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Abstract 

The neurological disorders named Crigler-Najjar syndrome (CNS) and cerebral malaria (CM) 

manifest encephalopathy as a clinical phenotype. Bilirubin-induced neurological damage 

(BIND) is a repercussion of impaired UGT1A1 activity in CNS, while encephalopathy is 

manifested in CM as a consequence of Plasmodium falciparum infection. Due to interspecies 

divergence and limited recapitulation of the human system, the existing experimental models 

(rodent models, organotypic cultures, primary and immortalized cell lines) for CNS and CM 

research need to be improved for further understanding of such brain dysfunctions. In this 

thesis, the first human induced pluripotent stem cell (hiPSC)-derived 3D brain organoids and 

2D neuronal cultures of CNS and CM are employed to further investigate the etiology and 

mechanisms of free bilirubin (BF)- and hemozoin (HMZ)-induced encephalopathy in vitro.  

The first study includes a detailed overview of the existing BIND experimental systems, urge 

for developing a new human-based model, current state of the art of BIND research, 

advancements, drawbacks, and the prospective applications of stem cell-derived 3D organoids 

in research, drug testing, regenerative medicine, and other future clinical applications. 

Following that, the first available 3D-cortical organoid model of CNS was established in the 

second study using healthy individual and patient derived iPSCs. BIND was induced in the CNS 

model with BF exposure and the effects were assessed by analysing gene and protein 

expression, transcriptome, secretome, KEGG pathways, and cell death. BF treatment 

instigated inflammatory response in the patient organoids earlier (at 24 h) than in the healthy 

organoids (at 72 h) and it decreased then at 72 h. Furthermore, the healthy organoids showed 

apoptotic cell death and DNA damage-repair related gene expression at 24 h post-BF 

treatment and the activation of inflammation-related pathways at 72 h. Overall, the key 

findings from this study demonstrated BF-induced neuro-inflammation in this CNS model, 

while healthy and patient organoids adopted distinct gene regulation, associated Gene 

Ontologies, and pathways at the analysed time points. These changes resulted in 

inflammation, DNA damage-repair, or cell death as a response to BF-induced cellular stress.   

In the third study, CM was modelled using hiPSC-derived 2D neuronal cultures which were 

stimulated with the malaria toxin HMZ to investigate particularly HMZ-induced effects in the 

neurons. Secretome, transcriptome, and metascape based enrichment cluster analyses 
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confirmed the pathways associated with malaria, inflammatory processes, MAPK cascade, and 

pro- and anti-inflammatory chemo- and cytokines were activated after HMZ treatment. The 

findings from this study revealed that HMZ induced inflammatory response and DNA damage 

in neuronal populations.  

Comprehensively, these studies demonstrated a profound inflammatory environment in the 

central nervous system upon BF and HMZ exposure, while revealing genes, their associated 

Gene Ontologies and molecular pathways involved in CNS-BIND and CM. In conclusion, these 

three investigations have exhibited the application of human iPSC-derived 3D brain organoid 

and 2D neuronal culture models as prospective platforms for understanding the cellular and 

molecular mechanisms associated with the etiology underlying BIND and CM and furthermore 

emphasize the potential application for future toxicological studies and drug screening.
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Zusammenfassung 

Verschiedene neurologische Erkrankungen wie z.B. Crigler-Najjar-Syndrom (CNS) und 

zerebrale Malaria (cerebral malaria, CM) weisen Enzephalopathie als gemeinsamen klinischen 

Phänotyp auf. In CNS sind Bilirubin-induzierte neurologische Schäden (BIND) die Folge einer 

gestörten UGT1A1-Aktivität, während sich die Enzephalopathie bei CM als Folge einer 

Plasmodium falciparum-Infektion manifestiert. Die bestehenden experimentellen Modelle 

(Nagetiermodelle, organotypische Kulturen, primäre und immortalisierte Zelllinien) sind für 

die Erforschung von CNS- und CM-assoziierter Enzephalopathie aufgrund der Spezies-

Unterschiede und der begrenzten Nachahmung des menschlichen Systems nicht ausreichend, 

um solche Hirnfunktionsstörungen zu verstehen. In dieser Arbeit werden daher erstmals aus 

humanen induzierten pluripotenten Stammzellen (hiPSCs) gewonnene 3D-Gehirnorganoide 

und 2D neuronale Kulturen verwendet, um CNS und CM zu modellieren und um die Ätiologie 

und die Mechanismen der durch freies Bilirubin (BF) oder durch das Malariatoxin Hämozoin 

(HMZ) induzierten Enzephalopathie in vitro zu untersuchen.  

Die erste Studie gibt einen detaillierten Überblick über die bestehenden experimentellen 

BIND-Systeme, die Notwendigkeit der Entwicklung eines human basierten Modells und den 

aktuellen Stand der BIND-Forschung. Fortschritte, Nachteile und die voraussichtlichen 

Anwendungen von aus Stammzellen gewonnenen 3D-Organoiden in der Forschung, der 

Arzneimittelprüfung, der regenerativen Medizin und anderen zukünftigen klinischen 

Anwendungen werden diskutiert.  

In der zweiten Studie wurde das erste verfügbare 3D-kortikale Organoidmodell für CNS unter 

Verwendung von iPSCs gesunder Individuen und von Patienten erstellt. BIND wurde im CNS-

Modell durch BF-Einwirkung induziert. Die Auswirkungen wurden anhand von Transkriptom- 

und Sekretomdaten, Gen- und Proteinexpression, KEGG-Signalwegen, und Zelltodassays 

analysiert. Die BF-Behandlung löste in den Organoiden der Patienten schon nach 24 Stunden 

eine Entzündungsreaktion aus, die nach 72 Stunden abnahm, während diese Reaktion in den 

Organoiden der Gesunden erst nach 72 Stunden auftrat. Darüber hinaus wurde in den 

gesunden Organoiden 24 Stunden nach der BF-Behandlung Apoptose und eine Steigerung der 

DNA-Reparatur-assoziierten Genexpression nachgewiesen. Insgesamt zeigten die wichtigsten 

Ergebnisse dieser Studie, dass BF in diesem CNS-Modell Neuroinflammation auslöst, wobei 

gesunde und kranke Organoide zu den untersuchten Zeitpunkten unterschiedliche 
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Regulationen der Genexpression, assoziierten Gen-Ontologien und Signalwege aufwiesen. 

Diese Veränderungen führten zu Entzündungen, zur Reparatur von DNA-Schäden oder zum 

Zelltod als Reaktion auf BF-induzierten zellulären Stress. 

In der dritten Studie wurde CM unter Verwendung von hiPSC-abgeleiteten 2D neuronalen 

Kulturen modelliert. Diese wurden mit HMZ stimuliert, um dessen Effekte zu untersuchen. 

Sekretom-, Transkriptom- und Metascape-basierte Enrichment-Cluster-Analysen bestätigten, 

dass Signalwege die mit Malaria, Entzündungsprozessen, der MAPK-Kaskade, sowie mit pro- 

und anti-inflammatorischen Chemo- und Zytokinen assoziiert sind nach der HMZ-Behandlung 

aktiviert wurden. Die Ergebnisse dieser Studie zeigten, dass HMZ eine Entzündungsreaktion 

und DNA-Schäden in der neuronalen Population auslöste.  

Insgesamt zeigten diese drei Studien die Entwicklung eines tiefgreifend entzündlichen 

Umfelds im zentralen Nervensystem nach BF- und HMZ-Exposition. Sie zeigten Gene, ihre 

zugehörigen Gene Ontologien und molekulare Wege auf, die an CNS-BIND und CM beteiligt 

sind. Zusammenfassend lässt sich sagen, dass von menschlichen iPSC-abgeleitete 3D-

Gehirnorganoid- und 2D neuronale Kulturmodelle als Plattformen für die Analyse der 

zellulären und molekularen Mechanismen, die mit der Ätiologie von BIND und CM verbunden 

sind, geeignet sind und darüber hinaus für die potenzielle Anwendung in toxikologischen 

Studien und für das Wirkstoff-Screening interessant sind.  
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1. Introduction 
1.1 Human brain and neurological disorders 

The human brain is highly complex, and this organ system is divided into three basic units 

named forebrain, midbrain, and hindbrain. The forebrain is the largest region of the brain 

containing the entire cerebrum, thalamus, and hypothalamus, while the cerebrum consists of 

an outer layer (gray matter) and an inner layer (white matter). The outer layer is also known 

as cortex, which contains four lobes named as: frontal lobe, parietal lobe, temporal lobe, and 

occipital lobe (Jawabri & Sharma, 2024). During neurogenesis, neuroepithelial cells (neural 

stem cells) can differentiate into the essential building blocks of the human central nervous 

system (CNS#) called neurons and glia cells. Neuroepithelial cells further form the 

neuroepithelium. During the cell cycle, the nuclei of these cells migrate upward and 

downward of the apical-basal axis (apical surface of ventricular zone- basal lamina) giving it a 

pseudostratified layered outlook (Gotz & Huttner, 2005). Neuroepithelium expansion is 

required during the mammalian brain development to generate radial glia stem cells, which 

play a crucial role in human cortex development. The radial glia stem and/or neural progenitor 

cells (NPCs) can generate neurons and glia cells along with having a scaffolding capacity for 

cortex architecture and neuron migration (Beattie & Hippenmeyer, 2017). Neurogenesis takes 

place at the apical surface within the ventricular zone (VZ), which is the proliferative zone for 

radial glia cells to divide (Figure 1) (Lancaster et al., 2013; Zecevic et al., 2005). Radial glia cells 

can generate intermediate progenitors and further differentiate into neurons. Intermediate 

progenitors or neural progenitor cells reside at the VZ-adjacent area known as subventricular 

zone (SVZ) maintaining the neural stem cell niche, while the neurons migrate to form specific 

cortical layers of the human cortex (Figure 1) (Lancaster et al., 2013). The progenitor zone 

organization is more elaborate and precise in human brain compared to rodents or other 

species. Human brain uniquely includes multiple specific zones in SVZ with an inner fibrillary 

layer (IFL), an inner SVZ (ISVZ), an outer SVZ (OSVZ), and an outer fibrillary layer (OFL) where 

neural progenitor cells, intermediate progenitors, and a unique stem cell subset termed outer 

radial glia (oRG) are located (Fietz et al., 2010; Hansen et al., 2010; Lancaster et al., 2013; 

Zecevic et al., 2005). 
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Figure 1. Human cerebral cortex development. Depiction of neurogenesis with generation and amplification of radial glia cells, 
intermediate stages, and differentiation into neurons during development of the human cerebral cortex. VZ- ventricular zone, 
ISVZ- inner subventricular zone, OSVZ- outer subventricular zone, IZ- intermediate zone, CP- cortical plate. (Created with 
BioRender.com) 

 

Since the human brain holds a complex architecture and function, abnormalities in the brain 

can lead to severe neurological and psychiatric disorders. Due to the complexity and limited 

access to the human brain, it is challenging to understand neurodevelopment and 

mechanisms of different brain disorders. Patient-derived biopsy samples and fetal tissue from 

terminated pregnancies are primary materials which represent the end point of the disease, 

and access to the earlier stages is limited. Contrarily, potential animal models such as rodent 

or other mammalian model organisms hold great evolutionary differences with human brain 

complexity (Sidhaye & Knoblich, 2021). Therefore, pluripotent stem cell (PSC) derived 

neuronal cultures such as two-dimensional (2D) neurons and three-dimensional (3D) brain 

organoids provide a potential platform to study human brain development, function, and 

disease, which closely mimic the human cortex and also reduce ethical controversy. 

