Project in Stages: Co-culture Model and Analysis Schemes -
A graphical illustration of the project in several stages (highlighted by colored backdrop).
(A) Mature cerebral organoids are cultivated and established from human hiPS cell
lines. (B) Co-culture assays are tested and modified to select conditions in which cell
engraftment is detectable. Leukemia or healthy controls carry a fluorescent dye for
tracking and downstream analysis. (C) 3D confocal microscopy of fluorescently-stained
organoids is used for cell detection. Image analysis protols (established or novel) are
used to process and quantify the fluorescent cells in the organoids. (D) A selection
of candidates recently implicated in CNS-invasion of BCP-ALL are tested using the
co-culture model. BCP-ALL engraftment is put under further scrutiny by utilizing an
established BCP-ALL knockdown model of BCR-signaling, or pre-treatment with a
chemokine signaling-inhibitor. (E) The transcriptomic profile of organoid-infiltrating
BCP-ALL cells is analyzed via whole RNA sequencing. Infiltrating and non-infiltrating
cells are isolated and compared against each other.
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3.2 Neurosphere Formation and Characterization
Human induced pluripotent stem cells (iPSCs) can renew and transform into various
cell types. Additionally, these cells can organize themselves to form complex 3D
structures that mimic the characteristics of tissues found in living organisms. Researchers
discovered how cerebral neuroepithelial cells derived from hiPS cells generate various
neuronal cell types in a sequence miming corticogenesis in living organisms. Additionally,
these cells display a complex, multi-layered structure when cultured in specific floating
aggregates99,123,140. This has subsequently led to an array of publications introducing
protocols for organoid cultivation. Details to the overall protocol was detailed in
section 2.1.3.

Figure 15: Time-lapse Imaging of Neurosphere Formation and Aggregation
Behavior of hiPS Cells - Time-lapse Images of hiPS Pellets Reveal the Formation
of Neurospheres. Human iPS cells plated in 96-well ULA plates were imaged over
time via the Incucyte S3 live cell imager. Single snapshots are shown for 0-10 hours
post-seeding within 2hr gaps. Within the first 4hrs, condensing of the cell pellet is
apparent, progressing over the next 6hrs. Timescale - bottom right
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Culturing human induced pluripotent stem cells (iPSCs) and seeding for neurosphere
formation was undertaken according to the workflow in section 2.1.2.2 and section 2.1.3.1
respectively. After seeding, the behavior of hiPS cells was studied via live-cell imaging
(fig. 15). This revealed that hiPS cells self-aggregate within a few hours after seeding.
Interestingly, some residual cell material remained in the wells after neurosphere
formation; however, it is not known whether this is an effect of surplus cells. Some neuro-
spheres were removed from the culture and immunostained to check for neural induction.
Small voids in the dense and nuclei-rich spheroid were observed (fig. 16). Moreover,
some components were positive for the type IV intermediate filament marker Nestin
(acronym: neuroepithelial stem cell protein), consistent for neural progenitor cells. In
summary, immunophenotyping of neurospheres induction revealed key neuronal markers.

Figure 16: Validation of Abundant Protein Markers in Neurospheres by
Fluorescent Immunostaining - Day 4 neurospheres derived from human hiPS cells
were stained with Nestin, a neural progenitor marker, and the neuronal marker MAP2
antibody. Two sets of images were produced to show the top surface and inner layer
of the neurosphere. Circular or oval-shaped voids were observed, indicating the early
development of ventricular structures in early organoids. There was a high abundance
of Nestin when overlaid with the nuclear marker DAPI, indicating successful neuronal
induction. MAP2 did not reveal axons, dendrites, or other neuronal features typically
seen in matured organoids. Scale bars – 100 µm
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3.3 Immunophenotyping Key Features of Cerebral Organoids
Neurospheres were expanded without Matrigel according to the workflow (section 2.1.3)
in either stationary or dynamic (spinner flask) suspension culture (fig. 17A-C). Over
time the semi-translucent structure of the neuroepithelium began to appear (fig. 17,
white single arrow). Neuroepithelial formations are expected to form in the maturation
phase. As seen under phase contrast microscopy, thick plate-like formations emerged
on the outside of organoids (fig. 17D/ROI/single black arrow). Furthermore, an inner
lumen beneath the plate-like epithelium became visible (fig. 17D/ROI/double black
arrows). Overall, the maturation of neurosphere in suspension culture exhibit features
consistent with early cerebral organoid cultures.

The emergence of features in matured organoids as described above are part of a
dynamic process. These features are structural and yield a growing array of cell
types, introduced in fig. 3. To confirm the presence and arrangement of key neuronal
markers and structures, paraffin-embedded sections of 60 day-old cerebral organoids
were stained (section 2.6.6). Since an organoid constitutes a milieu of different cell
types and connective tubular proteins and filaments, a selection of various markers
were available to characterize the organoid. Literature shows 3D or 2D specimens
stained for nuclei (DAPI), neuronal precursor cells (SOX2, Nestin), and mature neurons
(MAP2, TBR1, Reelin, TUJ1)116. The detailed protocol of Gabriel et al. describes a
typical ventricular zone organization from the apical (ventricle) to the basal (cortical
plate) site. A marker for neuronal precursor cells (NPCs) ’Nestin’, was shown to
co-localize with a DAPI nuclear stain in these regions. Beta-3-tubulin ’TUJ1’ marks
neurons within the primitive cortical plate at the basal site. As an option, the space
where dividing apical radial glial cells can be marked using ’pVim’, which co-localizes
with the cilia marker ’Arl13b’116. Distinct from other brain region-specific organoid
models, the cerebral kind expresses the organizational and cellular features of cortical
development. They can be identified by a pseudo-neuroepithelial layer surrounding a
lumen117,141. Immunostaining tissue slices with markers representing neural progenitor
‘paired box protein’ (PAX6) and mature neuronal cells ‘beta-three-tubulin’ (TUJ1)
should reveal critical features. The abundance of these markers in cerebral organoid
tissue has already been documented142. Here, median sections of paraffin-embedded
organoids showed the distinct pattern of numerous neural rosettes composed up of a
dense, circular- or oval-shaped arrangement of nuclei surrounding a lumen (fig. 18A-B),
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separated by a region of neuronal tissue positive for TUJ1, an abundant peptide
amongst mature neurons142. The black void in the TUJ1 signal containing these
ventricles was also apparent and annealed well with previously published literature143

(fig. 18B, double-headed white arrow), forming a radial outgrowth of nuclei from the
lumen towards the cortical plate of the pseudo-epithelium (baso-apical formation)
(fig. 18B, single white arrow). Ultimately, the results demonstrate how the cultivated
organoids aligned well with previously published protocols and present consistent
features of neuroepithelial development. Overall, a basis for reliably cultivating cerebral
organoids was achieved. Furthermore, the contrast between these features are clearly
visible in H&E stainings of paraffin-embedded slices (fig. 18C) Imaging tissues becomes
increasingly difficult with size as they become increasingly optically opaque to light.
Tissue transparency decreases due to the higher refraction of incoming light caused
by their refractive index, consequently complicating the detection of antibody-labeled
proteins. "Refractive index" matching is one technique available to researchers to make
larger tissues optically "clear". The term "clearing" is, therefore, used colloquially
to render the tissue transparent. Such applications have benefitted researchers in
resolving intricate structures such as axonal projections and whole embryos129,144,145,146.
Here an already established protocol was adopted using non-toxic ethyl cinnamate
protocol129 to rapidly clear organoids (section 2.6.5). A side-by-side comparison
reveals the rapid change in opacity after clearing (fig. 9). To confirm the image clarity
under IF microscopy, whole organoids were stained for PAX6 or SOX2 ‘SRY-box 2’
(progenitor neurons) and TUJ1 (mature neurons). As a result, a z-stacks recording
of an organoid in 3 to 4 fluorescence channels was completed in 45-90 min. The
fluorescence signal from all three channels appears bright and sharp across the tissue
(fig. 18D). Critically, there is adequate visibility of intricate neuronal structures as well
as immediate progenitor cell types (fig. 18E). Accordingly, utilizing ethyl cinnamate
as a mounting medium for 3D confocal imaging provided an excellent basis. This
approach was subsequently adopted for co-culture experiments with leukemia cells.
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Figure 17: Transition from Early to Matured Organoid Identified by Bright-
field Microscopy of Key Structural Features - Several weeks to a few months may
pass between seeding hiPS cells to harvesting matured organoids. (A) Neurospheres ap-
pear as spheroids in suspension culture as seen under brightfield microscopy—neuronal
differentiation and growth progress during cultivation in spinner flasks (B). Phase-
contrast brightfield microscopy of a mature organoid reveals the emergence of the
neuroepithelium (D). (ROI) The neuroepithelium (black lines) bears a smooth surface
(single black arrow) and surrounds a lumen on the apical side (double black arrows).
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Figure 18: Immunochemical and Tissue Stainings to Reveal Key Structural
and Cellular Features of Cerebral Organoids - (A-B) Immunocytochemical
stainings of (paraffin-embedded) fixed cerebral organoids. Median sections of 60DOA
ChiPSC12 cerebral organoids were stained for intermediate neuronal progenitor cells
via anti-PAX6 and mature neurons via anti-TUJ1 and all nuclei via DAPI nuclear stain.
Confocal imaging reveals rosette-like formations of radially organized neurons, and
baso-apical formations form the core structures.
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continued from previous page...Neural rosettes appear heterogeneous in shape and size
(a combination of round and oval), with a dense ring of nuclei surrounding a lumen.
Mature neurons marked by TUJ1 (double white arrows) are not expected to localize
with the dense ring of nuclei of the rosettes (single white arrows). Therefore, dark
voids can be seen where the neural rosettes reside. (C) Hematoxylin and eosin staining
of paraffin-embedded 60DOA cerebral organoids. (D-E) Anti-PAX6 and anti-SOX2
primary antibodies to label neuronal progenitor cells, and an anti-TUJ1 antibody to
label mature neurons. The introduction of 99.9% ethyl cinnamate resulted in a gradual
increase in tissue transparency. A cerebral organoid, denoted as 60DOA, was captured
as a z-stack and presented as a maximum intensity projection image. Furthermore, a
higher magnification 30X silicone objective was employed to capture images of the two
top layers of the same organoid. In the top left corner, a horizontal line indicates the
z-position of the image acquisition with respect to the organoid (sphere). The scale
bars are 500 µm, 100 µm, and 50 µm. Specifically, the imaging involved 405nm for
DAPI, 488nm for SOX2/PAX6, and 597nm for TUJ1.