There are various neurological disorders that affect the structure or function of the brain or 

cause encephalopathy, a form of brain dysfunction. Different factors such as infection, injury, 

blood clots, age associated degeneration, cancer, autoimmune dysfunction, and birth defects 

can cause brain dysfunction (Encephalopathy, 2023; Erkkinen & Berkowitz, 2019). In this 
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thesis, Crigler-Najjar syndrome (CNS) and cerebral malaria (CM) were investigated, where 

brain encephalopathy is one of the common clinical manifestations observed, but the causal 

factors of the diseases resulting in encephalopathy are different. CNS is an autosomal 

recessive disorder caused by an inherited genetic defect in the bilirubin conjugation 

mechanism, which results in bilirubin-induced neurologic dysfunction (BIND) (Bhandari et al., 

2024; Memon et al., 2016). On the other hand, CM is caused by infection with Plasmodium 

falciparum (Albrecht-Schgoer et al., 2022; Dunst et al., 2017).  

1.2 Bilirubin-induced neurologic dysfunction (BIND)  
1.2.1 Bilirubin  

Bilirubin is the final breakdown product of hemoglobin, which is often used to diagnose liver 

and blood diseases and has a complicated metabolism (Fevery, 2008). Primarily, bilirubin is 

derived from the erythrocyte hemoglobin breakdown in the reticuloendothelial system, while 

a smaller portion of bilirubin is originated from breakdown of other heme proteins and failed 

erythropoiesis in the bone marrow (Figure 2) (London et al., 1950; Memon et al., 2016). 

 
Figure 2. Bilirubin formation and metabolism. Representation of bilirubin formation by heme catabolism. Heme, released from 
RBCs, is oxidized to biliverdin by heme oxygenase. Eventually, biliverdin is reduced by biliverdin reductase to bilirubin. UCB, 
which is usually bound to serum albumin, is then transported to the liver, where it is conjugated by UGT1A1 to increase its 
solubility in water and excretion in bile. Defective UGT1A1 results in partial or incomplete bilirubin conjugation, allowing BF 
to accumulate in serum, cross the BBB, and cause BIND.  RBCs- red blood cells/erythrocytes, CO- carbon monoxide, NADP+- 
nicotinamide adenine dinucleotide phosphate; (NADPH, the reduced form of NADP+), UGT1A1- uridine diphosphate glucuronyl 
transferase 1A1, BBB- blood–brain barrier, BIND- bilirubin induced neurologic dysfunction. (Created with BioRender.com) 
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Bilirubin is generated from heme in several steps. First, heme-oxygenase enzyme catalyses a 

cleavage at the α carbon bridge of the heme ring and forms biliverdin IXα along with carbon 

monoxide (Fevery, 2008). Biliverdin IXα is reduced to unconjugated bilirubin (UCB) IXα by the 

cytosolic enzyme biliverdin reductase (Figure 2). Cleavage at non- α sites is possible to a minor 

extent, resulting in formation of other isomers such as IXβ and IXγ. These isoforms can be 

detected in body fluids under special conditions in a very small amount (Aziz et al., 2001; 

Fevery, 2008; Fevery et al., 1977). Additionally, isomer lllα and isomer XIIIα may arise from 

bilirubin-IXα by dipyrrole exchange (Heirwegh, 1976; McDonagh & Assisi, 1972). But these two 

isomers have not been detected in biological fluids (Fevery et al., 1977; Heirwegh, 1976; 

Kuenzle, 1970; McDonagh & Assisi, 1972). Consequently, bilirubin conjugation studies in 

normal mammals are focused largely on bilirubin-IXα isomer (Fevery et al., 1977). 

1.2.2 Forms of Bilirubin 

Total bilirubin is the sum of three forms of bilirubin, namely direct bilirubin, indirect bilirubin, 

and delta bilirubin. The direct bilirubin, which is also referred as conjugated bilirubin (CB), and 

indirect bilirubin referred as unconjugated bilirubin (UCB), are the two main forms of bilirubin 

(Figure 2). The metabolism of bilirubin takes place predominantly in the liver (Tietze, 2012). 

Indirect bilirubin or UCB is the immediate breakdown product of hemoglobin, and it is 

lipophilic in nature (Tietze, 2012). UCB enters the liver where it gets conjugated with 

glucuronic acid which increases its water-solubility and allows its excretion in the bile 

(Figure 2) (Singh & Jialal, 2021).  Direct bilirubin is post-hepatic CB, which increases bilirubin 

solubility, simplifies bilirubin excretion process, and reduces its toxicity (Tietze, 2012). It is 

reported to be increased in biliary disease (such as extrahepatic bile duct obstruction and 

impaired bile transport) and some liver disease (e.g., hepatitis, cirrhosis, hepatic neoplasm) 

(Memon et al., 2016; Mohamad Fawzi Mahomoodally, 2022; Tietze, 2012). The non-water 

soluble UCB attaches to the carrier protein albumin for transport in the blood (Fevery, 2008; 

Singh & Jialal, 2021). Small amounts of unbound-UCB exist in equilibrium with bound-UCB in 

the circulation. This albumin unbound, circulating UCB, is known as free bilirubin (BF), which 

is neurotoxic and associated with acute bilirubin encephalopathy that can progress to more 

permanent and devastating chronic bilirubin encephalopathy, also known as kernicterus 

(Figure 2) (Brites, 2012; Memon et al., 2016; Vitek & Ostrow, 2009; Watchko & Tiribelli, 2013). 

Under normal physiological conditions, hepatocytes uptake UCB rapidly and selectively, then 
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the bilirubin gets conjugated into bilirubin-glucuronide conjugates becoming water-soluble, 

and finally is secreted into bile (Memon et al., 2016). 

1.2.3 UGT1A1 in bilirubin conjugation 
Bilirubin goes through four major steps of hepatic clearance, which includes 1) uptake and 

storage of UCB by hepatocytes, 2) conjugation of bilirubin, 3) excretion of CB into bile, and 4) 

reuptake of CB (Memon et al., 2016). Since bilirubin (UCB) is normally bound to serum albumin 

during circulation, at the first step of bilirubin`s hepatic clearance, it dissociates from albumin 

before entering hepatocytes (Figure 2). It is not clear whether the initial uptake of free 

bilirubin is carrier-mediated or by passive diffusion (Sorrentino & Berk, 1988). After entering 

into hepatocytes, bilirubin attaches to ligandin, which is a cytoplasmic transport protein with 

much higher bilirubin-affinity than albumin, therefore facilitating bilirubin accumulation and 

storage inside the hepatocytes (Erlinger et al., 2014; Memon et al., 2016). After binding to 

ligandin, bilirubin is transported to the smooth endoplasmic reticulum (ER) where the 

conjugation (second step) takes place. The conjugating enzyme, uridine diphosphate 

glucuronosyltransferase family 1 member A1 (UGT1A1) is localized at the smooth ER. Uridine-

diphosphoglucuronate glucuronosyltransferases (UGTs) are an enzyme family, which is 

catalysing glucuronidation of various lipophilic endogenous and exogenous compounds to 

facilitate their excretion in the bile (Kadakol et al., 2000). The UGT1 gene consists of thirteen 

variable exons (containing thirteen unique promoters and first exons) and four common exons 

(exon 2, 3, 4, 5) (Figure 3) (Memon et al., 2016; Ritter et al., 1991; Sticova & Jirsa, 2013). During 

transcription, each variable first exon with its associated promoter is spliced to the four 

common exons, which results in 13 possible variants that can be encoded. Among those 13 

possible genes, exclusively the one containing variable exon A1 is taking part in bilirubin 

conjugation (Kadakol et al., 2000; Memon et al., 2016; Sticova & Jirsa, 2013). After leaving the 

ER, CB (bilirubin glucuronide) is immediately transported into the cytoplasm and efficiently 

secreted into bile (Figure 2). Interestingly, a substantial fraction of bilirubin glucuronide is re-

uptaken into the hepatocytes via enterohepatic circulation (the movement of bile acid 

molecules from liver to small intestine and back to the liver) (Cai & Chen, 2014; Memon et al., 

2016). As UGT1A1 is the only enzyme contributing to bilirubin conjugation in hepatocytes, 

mutations in this gene lead to partial or complete impairment in bilirubin conjugation and 

excretion (Figure 2). 
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Figure 3. Representation of the UGT1 gene locus and the UGT1A1 protein. Chr- chromosome; PR- promoter regions; UGT- 
uridine diphosphate glucuronosyltransferase. Illustration reproduced with friendly permission from the publisher. (Memon, 
N.; Weinberger, B.I.; Hegyi, T.; Aleksunes, L.M. Inherited disorders of bilirubin clearance. Pediatr Res 2016, 79, 378-386, 
doi:10.1038/pr.2015.247.). 

 

1.2.4 (Unconjugated) Hyperbilirubinemia 

Neonatal jaundice is a common clinical problem encountered in the first week of post-natal 

life, while 8% to 11% of neonates end up developing hyperbilirubinemia (Bhutani et al., 2013; 

"Practice parameter: management of hyperbilirubinemia in the healthy term newborn. 

American Academy of Pediatrics. Provisional Committee for Quality Improvement and 

Subcommittee on Hyperbilirubinemia," 1994). When elevated serum or plasma bilirubin level 

crosses the laboratory reference range (3 mg/dL) due to deviated bilirubin metabolism, then 

it is characterized as hyperbilirubinemia or jaundice (Singh & Jialal, 2021). The existing form 

of bilirubin in serum determines the type of hyperbilirubinemia, which is normally classified 

as unconjugated (indirect) or conjugated (direct) (Singh & Jialal, 2021). Jaundice in newborns 

is normally mediated by unconjugated hyperbilirubinemia, which can be a result of some 

major conditions such as elevated bilirubin production, impaired bilirubin uptake, and reduced 

bilirubin conjugation (Fargo et al., 2017; Memon et al., 2016; Singh et al., 2021). Among these 

three major causes, impaired or deficient bilirubin conjugation leads to unconjugated 

hyperbilirubinemia in neonates, diagnosed as jaundice (Memon et al., 2016). However, 
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extreme hyperbilirubinemia can lead to kernicterus or bilirubin encephalopathy when the 

total serum bilirubin level ranges between 25 to 30 mg/dL. Yellow stain of bilirubin deposition 

in neural cells is characterized as kernicterus (Singh & Jialal, 2021). Hepatic immaturity and 

inefficient UGT1A1 activity during post-birth days 2 to 5, are the most common causes to 

develop jaundice in neonates. However, several inherited disorders, such as Gilbert syndrome 

(GS) or Crigler-Najjar syndromes (CNS) type I and II can also result in impaired bilirubin 

conjugation, as those disease conditions consist in a partial or complete loss of UGT1A1 

enzymatic activity, leading into inefficient bilirubin conjugation with glucuronic acid (Radlovic, 

2014; Ramakrishnan et al., 2024; Singh & Jialal, 2021). 

1.2.5 Crigler-Najjar syndrome (CNS) 

Impaired bilirubin conjugation or transport are manifested by several inherited disorders, 

leading to impaired bilirubin metabolism and ultimately resulting in various degrees of 

hyperbilirubinemia of either the predominantly unconjugated or conjugated type. Hereditary 

hyperbilirubinemias include four different syndromes: GS, CNS, Dubin-Johnson syndrome 

(DJS), and Rotor syndrome (RS). GS and CNS are characterized by impaired bilirubin 

conjugation resulting in unconjugated hyperbilirubinemia, while the DJS and RS are 

characterized by conjugated hyperbilirubinemia (impaired bilirubin transport) (Carey & 

Balisteri, 2011; Radlovic, 2014; Sticova & Jirsa, 2013; Strassburg, 2010). CNS, DJS and RS are 

exceptionally rare hereditary conditions, but GS occurs in 2%-10% of the general population 

(Carey & Balisteri, 2011; Radlovic, 2014; Radu & Atsmon, 2001; Sticova & Jirsa, 2013). Despite 

being an inherited disorder, GS is associated with presence of 50% UGT enzymatic activity, 

therefore exhibited as mild unconjugated hyperbilirubinemia or as asymptomatic in young 

adults (Auclair et al., 1976; Memon et al., 2016). Depending on the degree of UGT1A1 

deficiency, the most severe inherited form of unconjugated hyperbilirubinemia- CNS is 

categorized into two exceptionally rare (only affecting one in a million individuals) autosomal 

recessive disorder types I and II (Labrune et al., 1994). The clinical expressions and the lethality 

also vary based on type I and II CNS (Radlovic, 2014). Both types contain defective UGT1A1 

activity due to mutations in the coding region of the UGT1A1 gene, thus resulting in complete 

or partial inactivation of the UGT1A1 enzyme, and in both cases the bilirubin metabolism in 

the liver gets disrupted (Figure 2) (Memon et al., 2016). The more severe type, CNS-I, is 

characterized by total deficiency of the UGT1A1 enzyme, while CNS-II is more subtle due to 

the partial UGT1A1 deficiency (Canu et al., 2013). Such decrease in or loss of UGT1A1 activity 
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due to hereditary defects in UGT1A1 hinders bilirubin conjugation, causing free bilirubin to 

accumulate in serum, cross the BBB, and eventually get deposited in the basal ganglia or 

cerebellum, thereby resulting in bilirubin-induced neurological dysfunction (BIND) (Figure 2) 

(Memon et al., 2016; Singh & Jialal, 2021). This can result in acute or chronic bilirubin 

encephalopathy, known as kernicterus, which includes short- and long-term 

neurodevelopmental disabilities (Brites, 2012; Canu et al., 2013; Memon et al., 2016). In cases 

where the kernicterus is developed, almost 70% of newborns die within one week and the 

other 30% suffer irreversible brain damages (Bortolussi & Muro, 2020). Basal ganglia, 

cerebellum, brainstem nuclei, peripheral and central auditory pathway, and hippocampus are 

the brain areas which are reported to be damaged by bilirubin deposition due to CNS-I and II 

(Amin et al., 2019; Gazzin & Tiribelli, 2011; Singh & Jialal, 2021). The injured brain regions lack 

an efficient intracellular defence mechanism and this impairment leads to the primary brain 

damage (Gazzin & Tiribelli, 2011). In this circumstance, the bilirubin accumulation in the brain 

disrupts the neurodevelopmental process and co-morbid developmental disorders in the CNS# 

occur (Amin et al., 2019). The clinical signs and symptoms vary depending on the affected 

brain region. For example, movement disorders and athetosis (slow, involuntary, and writing 

movements of the limbs, tongue, face, neck, and other muscle groups) and abnormal tone 

were observed when the basal ganglia and cerebellum area were damaged. On the other 

hand, hearing loss and auditory dysregulation were reported as the symptoms due to the 

damage in auditory brain nuclei and inferior colliculi (Gazzin & Tiribelli, 2011). 

1.2.6 Pathophysiology of BIND 
The pathophysiology underlying high bilirubin neurotoxicity is not well understood. Generally, 

total serum bilirubin consists of both CB and UCB. However, in neonates total serum bilirubin 

is mostly composed of albumin-bound UCB. UCB is nonpolar and insoluble in water at neutral 

pH, unless bound to albumin. When the albumin’s binding capacity for UCB is exceeded or 

when the binding sites are competed or occupied with other substances such as 

sulphonamides, then unbound-UCB or BF has the ability to enter the brain tissue and cause 

neurotoxicity (Gourley, 1997; Levine et al., 1985; Shapiro, 2003). Albumin plays a protective 

role toward bilirubin accumulation in the brain, which means low serum albumin increases 

the risk of developing neurological sequelae even at total serum bilirubin levels under 

established risk thresholds. In preterm infants the serum albumin is low, which also correlates 

with the observed neurological sequelae caused by BF in those infants (Gazzin et al., 2023). 
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Jaundice is the primary visible manifestation of bilirubin accumulation in the tissue and an 

indication of potential toxicity to the brain (Gazzin et al., 2023). Bilirubin-induced neurotoxicity 

involves a wide range of pathological mechanisms, which include damage in most brain cell 

types, for instance neurons, glial cells, and oligodendrocytes (Amin et al., 2019; Brites, 2011). 

It impairs the development and maturation of neuronal cells along with disrupting crucial 

brain functions (Brites, 2011). BF induced neurotoxicity selectively damages the CNS# and it is 

more prominent in neurons (rather than the glial cells), which has been also observed in the 

regional topography of neuronal injury in basal ganglia, cochlear and oculomotors nuclei 

environment (Ahdab-Barmada, 2000; Ahdab-Barmada & Moossy, 1984; Shapiro, 2003; 

Watchko, 2006). In CNS, BF`s toxic challenge shows a preference for distinct brain areas 

including the basal ganglia, cerebellum, brainstem nuclei, peripheral and central auditory 

pathways, and hippocampus (Ahdab-Barmada & Moossy, 1984; Amin et al., 2019; Gazzin et 

al., 2023; Volpe, 1981). By accumulating in those areas, BF may disrupt multiple neuro-

developmental processes including neurogenesis, myelination, and synaptogenesis during 

early human brain development (Brites, 2011; Volpe, 1981). Clinical evidences from different 

studies suggest that there is a possibility of BIND spectrum to overlap with different 

neurodevelopmental disorders such as cognitive delay, attention deficit hyperactivity 

disorder, specific learning disorder, autism spectrum disorder, and/or language disorder 

(Amin et al., 2009; Amin et al., 2019; Brites & Fernandes, 2015; Hyman et al., 1969; Johnson 

& Bhutani, 2011). To be noted, the correlation of those neurodevelopmental disorders with 

BIND are not yet completely known or proven. The clinical manifestations of BIND extend in 

the patients depending on the involved and affected brain region and its corresponding 

specific integral part of various circuits or loops that influence cognition, learning, behaviour, 

sensory, and language (Amin et al., 2019). Multiple parameters are also involved in 

manifesting such developmental disorders of the BIND spectrum in neonates which includes 

repair capacity and inherent brain plasticity during early brain development; timing, degree 

and exposure duration of BF; susceptibility of a particular brain region at the time of 

hyperbilirubinemic condition; and other co-morbidities which could influence the local CNS# 

environment (Amin et al., 2019).  

Furthermore, due to neurons being more susceptible towards bilirubin induced neurotoxicity, 

the molecular pathogenesis of bilirubin-induced neuronal cell injury is demanded to be 

investigated. Although the molecular pathogenesis is incompletely understood, it is likely that 
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the presence and accumulation of bilirubin on plasma, mitochondrial, and/ or ER membranes 

might cause membrane perturbations, which can lead to neuronal excitotoxicity, 

mitochondrial energy failure, or increased intracellular calcium [Ca2+] concentration 

(Watchko, 2006). Autopsies of hyperbilirubinemic brains have shown bilirubin localization 

within neurons and microglia resulting in the loss of neurons, demyelination, and gliosis 

(Brites, 2012). In vitro studies indicated early-staged neurons to be more susceptible to 

bilirubin-induced neuronal injury, as bilirubin disrupts the dynamics of the neuronal network 

by inducing oxidative stress in cortical neurons (Vaz et al., 2011). Studies have also reported 

impaired neuronal growth and alterations in neurogenesis, neuritogenesis, and axonal 

cytoskeleton dynamics induced by BF which might be relevant to long-term 

neurodevelopmental disabilities and synaptic plasticity associated abnormalities (Brites, 

2012). Based on in vivo, in vitro, organotypic brain culture, and cell culture data, the involved 

mechanism underlying BF induced neurotoxicity include oxidative stress, antioxidant 

response, necrosis, apoptosis, bilirubin oxidase/P450, DNA damage, ER stress, inflammation, 

autophagy, glutamate release, and signalling pathways (Gazzin et al., 2023). 