3.4
Investigating Leukemia Co-cultivation with
Cerebral Organoids

3.4.1 Optimisation of Culturing Conditions and Analysis
Having an in vitro model delivering the means to study cancer engraftment into human
tissues with a three-dimensional microenvironment would be beneficial. Furthermore,
a model to study cancer in the CNS niche in vitro has gained traction recently115,119.
Early cerebral organoid studies focused mainly on achieving features resembling early
corticogenesis100,105,142,102,147. Within time, the first publications studying glioblas-
toma engraftment into cerebral organoids emerged, revealing some specificity in the
model113,114,115. No study has yet introduced a co-culture system combining leukemia
cells and brain organoids, making this project’s core novelty to develop first-of-its-kind
co-culture assay between cerebral organoids and BCP-ALL cells. BCP-ALL cells with
the t(1;19) translocation leading to the TCF3::PBX1 fusion protein is known to be
associated with an increased risk for CNS relapse13. Therefore, the TCF3::PBX1+

BCP-ALL cells were used as the model subgroup for these experiments. TCF3::PBX1+

PDX cells (PDX1) were utilized for co-culture experiments after staining with CFDA-SE
dye. Confocal microscopy images of cleared organoids were recorded and displayed as
maximum-intensity projections of the recorded channels. In addition, an orthogonal
viewer tool was used to separate the 3D images into three separate 2D images (sec-
tion 2.7.1.1). When scrolling through a z-stack, the tool provides a 2D image for each
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coordinate in each z-slice.

During 3-day co-culture, PDX1 cells localized with the organoid in the maximum
intensity projections (MIP) images; however, they did not appear below its surface,
and thus the inner regions of the cerebral organoid (fig. 19A). This, in turn, led to the
assumption that the engraftment process may require more time; therefore, the duration
of the co-culture assay was extended up to 7 or 14 days. Although the patch of leukemic
cells appeared visibly larger after seven days of co-incubation, more engraftment of
the leukemia cells was noticed after 14 days of co-culture (fig. 19B-C). Moreover,
under high magnification, the overlap of organoid nuclei and complex axonal/dendritic
networks clearly shows the dissemination of leukemic cells under the surface (fig. 19D-E).
Preserving the structural integrity of the organoid tissue architecture is essential for
conducting post-engraftment analysis. This was a primary factor leading to the adoption
of confocal imaging for analysis over tissue mashing and flow cytometry analysis. To
examine changes to the organoid architecture as a results of leukemia engraftment, a
14-day co-culture with the PDX1 cells was conducted. Focussing on areas with and
without leukemia, the expression of key neuronal markers MAP2 (neuronal) and Nestin
(intermediate progenitor) appeared unaltered (fig. 20). In essence, most prominent
leukemia engraftment occurs after 14-days, preserving the structural integrity of the
organoid.
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Figure 19: Validation of BCP-ALL Invasion into Cerebral Organoids af-
ter 14DIV - The cerebral organoids were cultured together with CFSE-stained
TCF3::PBX1+ (PDX1) leukemia cells for a period of 14 days. In the left-hand column,
maximum intensity projections (MIP) show the colocalization of DAPI and mtag-RFPt
with the CFSE signal of the cells. On the right-hand column, orthogonal views illustrate
the spatial orientation of the cells, as marked by white arrows, by visualizing the
organoid in three dimensions (XY, ZY, ZX).
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continued from previous page... The orthogonal viewer displays areas of leukemia cells
located on the surface or within the organoid, which are further highlighted by the region
of interest (ROI) image. Additionally, sub-surface CFSE-stained leukemia cells are
observed to be in proximity to other neuronal cell types. (D, E) The cleared organoids
were captured using a 60x oil objective to observe the uppermost layer containing
infiltrated leukemic cells. The stacked images were combined, showing CFSE, DAPI,
and anti-MAP2 staining. Enlarged images highlight leukemic cells closely associated
with the organoid volume (ROI), suggesting that they are situated within an intricate
network of neurons and their axonal/dendritic connections. Fluorophores: mtag-RFPt
(Tag-RFPt), CFSE, DAPI, MAP2 (AF647). Scale bars – 50 µm, 10 µm.

Organoids are a dynamic in vitro system, maturing over a period of weeks to months in
culture. The effect of organoid age was tested briefly by co-culturing cerebral organoids
at 10, 30, or 60 days of age (DOA) with 10,000 leukemia cells. The results show similar
images of cell aggregates engrafting into the organoid across the three age timepoints
(fig. 21). Similarly, leukemia cell concentration in the vicinity of organoids needed
adjustment. To avoid oversaturating the system, and having too high cell density in
microscopy samples affecting readability of the samples, a range of concentrations were
tested. Clinically, the detection of CNS disease in BCP-ALL is classified according to
WBC count in the CSF via traumatic lumbar puncture. The current classification of
CNS1-3 lists cell concentrations in the single digits per microlitre of CSF. Therefore, to
assess the clinical relevance of the model, the minimum number of leukemic cells required
to engraft into the cerebral organoids was evaluated. To accomplish this, co-culture
experiments were carried out with a limiting dilution (50, 100, 5000, and 10000 cells) of
PDX1 cells for 14 days. The IF results identified progressively increasing engraftment
of leukemia cells in a concentration-dependent manner. More importantly, the invasion
was noticed with as low as 50 leukemia cells (fig. 22). Subsequently the stability of CFSE
as a fluorescent staining dye in the same time frame was studied. To this end, the 697
BCP-ALL line was stained with CFSE and co-cultured for 14 days, mashed and stained
for flow cytometry analysis (workflow anneals that of section 2.11.2 with a change
in antibody to anti-human CD19 FACS antibody, table 6). Green cells (FITC) were
checked for their overlap with human CD19 (C5.5-A). The analysis showed that more
than 90% of CD19-positive events (lymphocytes) are positive for CFSE after 14 days of
co-culture (fig. 23). Even though some leukemic cells are expected to loose a portion of
the CFSE signal during the 14 days of co-culture with the organoids, this decrease is not
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significant enough for them to become undetectable in the immunofluorescence images.
In summary, BCP-ALL engraftment in organoids is a reliably detectable event after
two weeks in co-culture. Ultimately, BCP-ALL leukemia engraftment into organoids
occurred irrespective of organoid age or significant dilution of leukemia in co-culture.
Furthermore, labelling with CFDA-SE is suitable for tracking leukemia cells engraftment
into organoids after 14 days of co-culture.

Figure 20: Study of Expression of Key Neuronal Markers of Organoid
Tissues after Engraftment - Organoids were co-cultured with the CFSE labeled
(TCF3::PDX1+) PDX1 cells for 14 days. Subsequently, infiltrated organoid was stained
with intermediate progenitor cell marker anti-Nestin (a neuroepithelial stem cell protein)
and anti-MAP2 (a microtubule-associated protein). Left - A MIP displays a portion of
organoid infiltrated by PDX1. Right – Two ROIs (from Left) show areas with/without
infiltration and the presence of Nestin and MAP2. Scale bars: 10 µm. 488nm: CFSE
(green), 596nm: Nestin (red), 647nm: MAP2 (blue).
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Figure 21: BCP-ALL Leukemia Engraftment across Different Organoid Ages
- Cerebral organoids were cultured for 10, 30, and 60 days and then co-cultured with
10,000 BCP-ALL cells (PDX1). These organoids were then stained with either TUJ1
(beta-three-tubulin) or MAP2 (microtubule-associated protein 2) unless they were
derived from the mtag-RFPt-expressing hiPS cell line (table 3). Z-stacks were displayed
as MIPs, and orthogonal views of the organoids were shown in combination with ROIs
of single cells or clusters. Scale bars – 250 µm, 50 µm. Fluorophores: mtag-RFPt
(Tag-RFPt), CFSE, DAPI, MAP2 (AF647), TUJ1 (AF594)
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Figure 22: Cell Invasion across a Series of Dilutions - Cell engraftment was
assessed by reducing the cell concentration in co-culture by up to 200-fold. Cerebral
organoids were co-cultured with CFDA-SE-stained TCF3::PBX1+ PDX cells. A-D
show 50, 100, 5000, and 10000 cells (PDX) per organoid. The cerebral organoids were
labeled with anti-MAP2 (microtubule-associated protein 2) (table 6) and presented
as MIPs using the orthogonal viewer tool. The orthogonal views of the organoids are
displayed in conjunction with ROIs of individual cells or clusters. Scale bars – 250 µm,
50 µm. Fluorophores: CFSE, DAPI, MAP2 (AF647).
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Figure 23: CFSE Signal Remains Visible as a Co-Stain with human CD19
marker for BCP-ALL - To determine the persistence of CFSE signal of cells engrafted
in organoids, organoids were mashed and suspensions were co-stained for human CD19
surface protein. BCP-ALL 697 cell line were co-cultured for 14 days. Organoid mashing
and FACS staining procedure was followed according to section 2.11.2. Populations
double-positive for FITC (CFSE) and CD19 (C5.5-A) are highlighted. The percentage
of green cells was shown for both engrafted cell types.