Even though there are animal models (Gunn rat, transgenic mice) and cellular models, such as 

primary neuronal cultures and co-cultures of different neuronal cells for investigating BIND, 

there are still some open questions regarding the mechanisms underlying BIND, which 

include: 

1. Which pathophysiological mechanism is underlying BIND and how it can be modulated? 

2. What are the molecular reasons for the higher susceptibility of neurons towards BF 

compared to other neuronal cell types such as astrocytes? 

3. Which timing, degree, and exposure duration of BF in the CNS# correlates to the pathological 

symptoms? 

4. Which stages of hyperbilirubinemia or impaired bilirubin conjugation associated conditions 

are exerting which specific manifestation of BIND spectrum? 

Such open questions regarding the BIND mechanism and pathology in the human brain 

emphasize the importance of establishing a human cell-derived model system to provide more 

insights into the molecular basis of the disease. 
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1.2.7 Treatment 

Depending on the amount of serum or plasma bilirubin levels and extent of the disease 

condition, the treatment and therapies for various bilirubin-associated conditions are applied. 

For example, mild neonatal jaundice resolves by itself within a few weeks, therefore no 

treatment is necessary at this condition. Phototherapy is applied for moderate to severe 

jaundice, in which the infant’s skin is exposed to light in the blue-green spectrum (460-490 nm) 

(Kato et al., 2020). The phototherapy is effective as the UV exposure/radiation irreversibly 

photo-alters bilirubin into lumirubin. Lumirubin is a less dangerous and more water-soluble 

isomer of bilirubin, which can increase the elimination of this toxic substance in bile, urine, 

and stool, resulting in reduction of bilirubin-induced toxicity (Ennever et al., 1987; Hansen et 

al., 2020; Singh & Jialal, 2021). In case of severe neonatal jaundice, transfusion exchange might 

also be considered as an option, especially when the other treatments do not function 

properly (Flaherman et al., 2012). Moving from jaundice to GS, the management and care 

crucially depend on the diagnosis and prognosis of the GS. Regular liver function tests, 

elevated bilirubin levels, and genetic testing are required to confirm the GS and its further 

prognosis (Ramakrishnan et al., 2024). Phenobarbital has been shown to normalize bilirubin 

levels in GS patients by enhancing bilirubin clearance with increased bilirubin conjugation 

through activation of the phenobarbital module of the UGT1A1 promoter sequence. CNS-II 

patients also respond quite well to the phenobarbital, whereas CNS-I patients do not. Since 

CNS-II is milder, phenobarbital can effectively reduce plasma bilirubin levels in CNS-II patients 

by 25% (Singh & Jialal, 2021). To be noted, the goal for the patients is to sustain total serum 

bilirubin level below 15 mg/dL, therefore routine monitoring is required. In general, CNS 

patients (especially CNS-I) rely on 10-12 h of intensive daily phototherapy treatment, to 

reduce the plasma bilirubin level and prevent further progression to bilirubin encephalopathy 

(Singh & Jialal, 2021). The UV radiation used during phototherapy can evoke various 

pathological changes including inflammatory skin diseases. Several mechanisms such as 

induction of apoptosis, modification of the cytokine milieu, and immunosuppression can be 

involved during this process. The efficacy of phototherapy is dose and light intensity 

dependant; however, it is influenced by factors such as age, thickness of the skin, and exposed 

body surface area. Phototherapy is being used safely and successfully for numerous 

dermatological disorders over 40 years, nevertheless, this therapy includes short- and long-

term complications (Newman et al., 2018; Singh & Jialal, 2021; Torres et al., 2021). Conversely, 
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skin thickening decreases therapeutic efficiency, even though it is obtained from the 

phototherapy itself. Furthermore, aggressive phototherapy may cause potential toxicity to the 

extremely low-birth-weight newborns (Morris et al., 2008). Intravenous immune globulin 

therapy is another approach to control hyperbilirubinemia and prevent kernicterus (Watchko 

& Tiribelli, 2013). Phenobarbital, calcium (infusions), ursodeoxycholic acid, metalloporphyrins, 

chlorpromazine, and cholestyramine are the commonly prescribed medications for the 

treatment of CNS-I patients (Singh & Jialal, 2021). Orally ingested calcium phosphate can serve 

as a valuable ancillary to phototherapy in CNS-I patients by interrupting the enterohepatic 

circulation of bilirubin (Van Der Veere et al., 1996). Plasma bilirubin levels can be reduced with 

the treatment of heme oxygenase inhibitors (tin-mesoporphyrin, metallophyrins). However, 

the long-term usage of these compounds leads to severe side effects, which limits prescribing 

these medications for longer periods (Evans, 2007). Ursodeoxycholic acid can also reduce the 

total serum bilirubin by increasing the bile-flow and eliminating the bile into the 

gastrointestinal tract (Honar et al., 2016). The Tetracycline antibiotic- Minocycline has also 

been reported to show protective affects against bilirubin induced neurotoxicity in Gunn rats. 

Plasmapheresis is another employed therapeutic intervention, where the unwanted toxins or 

plasma components are removed from the blood, and then plasma gets replaced before 

transfusing blood back into the patient (Strauss et al., 2020).  Finally, in CNS-I patients, liver 

transplantation remains as the effective and definite form of treatment for this life-

threatening disease. Moreover, this transplantation should be performed before the 

neurologic damage onset (Labrune & Odievre, 1992; Memon et al., 2016; Schauer et al., 2003; 

Sticova & Jirsa, 2013). Transplantation of hepatocytes could also be an alternative to liver 

transplantation, as these cells are the hub of the bilirubin conjugation mechanism (Ambrosino 

et al., 2005). Another CNS treatment approach which is being investigated is gene therapy. In 

this approach replacement of the defective UGT1A1 with a normal one or genetic modification 

with partial replacement of the UGT1A1 is considered, as this gene is responsible for 

glucuronosyltransferase activity in the patients (Birraux et al., 2009; Singh & Jialal, 2021).  

1.2.8 Existing BIND and CNS disease models  

Over the span of time researchers have developed different in vitro, ex vivo, and in vivo model 

systems to closely recapitulate the main characteristics of BIND, neonatal hyperbilirubinemia, 

and CNS, ranging from cell cultures to engineered mouse models (Figure 4). In those available 

models BF commonly showed the ability to target and disrupt critical steps in brain 
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development including cell division, differentiation, migration, synaptogenesis, and 

myelination (Bortolussi & Muro, 2020; Gazzin et al., 2023).  

To trace the bilirubin-induced disease progression and to understand the key mechanism in 

the CNS, it is essential to generate and study model systems that closely recapitulate the main 

characteristics of BIND. In the following subsections (1.2.8.1, 1.2.8.2, and 1.2.8.3), the existing 

models and the associated data will be mentioned which have been studied so far to 

understand the pathophysiology of CNS and BIND (Figure 4). 

 

 

Figure 4. Existing and emerging CNS and BIND models. (A) Existing in vivo models: classical Gunn rat model, knockout and 
transgenic mouse lines; (B) in vitro models: primary cultures, mixed neuronal co-cultures, and neuroblastoma cultures. (C) 
Emerging iPSC-derived cultures such as organoid cultures, organ-on-chip to model CNS and its application for high throughput 
drug screenings specific to the patient’s needs. Image obtained from Pranty, A.I., Shumka, S. and Adjaye, J., 2022. Bilirubin-
induced neurological damage: current and emerging iPSC-derived brain organoid models. Cells, 11(17), p.2647, as licensed 
under an open access Creative Common Attribution 4.0 license (https://creativecommons.org/licenses/by/4.0/). 

 

1.2.8.1 Animal Models 

In vitro models cannot completely recapitulate the phenotypes of the diseases which are 

manifested in patients, therefore animal models often work as a bridge to fill those gaps and 

help revealing the in vivo mechanism of the disease. The in vivo models can be categorized in 

https://creativecommons.org/licenses/by/4.0/
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two groups: (1) genetic in vivo models of severe hyperbilirubinemia and (2) pharmacologically 

induced in vivo models. The first group can be further sub-categorized into naturally occurring 

or induced mutations (Bortolussi & Muro, 2020).  

Gunn rat is the broadly used model to study hyperbilirubinemia and impaired bilirubin 

conjugation associated diseases such as CNS. A one-base deletion of exon 4 was 

spontaneously developed in the UGT1 locus of this strain of Wister rats (CRIGLER-NAJJAR 

SYNDROME; Yueh et al., 2017). This inherent mutation resulted an in-frame premature stop 

codon, which then translated into a truncated protein, ultimately causing deficiency of all 

UGT1A1 iso-enzymes members. Having the complete absence of UGT1A1 enzymatic activity 

in hyperbilirubinemic condition, this Gunn rat model was used as the first animal model to 

mimic CNS-I and investigate bilirubin metabolism and toxicity in vivo (Bortolussi & Muro, 2020; 

Gunn, 1944). Untreated homozygous Gunn rats show cerebellum-associated abnormalities 

and hearing impairments similar to the respective human CNS-I phenotype, but still reach the 

adulthood and contain their fertility without treatment, unlike the human patients. As these 

untreated Gunn rats recapitulate only a mild phenotype of human CNS-I, different 

pharmacological compounds such as hemolytic drugs or albumin-bilirubin displacers (i.e., 

phenylhydrazine, sulfadimethoxine) have been applied to them to induce hyperbilirubinemia 

with acute CNS# dysfunction (Bortolussi & Muro, 2020). 

Inducing mutations in the animal genome with the help of genetic tools and technologies has 

made it possible to generate constitutive and conditional knockout, knock-in, and transgenic 

strains of mice. These genetic manipulations in the mouse model have revealed more key 

aspects of the diseases (Bortolussi & Muro, 2020; Rice & Shapiro, 2008; Schiavon et al., 2018). 

For example, UGT1A1-null mice show more severe neurological damages than the Gunn rats 

and terminate in premature death (Bortolussi et al., 2014; Bortolussi et al., 2012; Nguyen et 

al., 2008). The reasons behind the phenotypic differences between these rat and mouse 

models are not clear, while the survival ability and susceptibility towards bilirubin might be 

specific depending on the strain and species (Bortolussi et al., 2014; Bortolussi & Muro, 2020). 

The most straightforward and successfully applicable procedure to increase the bilirubin level 

in the animal models without any genetic modification, is to directly administer UCB 

(Bortolussi & Muro, 2020; Huang et al., 2017; Song et al., 2014). Even though such bilirubin 

administration through injections is easily performable in the labs in a dose and time 

dependent manner to investigate BIND, the induced phenotypes are either transient or 
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partially mimicking the disease in the human. Animal models have contributed undeniably to 

understand the mechanisms underlying severe neonatal hyperbilirubinemia. Nevertheless, 

mechanism and pathology in the human brain still stay unique and is not always comparable 

with the animal models, which emphasizes the need for a human cell-derived model system 

to provide more insights into the molecular basis of the disease. 

1.2.8.2  In vitro models 

In vitro experiment and modelling is considered as an essential tool in basic biology and also 

in clinical applications. Two major groups of in vitro cell cultures have extensively been used 

in BIND studies, one of which is immortalized cell lines, and the other is primary cultures. 

Human neuroblastoma cell lines, HeLa cells, Hepa 1c1c7 mouse hepatoma cells, and human 

U87 astrocytoma cells are some commonly used immortalized cells lines to test bilirubin 

toxicity (Bortolussi & Muro, 2020; Calligaris et al., 2009; Qaisiya et al., 2017; Rawat et al., 2018; 

Seubert et al., 2002). On the other hand, primary cultures reflect the original in vivo situation 

better than immortalized cells and also provide key information regarding the disease 

condition, even though they lack the whole tissue complexity. For instance, bilirubin 

treatment induced disrupted axons and dendritic processes for neurons and increased pro-

inflammatory cytokine release from microglia and astrocytes (Brites, 2012; Fernandes et al., 

2009; Fernandes et al., 2006; Fernandes et al., 2004). Additionally, rat and mouse-isolated 

primary neurons of different regions, astrocytes, microglia, oligodendrocytes, endothelia cells, 

and embryonic fibroblast cultures have contributed in investigating bilirubin induced toxicity 

(Bortolussi & Muro, 2020; Brites, 2012; Calligaris et al., 2006). Hippocampal neurons 

responded with impaired neuronal arborization, increased cell death, mitochondrial 

dysfunction, and oxidation, when exposed to bilirubin. These neurons also overexpressed 

active transporters, detoxification pathways, pro survival mechanism, and inflammatory 

markers as protective mechanisms, which makes this cell type one of the most common and 

potent cellular models to study bilirubin-induced responses in CNS# (Bortolussi & Muro, 2020; 

Brites, 2012). Moreover, newly differentiated neuronal cell types or younger neuronal cell 

types that are less differentiated display higher sensitivity compared to mature differentiated 

neurons (Rodrigues et al., 2002). The observed morphological, biochemical/metabolic, and 

molecular responses reflect the in vivo situation upon bilirubin exposure (Bortolussi & Muro, 

2020; Brito et al., 2013). Another important cell type of the CNS# named oligodendrocytes, 

responsible for myelinating the axons of the neurons, also showed susceptibility towards 



INTRODUCTION 28 

bilirubin. Decreased myelin basic protein production was observed after bilirubin insult, which 

led to impaired myelin sheet formation and neuronal axonal function (Brites & Fernandes, 

2015). Bilirubin affects not only the neurons and oligodendrocytes, but also astrocytes and 

microglia. These glial cells released pro-inflammatory mediators tumor necrosis factor-α 

(TNF- α), interleukin-1β (IL-1β), IL-6, nuclear factor kappa B (NFκB), and activated mitogen-

activated protein kinase (MAPK) pathways (p38, JNK1/2, and ERK1/2) upon bilirubin treatment 

(Bortolussi & Muro, 2020; Brites, 2012). 

Co-culture with heterotypic neural population also provides a good platform to study bilirubin 

induced responses between different neural cell types. For example, astrocytes showed a 

protective response towards neurons, while bilirubin exposure was detrimental on the 

neurons (Bortolussi & Muro, 2020; Falcao et al., 2013). Even though these heterotypic cultures 

explore the crosstalk between different neural cell types, they also might change the cell-cell 

interactions along with alterations in morphological and physiological properties. Additionally, 

potential contamination, different life span of cells, different culture medium, and conditions 

are also some of the disadvantages of this system. 

1.2.8.3  Ex vivo models 

When a model contains a part or entire tissue isolated from an organism and is cultured in 

vitro under optimal conditions, which are supposed to mimic partially or transiently the 

physiological condition, then it is called an ex vivo model (Bortolussi & Muro, 2020). Culturing 

brain slices from a specific region or from the entire brain has been used to study bilirubin 

induced neurotoxicity. These ex vivo cultures transiently preserve in vivo structure, cellular 

toxicity, organ heterogeneity, connection, and architecture of the brain. Such organotypic 

culture studies enabled demonstrating impaired synaptic plasticity and microglia involvement 

in the BF induced neurotoxicity by using hippocampal slices (Chang et al., 2009). It was also 

possible to map the regional damaged area by bilirubin and demonstrate multifactorial toxic 

effects of bilirubin using these cultures (Dal Ben et al., 2017). For instance, hippocampal slices 

showed more bilirubin susceptibility compared to the inferior and superior colliculus or 

cerebellum (Dani et al., 2019). Nevertheless, the ex vivo data can be very different than in vivo 

or in vitro models derived data based on the different experimental conditions, developmental 

stages of the donor brains, culture duration prior to use, applied bilirubin concentrations, 

bilirubin- albumin ratio, or BF calculations in the culturing media (Bortolussi & Muro, 2020; 

Dani et al., 2019). Based on these information drug’s efficacy can be evaluated, which have a 



INTRODUCTION 29 

potential applicability for the protection of the newborn brains from bilirubin induced toxicity 

(Dal Ben et al., 2017). 

1.3 Cerebral Malaria (CM) 

CM is an acute neurological complication of severe malaria infection caused by Plasmodium 

falciparum. The life-cycle of Plasmodium species exhibits three stages named: gametocytes, 

sporozoites, and merozoites. Gametocytes develop into sporozoites within a mosquito 

("Plasmodium," 2024). Malaria infection initiates with the bite of an infected female 

Anopheles mosquito into the skin. The mosquito inoculates 5 to 50 sporozoites to the 

bloodstream, which further migrate to the liver (Figure 5) (Amino et al., 2005; Renia et al., 

2012). Sporozoites multiply inside liver parenchymal cells and generate thousands of liver 

merozoites. The erythrocytic stage of the infection starts when the erythrocytes (RBCs) are 

infected by the release of merozoites into the blood stream. The invading merozoites mature 

and divide rapidly into a multinucleated schizont. Rapid multiplication disrupts the 

erythrocytes and schizonts, while rupture of each schizont releases 4 to 16 merozoites into 

the bloodstream, resulting in new infected erythrocytes. A subpopulation of merozoites may 

develop into gametocytes, which can be taken up by a feeding mosquito, beginning the life 

cycle over again (Renia et al., 2012). The erythrocytic phase of the infection is responsible for 

the disease pathology (Figure 5). High fever, muscle aches, and chills are some of the common 

malaria symptoms which are usually developed 10-15 days after being bitten (Renia et al., 

2012). Although malaria infection is curable in many cases, severe malaria can lead to a wide 

array of pathologies, such as metabolic alterations, renal failure, liver and lung dysfunctions, 

anemia, and CM (Renia et al., 2012; "Severe falciparum malaria. World Health Organization, 

Communicable Diseases Cluster," 2000).  

CM is defined as a life-threatening cerebrovascular encephalopathy which is commonly 

characterized by unarousable (unable to localize a painful stimulus) coma (Hadjilaou et al., 

2023; "Severe malaria," 2014). Clinical manifestations of CM include coma with seizure onset, 

brain swelling, brainstem alterations, intracranial hypertension, retinopathy, abnormalities in 

posture, pupil size and reaction, ocular movements, or abnormal respiratory patterns (Idro et 

al., 2010; Renia et al., 2012).  
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Figure 5. Pathophysiology of Cerebral malaria. Illustration depicting different stages of malaria parasite`s life cycle and 
infection. Infected Anopheles mosquito bite into the skin begins the infection with the inoculation of sporozoites which migrate 
to hepatocytes, where sporozoites multiply and generate merozoites. Release of mature merozoites into blood stream infects 
the RBCs and initiates the disease causing erythrocytic phase. Rapid division and maturation of merozoites forms 
multinucleated schizont, which gradually gets ruptured resulting in infecting new RBCs, hemozoin formation, and also 
developing into gametocytes which can be transmitted into new feeding mosquito. RBCs- red blood cells/ erythrocytes 
(Created with BioRender.com) 

 

Besides causing death, CM is considered as a cause of resulting neurological dysfunction in the 

patients. The mortality rate in cerebral malaria is high (20% of the infected patients), while 

surviving patients may sustain cerebral dysfunction along with long-term neuro-cognitive 

impairments such as ataxia, partial blindness, central hypotonia, epilepsy, motor function, 

cognition, and behavioural impairments (Carter et al., 2005; Hadjilaou et al., 2023; Idro et al., 

2010; John et al., 2008; Newton & Krishna, 1998; van Hensbroek et al., 1997). According to 

the reports, 1% of P. falciparum infected children develop cerebral malaria. Despite of 

developing at any age, children below 5 years old are the highest risk group for CM (Hadjilaou 

et al., 2023). 

 



INTRODUCTION 31 

1.3.1 Hemozoin 

Of all the human infecting Plasmodium, P. falciparum is the most virulent and severe anemia 

or CM development are it`s characteristic pathological manifestations (Olivier et al., 2014). In 

the infected erythrocytes, the hemoglobin is digested by the parasite as their source of 

nutrition and energy. As a result, heme is produced as a byproduct (Francis et al., 1997; Olivier 

et al., 2014; Pandey & Tekwani, 1996). Since heme is highly toxic for the parasite and cannot 

be excreted by the parasite, it aggregates heme molecules into an insoluble crystal form called 

hemozoin (HMZ). HMZ and other hemoglobin byproducts are released into the plasma from 

the infected erythrocytes which promote the release of merozoites resulting in triggering 

osmotic fragility and destruction of erythrocytes at an accelerated rate (Figure 5) (Mehra et 

al., 2021; Moore et al., 2006). 