3.4.2 Cell Migration of BCP-ALL leukemia in Co-culture
The broader literature on the invasion and migration of leukemia cells confirms that
cell motility is inherent due to their lymphoid identity148. Next, it was investigated
whether leukemia cells show motility towards organoids. Healthy controls in thr form
of CD34+ HSPCs (sourced from cord blood) and BCP-ALL 697 were co-cultivated
with cerebral organoids or as suspension only in triplicates. Time-lapse imaging was
performed using an Incucyte S3 microscope, and cell migration patterns were quantified
for all cell types according to the methods described in section 2.7.3. Visualization using
the trackmate130 visualized BCP-ALL cells moving towards the organoid in suspension
culture. The same behavior was not seen for HSPCs (fig. 24). These findings were
consistent across experimental triplicates (not shown). Although some HSPCs appear
to rotate towards their organoid, similar movement is seen for other cells in the well
homing away from the organoid (fig. 25 white arrows). Quantifying these tracks for
both BCP-ALL and HSPCs across triplicates revealed significantly higher distances
covered by BCP-ALL compared HSPCs (fig. 26).
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Figure 24: Time-lapse Imaging of BCP-ALL in Co-culture with Cerebral
Organoids - Leukemia cells laballed with CFDA-SE were plated at a density of 1000
cells per well shown as "cells (dots)", with or without a single cerebral organoid (n=3).
Time-lapse imaging was performed over 24 hours at 3-hour intervals to monitor the
movement of leukemia cells (indicated by white arrowheads). The two conditions were
labeled as "+organoid" and "control" for CFSE-stained cells only. The analysis was
carried out using the TrackMate plugin on ImageJ (section 2.7.3). The movement paths
of the cells over time was traced, revealling movement (single white arrow) towards the
cerebral organoid (indicated by the white oval), originating from the perimeter of the
center of the well.
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Figure 25: Time-lapse Imaging of HSPCs in Co-culture with Cerebral
Organoids - HSPC cells labeled with CFDA-SE were seeded at a density of 1000
cells per well shown as "cells (dots)", with and without a single cerebral organoid per
well (n=3). Time-lapse imaging was conducted over a 24-hour period with images
taken every 3 hours to monitor the movement of leukemia cells (indicated by white
arrowheads). The two experimental conditions are referred to as "+organoid", and
"control" for CFSE-stained cells only. The analysis was carried out using the TrackMate
plugin on ImageJ (section 2.7.3). The movement of HSPCs in co-culture and suspension
was traced over time (single white arrow).
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continued from previous page...Analysis was carried out using the TrackMate plugin
on ImageJ (section 2.7.3.1) to identify and trace the paths of cell movement over the
time-lapse. Leukemia cells were observed migrating towards the cerebral organoid
(depicted as a white oval), originating from the perimeter of the well. Cells surrounding
the organoid at the early stage of the experiment exhibited minimal, irregular movement
around the organoid, as indicated by green arrowheads.

Figure 26: Quantification of Cell Migration during Time-lapse Imaging
unveils Higher Movement of Leukemia Cells- The total track length covered by
the TCF3::PBX1+ 697 cells and cord blood-derived HSPCs in co-culture with mature
cerebral organoids, was measured by time-lapse imaging for 12h, and analysis was
performed via TrackMate plugin. The results depicting the total track length covered
by the cells. Statistical analysis was performed using the unpaired two-tailed t-test
(HSPCs vs 697, n=3, P < 0.0001).

3.4.3 Mitotic Inactivation of BCP-ALL Cells
Next, the effect of mitosis inhibition was studied using the co-culture model to
investigate the role of BCP-ALL cell proliferation during cell infiltration. 697 cells were
exposed to a non-cytotoxic concentration of Mitomycin-C (30nM) for a duration of
three hours and subsequently co-cultured with cerebral organoids. Cells pre-treated
with inhibitor still engrafted; however, engraftment of cells within the cerebral organoids
relative to the corresponding vehicle control (DMSO)-treated cells was visibly reduced
(fig. 27A). Furthermore, total cell counts for treated cells was notably reduced (fig. 27B).
These findings support the notion that organoid infiltration is driven by the migration
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of BCP-ALL cells; however, upon reaching the organoid, they subsequently proliferate
within the organoid microenvironment.

Figure 27: Mitotic Inactivation of BCP-ALL Leukemia in Organoid Co-
cultures - The 697 cell line was treated with Mitomycin-C and co-cultured with
mature organoids, according to the methodology in section 2.2.6. The organoids were
subsequently stained using anti-MAP2 primary and anti-chicken 647 secondary antibod-
ies. (A) Confocal images depict leukemic cells (CFSE) co-localizing with the organoid
(MAP2). Regions of Interest (ROIs) highlight differences in the clustering/aggregation
of leukemic cells under different conditions. Scale bars - 100 µm (B) Total cell count
comparison was made between DMSO and treated cells. Statistical analysis involved
comparing the treated and DMSO control 697 cell lines using the unpaired two-tailed
t-test (n = 3 replicates). Treated vs DMSO (P=0.0432)
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3.4.4
Quantification of Infiltration of Leukemia Cells Across High-risk
BCP-ALL and non-ALL Subtypes

To distinguish the engraftment potential between leukemia subtypes, cells imaged
inside organoids were counted. To this end, common image analysis tools were
adopted to identify and count individual leukemia cells within each 3D organoid
image (section 2.8.1.2). Cord-blood-derived HSPCs were incorporated as healthy cell
controls. HSPCs did not form large aggregates in the organoids after 14 days compared
to PDX1 leukemia cells (fig. 28A-B). Healthy buffy-coat-isolated B-lymphocytes
were added as a control in the subsequent analysis. Moreover, TCF3::PBX1+ 697,
and Kasumi2 exhibited a significantly (P<0.05) higher engraftment over CD34+
HSPCs (fig. 28C). High-risk BCP-ALL subgroups cell lines (TCF3::HLF ; HAL01
and BCR::ABL1 ; SUPB15) were included, revealing higher engraftment over HSPCs
(fig. 28C). Moreover, 697 and SUPB15 engraftment was significantly higher than
that of B-lymphocytes (B-Cell). In addition, two more BCR::ABL1+ chronic
myeloid leukemia (CML) cell lines, K562 and KCL22, were incorporated into the
co-culture assay as a non-BCP-ALL subtype, which are not typically associated with
CNS-leukemia, as further controls. However, despite comparable growth kinestics to
TCF3::PBX1+ leukemia, K562 and KCL22 exhibited low engraftment similar to HSPC
controls (fig. 28C). Moreover, the analysis was extended to include more PDX-ALL
samples. These represent high-risk ALL subgroups including KMT2A-rearranged
(KMT2A-r+), TCF3::PBX1+, and BCR::ABL1+ ALL. Here, TCF3::PBX1+ PDX1
counts were significantly higher than HSPC and CML controls (fig. 28D). Interestingly,
BCR::ABL1+ PDX3 was only on par with B-lymphocytes, but significantly higher than
HSPCs. Of note, leukemia cells recovered from the suspension after co-culture exhibited
high viability (around 80% or above) (fig. 29). Altogether, these co-culture assays
revealed differential organoid engraftment kinetics in different PDX-ALL samples, all of
which significantly exceeded the organoid engraftment of HSPCs and K562, KCL22 cells.
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Figure 28: Quantification of Cell Engraftment after Co-culture - A total cell
count of invaded cells reveals BCP-ALL as significantly more aggressive over healthy
controls. (A-B): Cerebral organoids were co-cultured with TCF3::PBX1+ (PDX1)
cells and cord blood-isolated CD34+ cells (healthy control). Enlarged images of cell
clusters are shown by white squares (ROI). Scale bars – 25 µm and 250 µm. (C-D): A
quantitative analysis of total cell count of leukemia cell lines, PDX (Patient-derived
Xenograft), HSPCs and B-lymphocytes (BLym). Statistical analysis compared the
HSPC, CML, and B-lymphocytes to every other condition using the unpaired two-
tailed t-test (n = 3 replicates): TCF3::PBX1 vs HPSC - 697 (P < 0.0001), Kasumi
2 (P = 0.0111), PDX1 (P = 0.0433). TCF3::PBX1 vs B-lymphocytes (B-Lym) -
PDX1 (P=0.0124), 697 (P = 0.0033). TCF3::HLF vs HSPCs: HAL01 (P = 0.0070).
BCR::ABL1 vs HSPCs - SUPB15 (P = 0.0006), PDX3 (P=0.0086).
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continued from previous page... BCR::ABL1 vs B-Lym - SUPB15 (P = 0.0029), KCL22
(P = 0.0176), K562 (P = 0.0498). HSPCs vs B-lymphocytes (P = 0.0124) [Note: For
simplicity, only statistically significant comparisons are shown] Fluorophores: CFSE,
DAPI, MAP2 (AF647).

Figure 29: Cell Viability of Cells Recovered from Co-culture Suspension
Leukemia cells were recovered from 14-day coculture suspensions and stained with
DAPI fluorochrome, after which they were analyzed using FACS. The percentage of
viable cells is shown for commercial cell lines (Kasumi2, 697, SUPB15), PDX, cell line
models (shRNA-miR30), and healthy controls (HSPCs).

3.5
Novel Implemention of Data Science Tools for
Pinpointing BCP-ALL Engraftment

3.5.1 Validation of Cell Infiltration using 2D Scatter Visualizations

The critical characteristics of cerebral organoids for structural and cellular features
are commonly shown using fluorescence images. Although significant progress has
been made in the quality of 3D organoid imaging129,149, typical histological or
single-cell analysis needs more spatial information within whole organoid tissues.
Modern analysis pipelines, such as multiscale comparative analyses for organoids,
have unlocked new potential in studying 3D organoids121. Python has become an
increasingly attractive program for scientific applications, next to other systems such
as R, MATLAB, Stata, and SAS. Pandas136 and NumPy135 libraries introduced and
organized the coordinate data exported from Imaris (section 2.8.1.2). Imaris uses
built-in software tools to detect single events/shapes in 3D images, however a tool
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was needed to routinely analyzelarge datasets of organoids. Here, a novel computer
pipeline to analyze3D co-culture images is introduced. CML controls (KCL22, K562)
were analyzed alongside BCR::ABL1+ PDX3 and TCF3::PBX1+ PDX1. In brief,
Imaris-based image analysis was used to extract „positional data" from CFSE-stained
cancer cells (green), as well as foci (e.g. somas stained via anti-MAP2 staining)
from neuronal staining (fig. 11). The positional data were converted to an array
of [x, y, z] coordinates, e.g. [845.777, 664.661, 3675.28] section 2.8.1.2. 2D scatter
plots of MAP2 and CFSE positional data were created using the matplotlib package,
mapping the relative position along the z-axis according to their positional data
section 2.8.1.3. This showed a clear overlap of CFSE (colorbar) with MAP2 (red)
(fig. 30). Moreover, the difference in cell dissemination between CML and BCP-ALL
was apparent (fig. 30A-D). Due to the configuration of the colorbar, cell aggregates
were easily localized across the 2D plots of each condition. In summary, this visual-
ization provides an enhanced assessment of cell engraftment and sub-surface localization.