1.3.2 Pathophysiology of CM 

The pathophysiology of CM in the CNS# of humans is not clearly known due to the difficulty in 

obtaining brain samples. Mouse models and brain autopsy tissue have been used as the source 

of the investigation of CM. Post-mortem biopsy tissues from patient`s brain showed presence 

of malaria pigment HMZ in the cerebral cortex, while cerebral edema was observed in the 

white matter of the brain. Immunohistochemistry staining showed damage in the 

endothelium and in BBB along with thickened capillaries (Gillrie & Ho, 2017; Mishra & Newton, 

2009; Postels & Birbeck, 2013; Renia et al., 2012; Valentim, 2018). CM pathology is a result of 

aggravated cytoadherence complex formation of RBCs with the endothelial lining of the BBB 

and results in a disrupted BBB, which is manifested with cell apoptosis, vascular dysfunction, 

and tissue damage. The impact and role of HMZ during this phenomenon remains unclear 

(Mehra et al., 2021). Rupture of the BBB may lead to hemorrhages resulting in neurological 

alterations (Renia et al., 2012). The pathogenesis of CM can be affected or regulated based on 

the response of the parasite and host. Some key events which define the pathogenesis of CM 

include leakage in BBB, endothelial cell activation and apoptosis, nitric oxide bioavailability, 

platelet activation and apoptosis, oxidative stress, and neuro-inflammation (Hora et al., 2016; 

Medana et al., 2002; Medana & Turner, 2006; Miranda et al., 2013; Percario et al., 2012; van 

der Heyde et al., 2006; van Veelen et al., 1978). These disrupted or disturbed events may cause 

neuronal cell death, axonal injury, interrupted neurogenesis, and impaired neuroplasticity, 

which may lead to cognitive disorders along with short- and long-term neurological sequelae 

(Medana et al., 2002). 
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1.3.3 Treatment for CM 

CM requires urgent intervention within the intensive care unit, regular monitoring, 

surveillance, and supporting treatment (Misra et al., 2011; Ndreu et al., 2016; Valentim, 2018; 

Wah et al., 2016). Antimalarial compounds such as artemisinin derivatives, artesunate, and 

quinine are preferred to be administered intravenously to treat CM, where artesunate 

performs better to reduce mortality (34.7%) compared to quinine. Quinine acts only in the last 

stages of the parasitic erythrocyte cycle, while artesunate has activity in all stages. Artesunate 

reduces convulsive episodes, coma, and hypoglycemia, while quinine induces hypoglycemia 

and rapid administration leads to hypotension (Mishra & Newton, 2009; Misra et al., 2011). 

To shorten the treatment duration and prevent resistance, artesunate and quinines are 

prescribed in combination (Mishra & Newton, 2009). Additionally, the neurological 

complications due to malaria can be affiliated with other organ system`s dysfunctions such as: 

severe anemia, hypoglycemia, imbalanced electrolytes, convulsions, acute renal failure, liver 

failure, and coagulation disorders, which also should be treated accordingly (Mishra & 

Newton, 2009). For instance, exchange transfusion is recommended for severe anemia. 

Corticosteroids, deferoxamine, erythropoietin, and N-acetylcysteine are reported to be used 

as adjuvant treatment without showing efficacy (Mishra & Newton, 2009; Misra et al., 2011; 

Valentim, 2018). 

1.3.4 Existing models for CM 

Unavailability of brain tissue created a hindrance in obtaining pathophysiological data in 

human CNS# and further assessment of CM pathogenesis. Post-mortem brain tissue provides 

only the late stages of the disease and the consequence of the infection, rather than the 

ongoing disease progression while the patient is alive. Therefore, despite markedly different 

histopathological features, CM studies are conducted predominantly in murine models 

(Adams & Jensen, 2022; Idro et al., 2010; White et al., 2010). CB57BL/6 mice, which are 

infected with P.berghei ANKA, is one of the widely used murine models of CM. The 

inflammation is characterized with diffuse or no intracerebral sequestration of parasitized 

erythrocytes, while in humans there is an intracerebral sequestration observed (White et al., 

2010). Studies in non-human primates such as P. falciparum infection in Aotus and Saimiri 

monkeys and chimpanzees, and P. coatneyi and P. fragile infections in macaque monkeys were 

executed, nevertheless the cerebral sequestration was not prominently observed in those 

models compared to human (Adams & Jensen, 2022; Fujioka et al., 1994; Kawai et al., 1993; 
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Tongren et al., 2000). Nowadays, modelling CM ranges from single-cell monolayer cultures to 

multicellular BBB organoids and hiPSC-derived cerebral organoids (Harbuzariu et al., 2019; 

Pais & Penha-Goncalves, 2023; Urich et al., 2013; Weksler et al., 2005). Along with isolated 

brain vessel culture, different primary and immortalized endothelial and astrocyte cell lines 

are commercially available for CM studies, such as the immortalized human cerebral 

microvascular endothelial cell lines- hCMEC/D3, HBEC-5i, the astrocyte cell line- M059K, co-

culture of human astrocytes and neurons, and so on (Adams & Jensen, 2022; Dorovini-Zis et 

al., 1991; Eugenin et al., 2019; Pais & Penha-Goncalves, 2023; Weksler et al., 2005). iPSC-

derived cerebral organoids have also been used to test the heme-induced cortical brain injury 

associated with CM (Harbuzariu et al., 2019). Due to a huge difference between human CM 

with CM in other animals, modelling CM requires a suitable human recapitulating system to 

study the CM pathogenesis in human and also to investigate the toxicology and therapeutics. 

1.4 Stem cells in CNS-BIND and CM modelling 

The crucial step of investigating the mechanism and molecular events of any specific 

neurological disorder is establishing a model that can reflect and recapitulate the condition as 

in the disease. The most commonly used BIND and CM models are mouse models or post-

mortem tissue. The mouse models exhibit a very different pathogenesis than humans, while 

the post-mortem tissues reveal only the final stage phenotype of the disease (Adams & Jensen, 

2022; Idro et al., 2010; Marchetto et al., 2011; McKinney, 2017; White et al., 2010). Stem cells 

create a scope for investigating neurological disease mechanisms and involved developmental 

disorders, which are more closely relevant to human. Stem cells are defined as cells that can 

self-renew and have the potency to differentiate into mature functional cells (Tian et al., 

2023). These cells are remarkable with their ability to develop into many different cell types 

in the body during embryonic, fetal, and adult stages of life. Pluripotent stem cells (PSCs) 

contain germline competency and function assessments, thus holding great promises to be 

used in understanding human biology and for future toxicological studies, regenerative 

therapies, drug screening, and personalized medicine. Induced PSC research has increasingly 

revealed the multifaceted potential of these cells for studying disease progression from early 

progenitor state to mature state, which enables modelling of a wide range of neurological 

diseases in vitro (Figure 6) (Drews et al., 2012; Imaizumi & Okano, 2014; Logan et al., 2019; 

Marchetto et al., 2011; McKinney, 2017). 
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1.4.1 Definition and classification of stem cells 

Depending on the source and type of the stem cells, the properties or the stemness of the 

cells may vary. Stem cells can be classified based on differentiation potential or based on the 

origin of the cells. Based on the differentiation potency, stem cells can be categorized into five 

groups, named as totipotent or omnipotent, pluripotent, multipotent, oligopotent, and 

unipotent (Kolios & Moodley, 2013; Tsang & Sharma, 2018). 

Totipotent or omnipotent cells are the most undifferentiated cells and harbour the greatest 

developmental potency. An oocyte after fertilization and the early stage blastomeres, which 

are the cells of first two divisions, are totipotent cells (Kolios & Moodley, 2013; Xu et al., 2022). 

These cells have the potential to differentiate into both embryonic and extraembryonic tissue 

components. In blastocyst stage totipotent cells differentiate and generate epiblast, 

trophoectoderm, and primitive endoderm (Frankenberg et al., 2016; Rossant & Tam, 2009). 

The stem cells derived from epiblast, trophectoderm, and primitive endoderm are 

respectively, pluripotent stem cells, trophoblast stem cells, and extraembryonic endoderm 

cells. These blastocyst-derived stem cells have the lineage-restricted differentiation and 

development capacity, as there is the embryonic and extraembryonic lineage boundaries (Xu 

et al., 2022). Therefore, totipotent cells are superior in terms of differentiation potency than 

those cells and have great research interest, as totipotent cells can generate both embryonic 

(embryo) and extraembryonic tissue (placenta) components, which means an ability to create 

an entire individual in vivo. 

PSCs are the cells derived from the epiblast or inner cell mass of the blastocyst, thus being 

able to proliferate indefinitely and differentiate into all three germ layers- ectoderm, 

endoderm, and mesoderm. Gradually, further distinct differentiation from these three 

lineages forms all tissues and develops the organs. PSCs can be divided into two groups 

depending on the source (from where or how) they are derived, and both of those cell types 

share similar characteristics. One subtype is called embryonic stem cells (ESCs), which are 

derived from the inner cell mass of the blastocyst, while another type is iPSCs, which are 

reprogrammed from somatic cells (explained in paragraph 1.4.2) (Evans & Kaufman, 1981; 

Kolios & Moodley, 2013; Takahashi & Yamanaka, 2006; Thomson et al., 1998). PSCs have 

created a great platform for research in human developmental biology, drug discovery, and 

transplantation medicine, and also for cell therapies for various diseases and injuries. Despite 

the potential applications of human PSCs, use of ESCs remains ethically controversial due to 
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their derivation from early embryos, which can be substituted by human iPSCs (de Wert & 

Mummery, 2003). 

Multipotent cells are germ layer specific stem cells or the cells which can differentiate into 

several cell types of a single germ layer to form different tissue and organs of that specific 

germ layer, such as neural stem cells (NSCs) and mesenchymal stem cells (MSCs) (Ratajczak et 

al., 2012). These cells can differentiate further into multiple cell lineages of the corresponding 

germ layer. For instance, NSCs can differentiate into neurons, astrocytes, and 

oligodendrocytes (Figure 6) (Canals et al., 2021; "Erratum," 2015; Wang et al., 2018). MSCs 

can differentiate into osteoblasts, chondrocytes, myoblasts, adipocytes, and fibroblasts 

(Hwang et al., 2009; Sierra-Sanchez et al., 2018). Oligopotent stem cells are the type of stem 

cell which can self-renew and differentiate into two or more cell lineages within a specific 

tissue. For instance, hematopoietic stem cells are able to differentiate into both lymphoid and 

myeloid lineages (Bozhilov et al., 2023). Unipotent is the last type of cells in this group, which 

can self-renew and differentiate into only one specific cell type and form a single lineage, such 

as a germ line stem cells producing only sperm or oocytes, respectively (Kolios & Moodley, 

2013). 