82 Chapter 3. Results

Figure 30: Relative Position and Distance of Leukemia and Healthy Controls
to Organoid Surfaces - (A-D) The cerebral organoids used in the leukemia/organoid
co-culture assay are largely composed of mature neurons and long, developed axonal and
dendritic networks. The use of an anti-MAP2 primary antibody shows their distribution
across the entire volume of the organoid. This distribution could be used to better
interpret the position and clustering of leukemia cells engrafted within the organoid
tissue...
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continued from previous page... The number and relative position of MAP2-positive loci
and CFSE-positive cells within each organoid were extracted as positional data. These
are cartesian coordinates given by an x-, y-, and a z-component, extracted from confocal
image channels for MAP2 foci and CFSE-positive leukemic cells. Scatter plots were
created by employing numpy, pandas, and matplotlib packages (section 2.8.1.2). A 2D
plot visualizes any two axes at a time with MAP2 in red, and CFSE in green. A custom
gradient colorbar is used for each channel to illustrate the relative position of both axes
with respect to the third axis, in this case the z-axis. Python’s libraries Matplotlib and
Seaborn were leveraged to visualize these data. Specifically, the organoids volume (as
red dots) were overlayer on each axis with a scatter plot of CFSE-positive leukemia
cells (green).

3.5.2
Generation of Detailed Surface Reconstructions of Cerebral
Organoids from Image Data

Confocal image data was used to convert leukemia and organoid foci into coordinate
data ie. pointclouds. 3D modeling of organoids may pose a solution to quantify
positional relationships between CFSE-stained cancer cells and the brain organoid
volume. The development of modern computer graphics has extensively researched the
problem of reconstructing 3D surfaces from point samples133. Furthermore, the idea of
segmenting whole organoids for spatial analysis has previously been demonstrated121.
Here, a novel approach to spatial organoid analysis is introduced. The confocal images
of organoids (section 2.3.1) illustrated the smooth surfaces of organoids; however,
peaks and troughs add a layer of complexity. The two-dimensional evaluation was
created to provide a qualitative, intermediate assessment of co-culture (fig. 30). To
quantify positional relationships between CFSE-stained cancer cells and the brain
organoid volume, a manipulable 3D model was created from whole organoid confocal
images (fig. 31A). Firstly, the previously-mentioned positional data (section 2.8.1.1)
were converted into pointclouds (section 2.8.2). Open3D is a python/C++-based
package capable of producing detailed surface reconstructions which require pointcloud
data as an input. The reconstruction is achieved by performing a ‘poisson surface
reconstruction’137. To elaborate, pointclouds are unstructured and require a triangular
mesh to produce a an accurate surface reconstruction. This method produces a ‘triangle
mesh’ with ‘points’ and ‘triangles’ which, in addition to smoothing algorithms, aims to
produce an incredibly detailed representation of the original image. Indeed, both MAP2-
and CFSE-based image data were successfully converted to pointclouds overlapping
with the original image (fig. 31B-C/ROI). Furthermore, the reconstruction using the
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MAP2 pointcloud closely resembled to original structure (fig. 31A,D/ROI). In summary,
immunostained organoid can be readily and accurately converted into digital models.
Its practical use for spatial analysis will be elaborated in the subsequent section.

Figure 31: Study of High Resolution Reconstructions of Organoid Surfaces
from Immunofluorescence Image Data - (A) Confocal images taken from day
60 organoids co-cultured with leukemia or HSPCs were analyzed using Imaris image
analysis software (see section 2.7.1). (B-C) The Open3D package was used to create
an accurate reconstruction of the organoid volume, based off MAP2 foci, to perform
distance calculation of leukemia cells to the organoid surface. Here, the positional data
are represented as a pointcloud (Pcd). (D) The MAP2 pointcloud is used to create
a detailed polyhedron mesh representing the organoid surface. Bulbous/convex and
concave details on the surface are seen.

3.5.3 Calculating Relative Depth BCP-ALL Engraftment into Organoids

Section section 3.5.2 could demonstrate how highly detailed surface reconstructions of
organoids are possible. Next, the distance between leukemia cell dots to the surface
render were measured. Cerebral organoids have been reported to harbor hypoxic
conditions. It was thus hypothesized that the depth with which BCP-ALL cells migrate
into organoids correlates with their ability to adapt to unfavorable conditions known in
the literature. To be able to measure these variations in distance on the micron level,
another function built into Open3D was used in an attempt to accurately measure the
penetration distance of leukemia or control cells into the organoids. The RaycastingScene
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class provided by Open3D is a valuable tool for users looking to transform their
triangle meshes into functions133. The tool offers a convenient way to work with 3D
models and explore their properties. Here, it was adopted to calculate the distance
of cells to the surface of the organoid mesh. Image data from TCF3::PBX1+ PDX1,
BCR::ABL1+ PDX3, CML, B-lymphocytes and HSPCs were used in this instance. The
program returned the distances for each leukemia cell in the image data relative to the
reconstructed organoid surface, producing many data points. The data were illustrated
on a logarithmic scale to better differentiate between "near-surface" and "below-surface"
cells. The resulting dataset was plotted and demonstrated a clear difference between the
leukemia cells (PDX1) and healthy controls HSPCs (fig. 32A). Upon closer inspection,
engrafted cells appeared to be distributed along a range of distances, clearly dominated
by surface-bound cells. PDX1 appeared to show more consistent invasion into deeper
parts of the organoids than healthy and CML controls, as well as PDX3. The data were
filtered to better compare cells engrafted beyond the surfaces. Engraftment distance
beyond 10 µm was chosen as a cutoff to distinguish between surface-bound and deep
engraftment. This revealed a significantly higher number of deeply engrafted PDX1
cells over healthy HSPCs and B-lymphocytes. This was also seen when comparing to
CML subtypes KCL and K562. Interestingly PDX3, a BCR::ABL1+ PDX3 sample,
shows significantly less engraftment compared to TCF3::PBX1+ PDX1, being on the
level of CML controls (fig. 32B). Both healthy and CML controls, exhibited relatively
similar engraftment to each other. To summarize, closest distance calculations on
surface-reconstructed organoids reveals differential engraftment between CML and
BCP-ALL, re-affirming the higher engraftment of BCP-ALL-PDX over CML control
cells.
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Figure 32: Quantification of Engraftment Distances into Organoids (A-C) -
Healthy controls HSPCs and B-lymphocytes (BLym) were tested alongside CML controls
(KCL22, K562), as well as both PDX3 and PDX1. The distances of engraftment of cells
are shown along the y-axis on a logarithmic scale. Cells measured to be 10 microns
or deeper within the organoid with respect to its surface are highlighted by a green
to red gradient backdrop. Cells concentrated around the surface are lighter in tone.
Triplicates are displayed as different levels of grayscale. (D) Sub-surface detection of
leukemia and healthy control cells. The Python analysis pipeline was used to determine
the distance of cells below the surface of organoids they were co-cultured with. It
was estimated that distances above 10 µm would be considered a boundary for deep
invasion. As such, the sum of measurements beyond this boundary is displayed for
TCF3::PBX1 entities. Statistical analysis compared the PDX1 against all other entities
using the unpaired two-tailed t-test (n = 3 replicates). PDX1 vs HSPCs (P=0.0151),
PDX1 vs B-lymphocytes (P=0.0187), PDX1 vs KCL22 (P=0.0058), PDX1 vs K562
(P=0.0107), PDX1 vs PDX3 (P=0.0120), BLym vs KCL22 (P=0.0466)



Chapter 3. Results 87

3.6 Manipulating BCR-and Chemokine Signaling Function
in TCF3::PBX1+ Leukemia Co-cultures

The key mediators of CNS involvement in BCP-ALL are yet unclear. Recent efforts
to unveil the role of preBCR signaling in CNS invasion identified CD79a/Igα as
a crucial mediator in leukemia cells’ infiltration65. A short-hairpin RNA (shRNA)
mediated knockdown (KD) of CD79a in a TCF3::PBX1+ cell line 697 (shCD79a) lead to
significantly lower CNS engraftment in murine models65. A preliminary assessment of the
model was conducted before incorporating it in the co-culture procedure. Flow cytometry
was conducted to measure the surface expression of CD79a to the representative miR30
and isotype controls (fig. 33A). Testing their proliferation in organoid media revealed
comparable growth characteristics (fig. 33B). The model was subsequently seeded at
10,000 cells per organoid for 14 days. Strikingly, CD79a knockdown impeded the
engraftment of 697 cells into cerebral organoids compared to shRNA-miR30 control
cells (fig. 34A, graph). Of note, both cells previously demonstrated high viability after
co-culture (fig. 29).

The chemokine receptor CXCR4 and respective ligand stromal-derived factor-1 (SDF-
1) are considered important in CNS relapse both in BCP-ALL and T-ALL45,49,150.
Specifically, their interaction led to the assumption that SDF-1 in the CSF may
be a promoter of CNS tropism. A prior study inhibited CXCR4-SDF-1 signaling
via the small- molecule inhibitor Plerixafor in mice, preventing the dissemination of
BCP-ALL blasts into the skull, vertebral bone marrow, and subarachnoid space49.
Therefore, Plerixafor (table 10) was evaluated for inhibiting the CXCR-SF1 axis to
prevent the engraftment of leukemia cells into cerebral organoids. To validate the
expression of SDF-1, immunostainings were performed on whole organoids revealing
high expression of SDF-1. Moreover, the expression pattern closely overlapped with
the well-established neuronal marker MAP2. SDF-1 expression remains stable across
various brain regions postnatal, including the hippocampus, and persists throughout
the organism’s lifespan50. Plerixafor was used at a final concentration of 44nM based
on the IC50 value published by the supplier151, and toxicity was not observed in 697
cells even after 72 hours of exposure (fig. 34C). Subsequently, Plerixafor or vehicle
control (12h) pre-treated 697 cells were washed and co-cultured with the cerebral
organoids. The visual burden and absolute quantification of leukemic cells into the
organoids identified a significant reduction in the engraftment of leukemia cells as
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compared to vehicle-treated controls, as confirmed by total cell count analysis (fig. 34D).
Taken together, attenuation of CD79a/Igα or CXCR4-SDF-1 signaling attenuated
TCF3::PBX1+ leukemia cell engraftment into cerebral organoids, annealing with the
previously published results in murine models152,49.