Based on the origin of the stem cells, they can be grouped into 4 categories, named as ESCs, 

iPSCs, fetal, and adult stem cells. Among those- ESCs and iPSCs are pluripotent, whereas adult 

stem cells are multi-, oligo-, or unipotent (Kolios & Moodley, 2013). As mentioned above, ESCs 

and iPSCs both share similar characteristics and the main difference is, ESCs are derived from 

the inner cell mass of the blastocyst, while iPSCs are reprogrammed from somatic cells. On 

the other hand, fetal stem cells are stem cells isolated from fetal tissues, such as fetal blood, 

bone marrow, kidney, liver, etc. At the end, adult tissue derived stem cells are called adult 

stem cells or somatic stem cells (Kolios & Moodley, 2013).  

1.4.2 Induced pluripotent stem cells (iPSCs) 

PSCs create a great scope in regenerative medicine having indefinite self-renewal and 

differentiation capacity into somatic cell types. The derivation process and application of ESCs 

is often inconvenient and ethically controversial, therefore using iPSCs is the suitable and best 

possible alternative for future regeneration therapies and personalized medicine. In 

2006/2007 Shinya Yamanaka and Kazutoshi Takahashi established the protocol to induce PSCs 

from mouse embryonic and/or adult human fibroblasts by introducing four defined factors: 



INTRODUCTION 36 

OCT4, SOX2, c-MYC, and KLF4 (Takahashi et al., 2007; Takahashi & Yamanaka, 2006). This 

protocol has been further optimized by another research group to improve the efficiency by 

reprogramming the human somatic cells with another four-factor combination of OCT4, SOX2, 

NANOG, and LIN28 (Yu et al., 2007). The cell source, transcription factor combination, and 

delivery system to induce the pluripotency with the transcription factors are diverse and 

continuously being improved. Different integrating and non-integrating delivery systems are 

being used to introduce the pluripotency factors in the human somatic cells to generate iPSCs. 

Retrovirus and lentivirus are the most common integrating delivery systems, while 

adenovirus, sendai virus, pSin plasmid, episomal plasmids, and minicircle DNA are the non-

integrating systems (Abu-Dawud et al., 2018; Fusaki et al., 2009; Takahashi & Yamanaka, 2006; 

Wang & Adjaye, 2011; Zhou & Freed, 2009). Fibroblasts from skin biopsy, human 

keratinocytes, or fetal foreskin fibroblasts are some somatic cell sources for generating iPSCs, 

while peripheral blood cells and renal progenitor cells from urine are also being used lately as 

popular and easily obtainable sources to generate iPSCs (Bohndorf et al., 2017; Graffmann et 

al., 2021; Takahashi & Yamanaka, 2006). Overall, iPSCs are morphologically identical to ESCs 

and share the similar pluripotency and differentiation capacity. They are easily accessible 

regarding generation of patient-specific or disease-specific cell lines. Thus, one can study a 

specific disease condition, phenotype, mutation, and also can develop customized medication 

and therapy. iPSCs-derived neural cells have been employed to investigate disease 

mechanisms and treatment for multiple neurological disorders such as Alzheimer’s disease 

(AD), Parkinson’s, multiple sclerosis, amyotrophic lateral sclerosis, Huntington’s, spinal 

muscular atrophy, motor neuron diseases, autism, and rare CNS# diseases (Chang et al., 2011; 

Juopperi et al., 2012; Liu et al., 2023; Riemens et al., 2020; Russo et al., 2015; Sarasua et al., 

2014; Stoddard-Bennett & Reijo Pera, 2019; Zhang et al., 2016). 

1.4.3 Organoids 
2D in vitro cultures have been extensively employed to understand the cellular response and 

bioactivities for decades (Duval et al., 2017). Despite being invaluable, mono-layered mono- 

or co-culture 2D systems lack cell-cell interaction, morphological, and physiological properties 

of the whole tissue and resemblance with the in vivo responses, which emerged an advanced 

and potential platform of 3D culture to enhance the cytoarchitectural complexity by 

employing another dimension around 2D cells with the extracellular matrix (Bortolussi & 

Muro, 2020). Presence of divergent cell types, cell-cell interaction, and cellular responses 
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upon stress inducer or toxins make this model a more closely in vivo-mimicking system (Simian 

& Bissell, 2017; Yoon et al., 2019). The attempt of in vitro organ regeneration has been 

demonstrated over a century ago. Dissociation and reaggregation experiments have revealed 

the self-organizing capacity of vertebrate cells to regenerate an organ system (Corro et al., 

2020; Tung & Ku, 1944; Weiss & Taylor, 1960; Wilson, 1907). Later on, stem cell research 

began to thrive in 1981 which eventually developed further and made significant impact to 

stem cell and organoid research (Corro et al., 2020; Evans, 1981; Li et al., 1987). By using 

scaffold or scaffold-free techniques, suspension cultures can turn into 3D culture systems 

(Corro et al., 2020). This self-organizing capacity of PSCs has made a revolutionary 

advancement in transforming 2D cell culture to 3D in vitro models such as organoids.  

Organoids are generated from stem cells (PSCs, fetal, or adult) or isolated organ specific 

progenitor cells, which are differentiated into a simple tissue-engineered cell-based organ-like 

intact tissue with multiple cell types and self-patterned spatial organization along with 

reflecting some function of the system (Lancaster & Knoblich, 2014; Zhao et al., 2022). The 

goal of this in vitro model is to generate a remarkably similar human in vivo-like system, 

recapitulating the endogenous developmental processes and being suitable for 

implementation in diagnostics, disease modelling, drug discovery, and personalized medicine 

(Lancaster & Knoblich, 2014; Zhao et al., 2022). Organoid models are being widely used in 

fundamental and dynamic development and mechanistic studies along with regeneration and 

repair mechanisms in human tissues upon trauma or injury (Logan et al., 2019; Zhao et al., 

2022). By employing organ precursor specific combinations of growth factors and nutrients 

that are necessary to drive the cells towards a specific tissue identity, organoids from distinct 

organ systems have been generated, including intestinal, pancreatic islet, kidney, brain, lung, 

and retinal organoids (Almeqdadi et al., 2019; Lancaster & Knoblich, 2014; Lancaster et al., 

2013; Nguyen et al., 2022; Sakaguchi et al., 2015; Xia et al., 2014; Zhong et al., 2014). 

Organoids derived from healthy and diseased donors can be used to investigate diseases from 

various organ systems which are not easily accessible such as brain and kidney, or to study 

genetic disorders by implying gene modification (Lancaster et al., 2013; Pomeshchik et al., 

2023). Organoid technology bridges the gap between classical cell culture and in vivo models, 

however there are still limitations of the current system and the extent of similarity with the 

in vivo situation remains to be determined in many cases. For instance, lack of surrounding 

stromal cells, immune cells, and endothelial cells, batch to batch variability and heterogeneity, 
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a low degree of functionality, necrotic core formation due to tissue degeneration, limited 

reproducibility, and minimum reporting standards are some of the drawbacks of the model 

that need to be optimized and improved (Andrews & Kriegstein, 2022; Corro et al., 2020; Zhao 

et al., 2022). Nevertheless, these models hold great therapeutic promises with their potential 

in tissue regeneration and as a means to study biology of common, rare and infectious disease, 

for drug discovery/testing and development studies, biomarker research, and precision 

medicine application. 

1.4.4 Brain organoids 
3D brain organoids are composed of highly divergent neural cell types and subtypes, providing 

complex cytoarchitecture and cellular interplays with spatial organization. This model 

recapitulates fundamental mammalian neurodevelopmental mechanisms and characteristics 

of human brain development. hiPSC-derived brain organoids contain functioning neurons, 

astrocytes, oligodendrocytes, and to some extent microglia (Lancaster et al., 2013; Pasca et 

al., 2015; Yoon et al., 2019; Zhang et al., 2023). Additionally, some epigenetic and 

transcriptomic hallmarks of brain organoids resemble those of the fetal human brain and to 

some degree with those of early postnatal brain maturation stages (Camp et al., 2015; Gordon 

et al., 2021; Luo et al., 2016; Zhang et al., 2023).  

There are multiple protocols to generate neural organoids, therefore choosing the generation 

process should depend on the purpose of the study and the application of the model. 

Researchers generated iPSC-derived self-patterned cerebral organoids containing forebrain, 

midbrain, hindbrain, and choroid plexus (Lancaster et al., 2013). By manipulating specific 

cellular identity-determining factors, individual brain-region and feature specific brain 

organoids have been successfully generated such as: oligodendrocyte organoids, BBB 

organoids, choroid plexus organoids with cerebrospinal fluid secretion, microglial organoids, 

retinal organoids, hippocampal organoids, striatum organoids, and organoids with functional 

neurons and astrocytes (Afanasyeva et al., 2021; Bergmann et al., 2018; Ciarpella et al., 2021; 

Marton et al., 2019; Miura et al., 2020; Ormel et al., 2018; Pellegrini et al., 2020; Pomeshchik 

et al., 2023; Sloan et al., 2018). Such diverse incorporation of brain features in brain organoids 

help this model to resemble and mimic human CNS# environment much better compared to 

other in vitro models along with facilitating the understanding of disease pathology, drug 

mechanism, and customized medication (Edmondson et al., 2014; Giandomenico et al., 2021; 

Liu et al., 2018; Martins et al., 2022; Nascimento et al., 2019). 
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Figure 6. iPSC-derived in vitro 2D and 3D neuronal cultures. (Ai) Schematic representation of iPSCs differentiation into neuronal 
cells. iPSC-derived NPCs can differentiate into mature neuronal cells such as neurons, astrocytes, and oligodendrocytes. (Aii) 
NPC generation methods: from 2D mono-layered iPSCs cultured as embryoid bodies, cell aggregation in suspension via neural 
rosettes formation, or by direct induction from iPSCs to NPCs in 2D. NPCs generated in both approaches can be used for mono- 
or co-culture of distinct types of neuronal cells. Generation of iPSC-derived 3D organoid culture in a directed or non-directed 
manner, depending on their application purpose. iPSC- induced pluripotent stem cells, NSC- neural stem cells, NPC- neural 
progenitor cells. Illustration obtained from Pranty, A.I., Shumka, S. and Adjaye, J., 2022. Bilirubin-induced neurological 
damage: current and emerging iPSC-derived brain organoid models. Cells, 11(17), p.2647, as licensed under an open access 
Creative Common Attribution 4.0 license (https://creativecommons.org/licenses/by/4.0/). 