Figure 33: B-cell Receptor Knockdown (CD79a Igα) Validation- Intracellular
Staining of CD79a α in Knockdown (KD), Empy Vector (EV). (A) FACS analysis of
CD79a KD, shRNA-miR30, and WT 697 cells was stained for intracellular expression of
CD79α. Lower levels of CD79α are seen towards the left-hand side of the histograms. (B)
Cell proliferation was tested by seeding 50,000 cells per well, measuring cell concentration
every 24hrs.
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Figure 34: CD79a/Igα Knockdown and inhibition of CXCR4-SDF-1 Interac-
tion (A) TCF3::PBX1+ shRNA-mediated CD79a...
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continued from previous page...knockdown (KD) or empty vector (E.V.) control 697 cells
(10,000 cells) were seeded in a co-culture assay with (day 30) cerebral organoids for 14
days. Both conditions were analyzed using the unpaired two-tailed t-test, 697 CD79a vs.
697 E.V. (p = 0.0034). Scale bars – 500 µm, 50 µm. (B) To demonstrate the expression
of SDF-1 in cerebral organoids, day 30 cerebral organoids were stained. A single z-slice
of a complete 3D stack is shown above, including a portion of the image in the ROI.
Immunofluorescence staining revealed co-localization with anti-MAP2 signal in cerebral
organoids, and the expression of SDF-1 significantly increased in neurons, including
a portion of the image in the ROI. Scale bars – 100 µm, 10 µm. (C) Toxicity screen
was performed according to section 2.5 at 50nm and 100nm and percentage viability
was plotted for the 697 and SUPB15 cell lines after 72hrs. (D) 697 wild-type (10,000)
cells pre-treated for 12h with (44nM) Plerixafor or with vehicle control in a co-culture
assay with (day 30) cerebral organoids for 14 days were seeded in each condition. Both
conditions were analyzed using the unpaired two-tailed, Vehicle vs. 697 +Plerixafor (p
= 0.0155). Scale bars – 500 µm, 100 µm, and 50 µm.
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3.7
Transcriptome Profile of Cerebral Organoid-
infiltrating TCF3::PBX1+ Leukemia

It has been reported that BCP-ALL cells can undergo transcriptional/metabolic
adaptations when reaching the CNS niche39,153. To test this, a co-culture assay was
used to identify new pathways and molecules relevant to CNS infiltration of BCP-ALL.
Cerebral organoids were co-cultured with cell lines 697 and Kasumi2, respectively, and
infiltrating versus non-infiltrating cells were collected after dissociation and sorting and
then subjected to RNA-sequencing (section 2.9.1). Differential RNA expression analysis
identified upregulation of FOS, FOSB, and EGR1 with consistent and significant
(FDR < 0.05; log2(FC) < -1 or log2(FC) > 1) altered expression in invaded leukemia
cells as compared to a non-invaded fraction (fig. 35A-B). Fast gene set enrichment
analysis (fGSEA) identified significant enrichment in gene clusters regulated by NF-κB
in response to TNF and stem cell-related signatures in the invaded leukemia cells
compared to non-infiltrated cells. In comparison, the oxidative phosphorylation-,
ribosome biogenesis-, reactome translation- and mitochondrial proteins-related gene
signatures were downregulated in the invaded leukemia cells compared to non-infiltrated
cells (fig. 35). Subsequent validation was performed by repeating the same assay;
however, intracellular FACS staining was performed according to the protocol described
in section 2.11.2 on the invaded and non-invaded leukemia cells, revealing a consistent
upregulation of FOS and FOSB (fig. 35). Further, immunofluorescence staining was
performed on suspension (non-infiltrated), paraffin-embedded organoid slices, as well as
WT BCP-ALL cells, according to section 2.6.6. The difference in localization of these
AP-1 members was tested by staining for FOSB, JUN, and FOS. All three exhibit
strong co-localization with the nucleus, while the distribution is mostly diffuse within
WT cells (fig. 36). Previous evidence points to the involvement of AP-1 signaling
deregulation in hematological cancer, particularly ALL74,75. In summary, increased
activity of AP-1 is prominent in BCP-ALL maintained inside organoids.
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Figure 35: Study of Gene Expression Levels in Infiltrating and Non-
Infiltrating TCF3::PBX1+ Leukemia Cells Isolated from Cerebral Organoids
- (A-B) Volcano plot showing significantly (FDR < 0.05; log2(FC) < -1 or log2(FC) >
1) up- or down-regulated genes from RNA-seq data of cerebral organoid-infiltrated 697
(A) and Kasumi 2 (B) cells compared to non-infiltrated fraction. (C-D) 697 and Kasumi
2 (K2) cell lines isolated from organoid co-cultures were stained for FOSB and FOS
and measured using flow cytometry. The mean fluorescence intensity (MFI) is plotted
for both infiltrating (leukemia cells inside organoids) and suspension (non-infiltrated)
cells. Statistical analysis was performed using the unpaired two-tailed t-test (FOSB n
= 3, FOS n = 4).
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3.7.1
Monitoring AP-1 Involvement at Onset of Co-culture using
BCP-ALL/AP-1 Reporter Models

It is yet unclear if the AP-1 pathway plays an extensive role in facilitating migration,
homing, and overall biological fitness of BCP-ALL cells (or subclones) for CNS invasion.
It is also uncertain whether the primary function of the pathway is to promote the
survival of BCP-ALL cells within the hostile environment of the CNS niche. It could
not be fully elucidated whether adaptations, such as AP-1 member upregulation,
occur i) to migrate and engraft into the organoid or ii) as a response to the organoid
microenvironment. To establish a functional link between and AP-1 signaling and
CNS-involvement in BCP-ALL, TCF3::PBX1+ 697 cells were stably transduced with an
AP-1-GFP reporter construct (section 2.2.4). This construct included transcriptional
response elements (TRE) upstream of the mCMV promoter, which allowed for GFP
expression in response to AP-1 transcriptional activity. To test the effects of the
AP-1 construct, TCF3::PBX1+ 697 cells which were transduced with the construct
or a negative control were co-cultured with and without organoids. All conditions of
AP-1 and negative control were normalized to a non-fluorescent 697 wild-type (WT).
Live cell imaging, using the Incucyte (section 2.7.3), measured GFP-fluorescence
over time. Interestingly, fluorescence in AP-1-carrying 697 cells was significantly
(P<0.0001) higher when in co-culture compared to suspension only (fig. 37). This
was not seen in control cells. In summary, these findings suggest that the microenvi-
ronment plays an important role in modulating AP-1-mediated transcriptional responses.

3.7.2 Targeted Inhibition of the AP-1/cFos Axis in BCP-ALL Co-cultures

To further elucidate the functional role of AP-1 signaling in the engraftment of
leukemia cells within the organoids, an experiment was conducted by employing an
AP-1-specific inhibitor. T-5224 inhibits the AP-1 complex (section 2.13) by blocking
the DNA-binding ability of the c-Fos/c-Jun dimer specifically, with minimal impact
on other transcription factors154,75. In the literature, the ability to inhibit invasion
and metastasis of other cancer forms has been documented in in vivo studies127,155.
The toxicity range of the compound was tested according to the method described
in section 2.5. Then, the BCP-ALL cell line 697 was treated at 5 µM or DMSO
and co-cultured with organoids and live cell imaging was performed to reveal the
migration of cell in either condition. Interestingly, migration of cells towards an
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Figure 36: Pinpointing AP-1 Member Localization in Infiltrated and Non-
Infiltrated BCP-ALL - A repeat of the assay in fig. 35 with the BCP-ALL cell line
697. Paraffin-embedded slices bearing infiltrated, suspension (non-infiltrated), and
wildtype cells were isolated for immunofluorescence staining. All samples were stained
for FOSB, JUN, and FOS. Images are grouped in grids of 3 by 4 with the marker for
all rows display above, as well as Wildtype, Non-Infiltrating, and Organoid Slice
for columns. Immunofluorescence signals are shown in greyscale and color merge in
the column along the far right. In Organoid Slice columns the overlap of all color
channels display the localization of AP-1 members (white arrows). Scale bars – 5 µm
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Figure 37: Detection of AP-1 Upregulation of AP-1 via Reporter Construct
in BCP-ALL- 697 transduced with either the AP-1 construct (697-AP1) or a cor-
responding negative control (697-Neg) were co-cultured in the presence (+ ORG) or
absence (- ORG) of organoids, respectively. 10,000 cells were seeded from each condition
in triplicate. Live cell imaging using revealed an early and consistent rise in GFP
fluorescence exclusively within the 697-AP1 TRE cells when co-cultured with organoids.
697 wild-type cells (697 WT culture) and normal culturing media were included as a
non-fluorescent controls. Significance between 697 AP1 +ORG vs. 697 AP1 +ORG
was calculated using the unpaired two-tailed t-test (697 AP1 +ORG vs 697 AP1 -ORG,
n=3, P<0.0001).

organoid was visibly different (fig. 38, fig. 39). Upon quantification, cells treated
with T-5224 showed significantly attenuated migration towards cerebral organoids
(fig. 40). Collectively, the involvement of the AP-1 pathway in CNS leukemia and
potential candidate for pharmacological inhibition is further supported by these findings.



96 Chapter 3. Results

Figure 38: AP-1/c-Fos Targeted Inhibition: Time-lapse Imaging of Leukemia
DMSO-treated Control - The 697 leukemia cell line was stained with CFDA-SE
treated with DMSO as a control and platted at 1000 cells with one organoid (n=3),
shown as "cells (dots)". Time-lapse imaging over 24 hours (every 4 hrs, here displayed
0hrs-20hrs) track the movement of leukemia cells (white arrowhead). Motion of cells in
and around the organoids is noticeable (opposite white arrowheads). Analysis performed
via the TrackMate plugin on ImageJ (section 2.7.3) identified and traced lines along
the movement path of the cells over the time-lapse.
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Figure 39: AP-1/c-Fos Targeted Inhibition: Time-lapse Imaging of Leukemia
treated with T-5224 - The 697 leukemia cell line was stained with CFDA-SE and
treated with the AP-1 inhibitor T-5224 at a final concentration of 5 µM and platted
at 1000 cells with one organoid (n=3), shown as "cells (dots)". Time-lapse imaging
over 24 hours (every 4 hrs, here displayed 0hrs-20hrs) track the movement of leukemia
cells (white arrowhead). Analysis performed via the TrackMate plugin on ImageJ
(section 2.7.3) identified and traced lines along the movement path of the cells over the
time-lapse.
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Figure 40: AP-1/c-Fos Targeted Inhibition: Quantification of Total Cell
Movement in Co-culture - The total track length covered by 697 cells, with or
without T-5224 treatment was measured by time-lapse imaging for 20h, and analysis
was performed via TrackMate plugin. The results depicting the total track length
covered by the cells. Statistical analysis was performed using the unpaired two-tailed
t-test (DMSO vs 5 µM, n=3, P < 0.0001).
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Discussion

4.1 Background
The engagement of the central nervous system (CNS) during acute lymphoblastic
leukemia (ALL) at the initial diagnosis or relapse stage remains a major clinical
challenge. Efforts are being undertaken to elucidate the underlying biological
mechanisms of CNS invasion and develop less-toxic yet highly efficacious therapies
to treat CNS-leukemia32,49. Yet, robust models to faithfully recapitulate components
of human pathophysiology still need to be completed. Although still in development,
brain organoids are gaining popularity in cancer research, attributable to considerable
advantages over 2D in vitro or in vivo models. This thesis discussed the importance
of reliable in vitro cancer research models, focusing on organoids’ potential in
leukemia research. A new set of procedures for creating and testing co-culture assays
between cerebral organoids and BCP-ALL cells was proposed to address the need for
leukemia-specific applications for this model.

4.2
BCP-ALL-cells invade robustly into
cerebral organoids in comparison to non-ALL-cells

A robust concept for a co-culture assay involving organoids and leukemia was designed.
Co-culture assay between mature hiPS cell-based cerebral organoids and leukemia
were employed. Over several iterations of the assay cell seeding, assay duration, and
organoid age were altered to study their effect on engraftment. Critical differences
exist in this organoid/leukemia assay analysis to previously published image-based

99
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assessments of cancer dissemination in cerebral organoids (section 1.5.4.1). Here, the
orthogonal view tool was adopted to initially prove that cell engraftment occurred,
which cannot be faithfully illustrated in two-dimensional images, addressing a potential
pitfall common in the field. Investigating how time affects the interaction of the two
showed that TCF3::PBX1+ leukemia cells engraft deep into cerebral organoids within
a 14-day of co-culture compared to healthy control, as single cells or even forming
large cell aggregates (fig. 19). Engraftment was also shown to occur irrespective of
organoid age, showing large sub-surface cell clusters (fig. 21). Next, the leukemia cell
concentration was limited up to 200-fold. Here, as little as 50 cells lead to visible
infiltration of the organoid (fig. 22). A closer investigation into the migratory propensity
of ALL-cells was conducted using live-cell imaging of ALL-cells in the early stages of the
co-culture. Time-lapse imaging of 697 (BCP-ALL) and CD34+ HSPCs reveals direct
migration of 697 cell towards the organoid, a behavior not seen in isolated suspension
(fig. 24). By contrast, migration was vastly reduced in HSPCs (fig. 25); moreover, 697
significantly outperformed HSPCs in distance covered during the assay (fig. 26). This
aligns with the well-established role of chemotaxis and invasion in both liquid and
solid tumor metastasis, in part driven by chemokine signaling62,156. It was decided
to isolate the proliferative component in ALL-cells via mitotic inhibition, testing the
role of migration and proliferation in colonization of leukemia cells in the organoid
microenvironment. This revealed a significant reduction in cell engraftment in treated
cells (fig. 27), supporting the notion that cell migration is a core driver of organoid
engraftment; however, cell division is essential to colonise the organoid.

To better understand the propensity of leukemia subtypes to engraft, BCP-ALL
leukemia, non-ALL and healthy controls were quantified by counting all cells from
confocal images. Several high-risk BCP-ALL leukemia entities were investigated
alongside HSPCs and two CML cell lines KCL22 and K562. This showed significantly
higher engraftment of TCF3::PBX1+ leukemia after 14-day co-cultures compared
to other non-ALL cells. While other high-risk-ALL cell lines TCF3::HLF+ and
BCR::ABL1+ cell lines showed differential engraftment, they too significantly exceeded
HSPCs and CML cell lines. The significantly lower level of HSPCs within the organoids
post-co-culture further supports a diminished early migratory propensity as seen
in live-cell imaging. PDX-ALL cells of high-risk ALL subgroups TCF3::PBX1+

and BCR::ABL1+ showed exhibited differential engraftment characteristics, while
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significantly exceeding that of CML and HSPC cells. Similarly, BCR::ABL1+ PDX
cells significantly exceeded HSPC and KCL22 engraftment. As previously described,
CNS involvement in CML rarely occurs, occasionally detailed in case reports157,158,159.
Of note, two PDX-ALL candidates of high-risk KMT2A-rearranged (KMT2A-r)
implicated in CNS-leukemia, were added (initial and relapse) as an isogenic control;
however, no differences in their engraftment potential were apparent. Future assays
may include further replicates as well as KMT2A-r+-PDXs in part to address the
large spread seen in the data. Surprisingly, healthy B-lymphocytes isolated from
buffy coats exceeded both HSPC and CML cell counts. In general, lymphocyte may
enter the CNS in low concentration under healthy physiological conditions. This
behavior may increase in during inflammatory events such as multiple sclerosis or
viral infections160,161. Interestingly, BCP-ALL lymphocytes are known to retain the
chemokine signaling capabilities, particularly for homing and retention within the bone
marrow microenvironment. A higher level of interaction of B-lymphocytes in co-culture
may thus not come as a surprise, but may be directed by the migratory capabilities by
B-cells. More donor blood samples need to be tested to account for errors. Furthermore
both HSPCs and B-lymphocytes require specialized media to thrive in vitro. The
decision to include CMLs with growth characteristics comparable to BCP-ALL cells
was made as they are not commonly associated with CNS relapse would thus represent
a more comparable control to BCP-ALL. Furthermore, both exhibit similar growth
kinetics in vitro. Live-cell analysis of KCL22 and K562 co-cultures could test the
assertion whether leukemic engraftment in cerebral organoids is steered solely by
inherent migratory properties.

4.3
Spatial Analysis Reveals Deep Dissemination
of BCP-ALL Into Brain Organoids

In recent years, a vast body of literature has contributed to the idea that 3D culture sys-
tem are superior to 2D culture system in reflecting the cell microenvironment89,90,91,92,93.
Here, it was postulated that precise spatial detection of engraftment can be achieved.
Previous publications on organoid co-culture differ significantly in their representation
and analysis, specifically using microscopy data115. Collapsed z-stack representations
do not accurately reflect the relative position of fluorescent or dyed cells, and reliable
interpretation of imaging-based analysis is crucial to trust the model’s specificity to
its research application. Initially, confocal images were analyzed based on a "total cell
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count" basis. This was illustrated in orthogonal images showing how cells could reside
near the surface or deeper within organoid tissue (fig. 19). This ostensibly limited the
analysis of cell behavior within these 3D tissues.

Spatial analysis in organoids has been seen in other recent examples of brain organoid
co-cultures with other cancers or entirely different organoid types115,119. However, com-
putational pipelines have only been used to characterize brain organoid development121.
This project introduced a novel pipeline featuring established Python packages to
analyze leukemia-organoid assays. Cell infiltration could be reliably detected using
image analysis software; however, little could be known about the relative position of
cells to the organoid, and therefore the depth of cell invasion. Such quantification could
further elucidate the difference in engraftment between leukemia subtypes. To better
interpret the localization of leukemia, scatter plots used cartesian coordinates isolated
from confocal images. This visualized the distribution of both organoid structures
against leukemic cells helps interpret where the leukemia cells tend to localize with
respect the organoid volume, especially by showing all three dimensions (fig. 30A-D).
This demonstrated an accurate representation by plotting the cartesian coordinates.
To convert these data into full 3D models, pointclouds were created for both organoid
and leukemia stainings (fig. 31B-C). By employing a poisson-surface reconstruction,
watertight polyhedrons were successfully created for all organoid data. Furthermore,
the distance between leukemia cells within organoids was determined by animating
whole organoids in 3D. The broader literature on organoid/cancer co-cultures does not
provide similar analyses using automated imaging analysis tools. This is where this
project differentiates strongly from previous 2D illustrations of co-cultures. In this
regard, more details were uncovered on how leukemia cells engraft organoids.

The co-culture image data for TCF3::PBX1+ PDX1, BCR::ABL1+ PDX3, low-CNS
propensity KCL22 and K562, healthy HSPCs and B-lymphocytes were analyzed to
further elucidate their spatial distribution. It was discovered that the measurements of
distances within organoids is spread out (fig. 32A), with the majority of cells residing
near the organoid surface. This indicated that cells are distributed along a length from
the surface of the organoid to the deepest measurable part of the organoid. The data
were filtered to differentiate between the surface-bound majority and the sub-surface
cell clusters. Here, TCF3::PBX1+ PDX1 cells frequently and significantly migrate
deeper than TCF3::PBX1+ PDX3 which anneals to the CNS engraftment seen for
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PDX3 in xenotransplanted mice (data not shown). PDX1 engraftment also exceeded
HPSC, B-lymphocytes (fig. 32B). Although the depth of engraftment across CML,
HSPCs, and B-lymphocytes appeared similar, B-lymphocytes travelled significantly
deeper than KCL22 (CML) (fig. 28). Similar to total cell count, CML entities KCL
and K562 exhibited depth of invasion closer to HSPCs, and significantly less than
TCF3::PBX1+ PDX1 (fig. 32B). Interestingly, BCP-ALL PDX3 cells demonstrated a
comparatively lower depth of invasion than PDX1 cells. These findings are consistent
with the CNS engraftment status observed in a murine model, where PDX1 cells
exhibited higher CNS involvement (CNS++) compared to PDX3 cells (CNS+), based
on semi-quantitative scoring. Although these are preliminary observations, they suggest
that CNS organoids could potentially serve as an in vitro model to replicate the
CNS engraftment characteristics of ALL cells observed in vivo. Although K562 and
KCL22 CML cell lines are established in their growth characteristics, the discrepancy
in engraftment suggest that factors other than proliferation are responsible. CNS
involvement in CML is seen as a rare manifestation of relapse. The robust growth
but limited migration of K562 and KCL22 CML cell lines in cerebral organoids
suggest they are effective as a non-migratory control in studies of CNS leukemia. This
underscores disparities in the spatial distribution within organoids which reaffirms
the extent to which migration drives engraftment rather than proliferation. Future
studies ought to show if the ability of ALL-cells to invade CNS organoids (either in
absolute number or depth) correlates with their propensity to invade the murine or
human CNS as suggested by our data. Overall, this method clearly demonstrates
differences in engraftment between high-risk-BCP-ALL and comparative non-ALL with
low propensity to relapse to the CNS. This further supports the cerebral organoid as a
complementary tool to investigate potential therapeutic targets.

4.4
BCP-ALL Engraftment is Reduced by Ablation of
Chemokine-/and BCR-Receptor Signaling

The key mediators of CNS relapse are yet to be fully revealed. Some have been
previously elucidated in murine models and cell lines. The role of preBCR in
CNS malignancies had been shown in this regard, as ablation of the CD79a Igα

signaling component significantly reduced BCP-ALL engraftment in organoids (fig. 34).
Introducing this specific knockdown in an organoid co-culture setting revealed a
reduction in engraftment. This result stands in agreement with the previous published
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murine studies involving this model65. Further regulators of CNS-metastasis are found
in the chemokine receptor-ligand interaction. Specifically, the role of the receptor-ligand
interaction of CXCR4-SDF-1 is relevant in both BCP-ALL and T-ALL. The inhibitor
Plerixafor (AMD3100) had previously been associated with reduced CNS metastasis.
Similarly, pre-treated TCF3::PBX1+ BCP-ALL cells co-cultured with organoids lead
to a significant decrease in engraftment. However, the variance in total cell count
compared to the data acquired in section 3.4.4 and fig. 28 was noticeable. The observed
difference may result from employing ethanol as a solvent for Plerixafor and the
subsequent washing procedures, which might have influenced the engraftment of 697
cells into the organoids. Taken together, knockdown of CD79a/Igα or inhibition of
CXCR4-SDF-1 signaling attenuates TCF3::PBX1+ leukemia cells’ engraftment into
cerebral organoids, annealing with the previously published results in murine models
and further validates this approach as a model system to investigate CNS disease. These
established candidate pathways were selected to test the relevance and reproducibility of
the co-culture model. Taken together, the co-culture model recapitulated the signaling
mechanisms shown previously to attenuate CNS engraftment31,40in vivo findings.

4.5
AP-1 Genes are Selectively Upregulated in Cerebral
Organoid-infiltrating TCF3::PBX1+ Leukemia Cells

Transcriptomic analysis of organoid-infiltrating leukemia revealed significant upreg-
ulation of AP-1 pathway components FOS and FOSB, not seen in non-infiltrating
controls (fig. 35A,B). Repetition of the experimental setup and flow cytometry analysis
of FOS and FOSB confirmed an increase in expression over non-infiltrating cells
(fig. 35C-D), supporting the role of AP-1 signaling involvement in engraftment of
leukemia cells into cerebral organoid. Furthermore FOS, FOSB and JUN were shown to
colocalize with the nucleus of engrafted BCP-ALL compared to suspension or wildtype
cells (fig. 36). This is compounded by a recently published study which revealed
AP-1 involvement in CNS+ T-ALL patient cohorts, linking FOS and FOSB to poor
prognosis in high-risk groups. In particular, AP-1 candidate genes were significantly
more elevated in CNS-isolated ALL cells compared to both spleen and bone marrow
compartments of PDX-mice162. Apart from AP-1 expression, significant enrichment
in the hypoxia-related gene signature was observed in the RNA sequencing data of
cerebral organoid-infiltrated leukemia cells. Notably, oxidative phosphorylation was



Chapter 4. Discussion 105

strongly downregulated in infiltrated compared to non-infiltrated cells. In fact, AP-1
signaling is frequently associated with hypoxia signaling163, reported as a crucial
pathway BCP-ALL cells utilize for their CNS interactions38. This is supported by
evidence from BCP-ALL patient xenograft models in recipient mice66. Transcription
factors of the AP-1 family were previously shown to regulate genes associated with
survival in acute and chronic myeloid leukemia164,165. Leukemic cells in the CNS have
been shown to acquire a state of quiescence for which continuous survival signals,
provided by the microenvironment, are required166,167. More so, the increased number
of AP-1 member genes shown to negatively regulate cell proliferation, which may
address the low proliferation phenotype associated with ALL cells in the CNS166,66.
In fact, specific configurations of AP-1 transcription factors can control cell survival,
proliferation, apoptosis and chemoresistance74,168. AP-1-driven therapy resistance and
relapse is supported by recent data, revealing the JNK/JUN axis as a critical factor for
steroid resistance in T-ALL. More critically, FOSB rather than JUN held the highest
association with CNS-involvement in patients76. Overall, there appear to be multiple
modes through which AP-1 signaling is regulated in both BCP-ALL and T-ALL.
To provide an example, a breakdown of the phenotypic effects of AP-1 knockdown
(KO) in gene-knockout mice has been documented. These include lethality during
the embryonic stage, sterility, abnormally dense bone (osteopetrosis), and nurturing
defects169,170. Thus, AP-1 machinery actively regulates a multitude of processes during
development. This highlights the need for deeper understanding of AP-1 in regards to
future cancer therapies. To summarize, BCP-ALL organoid co-cultures successfully
identified AP-1 candidate genes known in CNS involvement in both in vivo and patient
data. Furthermore, metabolic adaptations to hostile conditions such as the CNS were
identified.

4.6 Targeted Inhibition of AP-1 Signaling Components

Involvement of AP-1 was seen in organoid-infiltrating BCP-ALL; however, whether the
upregulation of the AP-1 pathway primarily contributes to mechanisms that facilitate
migration, or to foster the survival of BCP-ALL cells within the hostile environment of
the CNS niche, was unknown. The role of the microenvironment was tested by using
TCF3::PBX1+ 697 cells stably transduced with an AP-1-GFP reporter construct in
co-culture. Live-cell imaging revealed significantly higher AP-1-GFP fluorescence signal
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in co-cultures compared to suspensions, suggesting that the microenvironment plays a
role in AP-1 activation (fig. 37) . This was further tested via targeted inhibition of the
FOS/JUN component of the AP-1 pathway with T-5224 (section 3.7.2). Inhibition
with 5 µM T-5224 visibly reduced cell migration (fig. 38, fig. 39). Quantifying
distance covered by cells confirmed this (fig. 40). The findings further confirm the
involvement of the AP-1 pathway in leukemia engraftment and endorse the possibility
of targeting the AP-1 pathway in leukemia through pharmacological inhibition. In
line, evidence from prior pharmacological assessment of KMT2A-r+ ALL demonstrated
reduced proliferation specifically when treating with the T-5224 AP-1 inhibitor in vitro 75.

4.7 Cerebral Organoids as a Complementary Model
to CNS-Leukemia

Organoids were introduced as an emerging tool in biomedical research, inherently
capable to address limitations of well-established mouse xenograft or 2D monolayer
cultures. Capable of simulating the architecture and function of organs171, they permit
in vitro investigation of physiological events. Organoids have been reported as suitable
for biobanking given their genomic stability. This is compounded by its established
use in high-throughput screens171. In direct contrast with animal models, several
advantages are well-documented. Organoids carry lower experimental complexity given
the regulatory aspects and long-term planning required for in vivo models. Real-time
imaging of single-cell events is possible given the comparatively smaller size. Most of
all, and in the context of this project, organ development can differ vastly between
species. The development of the human neocortex is a prime example; organoids
can introduce critical steps in differentiation to more accurately reflect the 3D tissue
microenvironment147,100,99. Although early examples of organoid co-cultures existed,
they severely underperform in fully utilizing the 3D aspect. This PhD project introduces
several novelties in the context of BCP-ALL leukemia were introduced and previously
published ways of investigating cell invasion were challenged. Leukemia engraftment were
detectable using flow cytometry (section 2.11.2) and confocal microscopy (section 2.3.1).
In addition, the computer-analysis pipeline introduced in section 2.8.2.1 provides a
new tool for research applicable beyond CNS-leukemia. Chemokine-receptors such as
CXCR4 remains a highly prevalent chemokine receptor in hematological malignancies,
including metastasis and adaptation to chemotherapy (in AML). Here, inhibiting the
binding of its ligand SDF-1 showed significant impact on cell engraftment. The first
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demonstration of organoid-infiltrating cells emabled the comparison of infiltrated and
non-infiltrated cells from organoids to perform RNA sequencing. This revealed that a
known potential therapeutic target in AP-1 is involved in leukemia dissemination into
organoids. Furthermore, investigating the onset of AP-1 involvement during co-culture
pointed towards a role in leukemia migration. In summary, the above mentioned novelties
may support organoids as a preclinical model for screening potential therapeutics,
including those that inhibit pathways or target specific targets.



Chapter 5

Outlook

5.1 Applicability of Brain Organoids as a Preclinical Model
There is a clear interest in finding alternative disease models to animal testing. To this
day, these models are associated with significant time investments, extensive bureaucracy
to approve studies, and often a failure to faithfully predict outcomes from human clinical
trials. Failure of therapeutics developed through these models significantly undermines
the number of available and effective drugs to patients, affecting healthcare costs.
Increasing public pressure to move away from animal testing is partly reflected by the
United States Food and Drug Administration (FDA) Modernization Act 2, signed in
2021, loosening the reliance on animal models118,172.

Here, the cerebral organoids model demonstrated effectiveness as a surrogate system
for studying signaling pathways implicated in CNS-leukemia. However, it is crucial to
acknowledge that cerebral organoid technology currently serves as a complementary
model, augmenting existing models for studying the involvement of ALL cells in the
CNS. Animal models were briefly introduced and contrasted with novel 3D culture
systems. Neither are they a perfect model of human biology nor can the ethics of their
use be ignored for long. Organoid assays can benefit in their scalability and generation
from patient material, as previously shown102.

108
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5.2 Limitations and Recommendations for Improvement
The field of organoid research is becoming ever more attractive as a complementary
research model. Yet, the establishment of novel techniques seldom meets a few issues.
This project was no exception in this regard. This is a foundational project for its
institute, building on limited expertise and equipment. In hindsight, some areas for
improvement will be addressed in this chapter.

5.2.1 Live-cell and Lightsheet Microscopy Imaging
This project could not delve much into a live-cell approach for co-cultures, as
technological limitations and time had to be considered. Organoids will remain turbid
without any clearing applications to the tissue. This would be only possible for fixated
samples. Referring back to how cells appear when traversing into the organoid in the
co-cultures, single cells or larger aggregates of cells are consistent observations. It is
unclear, however, whether single cells seed a more extensive aggregate growth within
the organoid. In other words, analyses of co-cultures need to give more insight into
the clonal behavior of cells. Real-time/live-cell analysis of organoids in co-culture can
be developed to detect unseen events. These could include detecting single events,
division and migration of cells, and changes to the organoid. The issue of performing
3D live-cell imaging on large tissues has yet to be solved. Similarly, during the project,
it was discovered that the type of microscopy used for organoids would broadly impact
the quality and usability of the image data. The organoid-leukemia pipeline can
be medium throughput, with a range of 12-48 organoids per experiment. Due to
material and time constraints, advanced imaging systems such as light-sheet microscopy
were not adopted. These limitations may lead into downstream analysis such as the
computational analysis pipeline. The wider research field may benefit from novel tools
delivering better spatial analysis. This is not limited to cancer engraftment in brain
organoids, but may expand to organoid application. This advanced method offers
enhanced spatial analysis capabilities, aligning with the project’s innovative objectives.
It ought to be mentioned that this transition from simple detection to spatial analysis
poses a change in the analytical approach. Previous adoptions of spatial analysis of
organoids were limited to characterization of organoid development121. Since this is
the first-of-its-kind implementation with regards to leukemia-organoid co-cultures, it
should aim to enrich the comprehension of the subject rather than a repudiation of the
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previous method’s value. Furthermore, this analysis concept ought not to be limited to
a leukemia setting, but may be used for other organoid assays. If parts or all of the
methodology shown in this thesis are used, their active development is recommended.
There is unexploited potential in using computer analysis pipelines for medium-and
high-throughput experiments, including live-cell imaging analysis.

5.2.2 Critical Assessment of Organoid Cultivation Protocols
To their disadvantage, organoids still need to be developed to reflect human tissue
closer rather than mimicking a part of them. Overall, they only approximate the
structure and function of organs. There is yet to be a protocol to generate highly
complex and intricate morphologies, such as leptomeninges. The leptomeninx is
crucial in leukemia metastasis into the CNS (section 1.3.3), as involvement of brain
parenchyma is recurrently observed in ALL86. As such, an organoid incorporating a
functional meningeal layer may pose insightful. The cerebral organoid presented in this
thesis does not yet yield these intricate compartments and is yet to be developed. A
recent study has explored enhancing the cytoarchitectural complexity of organoids by
incorporating cultivated meningeal precursors already maturing organoid in culture.
This yielded marginal improvements in corticogenesis over previously established
protocols173. Such an approach does not activate any intrinsic cellular mechanisms of
spheroid bodies or neurospheres but rather adds further complexity to the production
process of organoids. The system itself is conceptualised as a co-culture model. This
thesis’ protocol thus serves a more reproducible, but less time-intensive co-cotulture
system. The assays conducted revealed phenotypic and transcriptional characteristics
of engrafting ALL cells overlapping with those of engrafted in murine CNS settings. It
would be intriguing to explore whether the ability of ALL cells to adapt and survive,
for example under hypoxic conditions, is more crucial for effective CNS colonization
than their migration and homing capabilities. This could be adressed by testing ALL
engraftment in CNS organoid models with organoids of other leukemia-relevant organs,
like the bone marrow119. Although showing promise for the progression of organoid
complexity, further investigation is warranted to achieve a truer replication of the
tissue. As such functional vascularisation does not exist in the organoids used in this
project. These commonly rely on the perpetual flow of nutrient-rich media to sustain
themselves. Having a usable vascularisation of organoids can positively affect parts of
this model. Firstly, human brain organoids without microcirculation rely solely on
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culturing equipment to deliver oxygen and nutrients to deeper regions. This is often
quoted to limit the growth period of organoids in suspension culture, leading to necrotic
formations in their core. Of note, some organoid protocols enable the development
of vascular systems by introducing pericytes and endothelial cells. However, these
systems mainly function as part of the structure rather than actively promoting the
flow of nutrients174,175. Fluidic/microfluidic devices, such as the organ-on-chip system,
can mitigate this issue by providing some control over nutrient flow and oxygenation.
Microfluidics refers to the scientific and technological field that involves the precise
manipulation and processing of fluids at a microscale level37,176. However, these systems
require scalability to accommodate a realistic throughput of leukemia co-culture assays.
In a first, Pellegrini et al created CNS organoids that generated a fluid resembling
CSF and exhibited features of barrier formation177. It will be interesting to see if
similar results as obtained in this thesis by studying the barrier function of such
organoids. It must be stressed that meningeal and vascular formations are lacking in
this model with regard to CNS dissemination, which is also a missing component in
this thesis. Secondly, cell-protein interactions at the microvasculature are relevant in
CNS-leukemia, as was shown for integrins mediating the invasion of leukemia cells
(section 1.3.4.1). Transmigration is the process by which leukocytes can leave the blood
vessels (extravasate) by squeezing between the cells that make up the blood vessel walls,
a process called "paracellular route" or "diapedesis". They use membrane protrusions to
feel their way around the surface of the blood vessels and find the junctions between
the cells (cell-cell junctions). Adding complex endothelial vessel fenestrations to
brain organoids could allow researchers to investigate this interaction since an array
of integrins, proteases and signaling pathways are known to mediate this process.
Numerous groups have tackled this issue of vascularisation in organoids. One published
approach to create a vascularisation, be it non-functional ex vivo, involves transplanting
organoids into mice174. Furthermore, evidence suggests that a continuous epithelium
could support the structural and functional integrity of the brain175. This approach
requires in vivo models and approvals to perform these invasive experiments. The
existing literature on organoid-cancer interaction has yet to show other organoid types,
such as colon or pancreatic organoids, to study whether engraftment is CNS-specific.
This is also true for previous publications on organoid-GSC models115. It would be
worth conducting an experiment where BCP-ALL cells are made to compete with
various types of organoids, including neural and colon organoids, to determine if they
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preferentially migrate to brain/neural organoids but not to colon organoids, which
would be a more accurate representation of the clinical scenario. However this has never
been attempted for co-culture assays in the wider literature. A fundamental limitation
to this approach is the capacity and expertise of research groups to create such diverse
organoid cultures. This project introduced key novelties for leukemia research with 3D
in vitro systems. Their use as a complementary approach to examine CNS engagement
of ALL cells while highlighting the importance of further preclinical validation should
be explored. New CNS organoid systems are constantly being developed and improved.
It will be interesting to see if similar results as obtained in our organoid model will be
observed when adding additional layers of complexity.

5.3 The Role of Synthetic Matrigels to Optimize Organoid
Maturation

Initially, the issue of heterogeneity represents a significant obstacle in organoid culture
systems. Achieving consistent and optimal growth within and across batches is crucial
for co-culture experiments. Today, many protocols to generate complex cerebral
organoids exist with complex structural and cellular organization102,123,178,179. This is in
part due to advancements in matrix technologies. Differences exist in media recipes and
the use of tough hydrogel or fibrous matrices, which may lead to even larger and more
complex structures105,141. The use of matrigel-embedding using matrigel (generated
from Engelbreth-Holm-Swarm (EHS) mouse tumor) embedding step is adbsent in this
project. The necessity to use Matrigel for cultivation is strongly argued in the field. In
principle, extracellular matrices such as matrigel influence growth and development of
organoids by forming a surrounding micronenvironment180. Several limitations of their
use ought to be considered. Organoid cultivation requires extensive optimization of
the input steps (iPS cultivation, spheroid/neurosphere expansion) to ensure minimal
intra- and inter-batch heterogeneity, as well as optimal differentiation. Matrigel has
been reported to consist of at least 1800 unique proteins, whose gross contribution to
organoid maturation is difficult to pinpoint. Overall, protein composition may or may
not affect cellular processes in organoid development181. The presence of these proteins
could impact various aspects of organoid biology, requiring careful consideration during
experimental design. Batch-to-batch variability in Matrigel production only adds
to this uncertainty. The mechanical properties of the cell tissue micronenvironment
have a profound effect on key parameters. This has been exemplified in intestinal
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and pancreatic organoids, in which the tissue formation, viability, and differentiation
and maturation was depenendet on matrix stiffness. Synthetic hydrogels or matrigels
can help alleviate this concern by providing a standardized environment that is
conducive to uniform organoid development. Properties such as degradation of the
matrix and their mechanical properties e.g. stiffness are manipulable. Indeed the
ability to modulate stiffness can influence various cellular behaviors such as survival,
proliferation, and differentiation181. The mechanical properties of hydrogels, including
the shear modulus that correlates with stiffness, exhibit heterogeneity within Matrigel
formulations. It is significant to note that while synthetic hydrogels hold promise for
fine-tuning the mechanical properties of the culture environment, there is currently a
lack of agreement regarding an optimal hydrogel formulation that significantly benefits
cerebral organoid development. Despite ongoing research efforts in this direction, a
hydrogel system that outperforms Matrigel in supporting the growth and maturation of
cerebral organoids has yet to be established in the literature. To provide an example of
organoid cultivation without basal matrices, a recent publication addressed the above
points using a new approach. Cheng Chen and colleagues cultivated brain organoids
using a 3D printing approach without matrigel, focusing mainly on optimising shape
and coating of their culturing wells182. Sakaguchi and colleagues had previously
recapitulated human hippocampal formations and their functional neurons, without the
use of matrigel105. To conclude, matrix development remains a major role in organoid
research and requires sincere attention for their benefits and drawbacks.

5.4 Concluding Remarks
In recent years the vast expansion in experimental tools has genuinely changed
the game for experimentally tailored in vitro systems to fit the needs of research
groups105,117,102,183,103. As a tool, organoid technology introduces reproducibility and
analytical depth while studying human tissue, on par with the flexibility only previously
known amongst other model organisms. This thesis presented the novel application of
organoid to co-culture high-risk BCP-ALL leukemia. This was accomplished with the
development of new confocal microscopy-based analyses to capture the dissemination of
leukemia. Organoid tissue complexity will remain a hurdle in the short-term. Recent
work in developing accurate barrier systems, connective tissue, and fully functional
vascularization systems will help develop the next generation of organoids177,173,174,175.
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Finally, organoids can be made from biopsies derived from any individual in question,
providing a way to "tailor" this model to that particular individual. Ultimately,
scientists can generate lab-grown, complex tissues and organs for various applications,
incl. tissue engineering, drug design/screening, and regenerative medicine. Besides, by
generating patient-specific cerebral organoids, this technology can open a new avenue
for personalised medicine184,185.
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