 

Additionally, merging co-culture systems in organoid technology increases the model 

complexity and depicts human brain development and neuro-pathological conditions (Figure 

6) (Kim & Jiang, 2021; Ormel et al., 2018; Zhang et al., 2023). However, it is challenging to 

create a suitable environment for co-culture organoids as different cell type have different 

proliferation rates and different neurotropic factors requirements, which might result 

insufficient cell number of specific types and affect the organoid maturation and culture 

duration (Frohlich, 2018; Zahmatkesh et al., 2021). Despite having some limitations of 

organoid technology, iPSC derived brain organoid models serve as a valuable tool by providing 

insights into human brain development and by modelling neurological disorders such as 

microcephaly, AD, Parkinson’s, cerebellar diseases, cerebral malaria, Timothy syndrome, and 

Nijmegen breakage syndrome, as well as brain tumors such as gliomas and medulloblastoma 

(Bras et al., 2022; Goranci-Buzhala et al., 2020; Harbuzariu et al., 2019; Karmirian et al., 2023; 

Lancaster et al., 2013; Martins et al., 2022; Sidhaye & Knoblich, 2021; Smits et al., 2019; van 

Essen et al., 2024). 
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2. Aims and Objectives 

The aim of this thesis was to model Crigler-Najjar syndrome (CNS) and cerebral malaria (CM) 

manifested encephalopathy using iPSC-derived in vitro neuronal cultures to imply the 

advanced application of iPSCs on disease modelling. A subsequent objective was to investigate 

the cellular and molecular response of the neuronal population (particularly neurons) in 

hiPSC-derived 2D and 3D brain models upon external challenges, such as free bilirubin (BF) 

and hemozoin (HMZ) exposure. 

The first goal of the study was to model CNS, an autosomal recessive disorder, which has been 

only investigated in rodents, organotypic cultures, primary and immortalized cellular models. 

Therefore, the focus was to establish an optimized protocol of brain organoid generation using 

healthy and CNS patient derived iPSCs and to investigate further bilirubin induced neurologic 

dysfunction (BIND) in this model. The self-organization and whole tissue formation capacity 

of iPSCs have evolved a great advancement from 2D to 3D in vitro models. Healthy and CNS 

patient-derived iPSC can be differentiated into 3D brain organoids and then employed as a 

potential in vitro CNS model. Associated BIND and the molecular basis of the detrimental 

effects of BF in the developing human brain can be further investigated using this CNS model. 

Generating brain organoids from patient`s cells which contained the disease-causing mutation 

(UGT1A1) also allows to investigate the effect of the mutation and its subsequent phenotypic 

manifestation. The second objective was to model a different causal factor driven 

encephalopathy, manifested in CM using hiPSCs. The specific role of the known malaria toxin-

HMZ in CM is unknown. Therefore, the aim was to investigate HMZ-induced effects on the 

iPSC-derived 2D neuronal cultures. Different BF and HMZ dosages, timing, frequency, and 

exposure conditions can be applied on these 3D organoids and 2D neurons to optimize the 

experimental conditions, which allow then exploration of multiple molecular aspects of the 

disease conditions. Neuronal cultures and brain organoids also hold the potential application 

for future BIND- and CM- associated toxicological studies, drug screening, and treatments.  

The overall goal of this thesis was to establish iPSC derived CNS and CM in vitro models to 

improve the existing encephalopathy models regarding brain dysfunction investigation in 

vitro. Additionally, this study intended to provide insights into a human iPSC-derived 3D-brain 

organoid model and neuronal cultures to serve as prospective platforms for studying the 

etiology of BIND- kernicterus and CM. 
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Structure of the Thesis 

In this thesis three publications are presented, which address the potential application of iPSC-

derived 2D and 3D neuronal cultures to model and investigate CNS and CM manifested 

encephalopathy in vitro. 

1. Pranty, A.I., Shumka, S. and Adjaye, J., 2022. Bilirubin-induced neurological damage: 

current and emerging iPSC-derived brain organoid models. Cells, 11(17), p.2647. (review 

article) 

 

2. Pranty, A.I., Wruck, W. and Adjaye, J., 2023. Free Bilirubin Induces Neuro-Inflammation 

in an Induced Pluripotent Stem Cell-Derived Cortical Organoid Model of Crigler-Najjar 

Syndrome. Cells, 12(18), p.2277. (original research) 

 

3. Pranty, A.I., Szepanowski, L.P., Wruck, W., Karikari, A.A., and Adjaye, J., 2024.  Hemozoin 

induces Malaria via activation of DNA damage, p38 MAPK and Neurodegenerative 

Pathways in a Human iPSC-derived Neuronal Model of Cerebral Malaria. Under revision 

at Scientific Reports journal (original research) 

 

 

Figure 7. Synopsis of the publications and key observations. Modelling encephalopathy using hiPSC-derived 2D neuronal 
cultures and 3D brain organoids. (Created with BioRender.com) 
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3. Publications 

3.1 Bilirubin-Induced Neurological Damage: Current and Emerging iPSC-Derived 

Brain Organoid Models 

Abida Islam Pranty, Sara Shumka and James Adjaye  

Cells 2022, Volume 11, Issue 17, Article Number 2647 

Abstract: 

Bilirubin-induced neurological damage (BIND) has been a subject of studies for decades, yet 

the molecular mechanisms at the core of this damage remain largely unknown. Throughout 

the years, many in vivo chronic bilirubin encephalopathy models, such as the Gunn rat and 

transgenic mice, have further elucidated the molecular basis of bilirubin neurotoxicity as well 

as the correlations between high levels of unconjugated bilirubin (UCB) and brain damage. 

Regardless of being invaluable, these models cannot accurately recapitulate the human brain 

and liver system; therefore, establishing a physiologically recapitulating in vitro model has 

become a prerequisite to unveil the breadth of complexities that accompany the detrimental 

effects of UCB on the liver and developing human brain. Stem-cell-derived 3D brain organoid 

models offer a promising platform as they bear more resemblance to the human brain system 

compared to existing models. This review provides an explicit picture of the current state of 

the art, advancements, and challenges faced by the various models as well as the possibilities 

of using stem-cell-derived 3D organoids as an efficient tool to be included in research, drug 

screening, and therapeutic strategies for future clinical applications. 
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3.2 Free Bilirubin Induces Neuro-Inflammation in an Induced Pluripotent Stem Cell-

Derived Cortical Organoid Model of Crigler-Najjar Syndrome  

Abida Islam Pranty, Wasco Wruck and James Adjaye  

Cells 2023, Volume 12, Issue 18, Article Number 2277 

Abstract: 

Bilirubin-induced neurological damage (BIND), which might progress to kernicterus, occurs as 

a consequence of defects in the bilirubin conjugation machinery, thus enabling albumin-

unbound free bilirubin (BF) to cross the blood–brain barrier and accumulate within. A defect 

in the UGT1A1 enzyme-encoding gene, which is directly responsible for bilirubin conjugation, 

can cause Crigler–Najjar syndrome (CNS) and Gilbert’s syndrome. We used human-induced 

pluripotent stem cell (hiPSC)-derived 3D brain organoids to model BIND in vitro and unveil the 

molecular basis of the detrimental effects of BF in the developing human brain. Healthy and 

patient-derived iPSCs were differentiated into day-20 brain organoids, and then stimulated 

with 200 nM BF. Analyses at 24 and 72 h post-treatment point to BF-induced neuro-

inflammation in both cell lines. Transcriptome, associated KEGG, and Gene Ontology analyses 

unveiled the activation of distinct inflammatory pathways, such as cytokine–cytokine receptor 

interaction, MAPK signalling, and NFκB activation. Furthermore, the mRNA expression and 

secretome analysis confirmed an upregulation of pro-inflammatory cytokines such as IL-6 and 

IL-8 upon BF stimulation. This novel study has provided insights into how a human iPSC-

derived 3D brain organoid model can serve as a prospective platform for studying the etiology 

of BIND kernicterus. 
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3.3 Hemozoin induces Malaria via activation of DNA damage, p38 MAPK and 

Neurodegenerative Pathways in a Human iPSC-derived Neuronal Model of 

Cerebral Malaria 

Abida lslam Pranty#, Leon-Phillip Szepanowski#, Wasco Wruck, Akua Afriyie Karikari and James 

Adjaye  

BioRxiv (2024) 

Abstract:  

Malaria caused by Plasmodium falciparum infection results in severe complications including 

cerebral malaria (CM), in which approximately 30% of patients end up with neurological 

sequelae. Sparse in vitro cell culture-based experimental models which recapitulate the 

molecular basis of CM in humans has impeded progress in our understanding of its etiology. 

This study employed healthy human induced pluripotent stem cells (iPSCs) derived neuronal 

cultures stimulated with hemozoin (HMZ)- the malarial toxin as a model for CM. Secretome, 

qRT-PCR, Metascape, and KEGG pathway analyses were conducted to assess elevated 

proteins, genes, and pathways. Neuronal cultures treated with HMZ showed enhanced 

secretion of interferon-gamma (IFN-γ), interleukin (IL)1-beta (IL-1β), IL-8 and IL-16. 

Enrichment analysis revealed malaria, positive regulation of cytokine production and positive 

regulation of mitogen-activated protein kinase (MAPK) cascade which confirm inflammatory 

response to HMZ exposure. KEGG assessment revealed up-regulation of malaria, MAPK and 

neurodegenerative diseases-associated pathways which corroborates findings from previous 

studies. Additionally, HMZ induced DNA damage in neurons. This study has unveiled that 

exposure of neuronal cultures to HMZ, activates molecules and pathways similar to that 

observed in CM and neurodegenerative diseases. Furthermore, our model is an alternative to 

rodent experimental models of CM. 
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4. Discussion 
Encephalopathy is a set of conditions that results brain dysfunction. It can be manifested in 

different disease conditions, caused by divergent causal factors ranging from infection, toxin 

exposure, stroke, head injury, and tumorigenesis to different underlying rare conditions such 

as autoimmune or mitochondrial conditions (Encephalopathy, 2023). Consequences of 

encephalopathy can be severe and fatal with permanent brain damage along with long term 

neurological effects, cognition and developmental disorders and delays, as well as coma. Alike 

most neurological disorders, there is no cure for encephalopathy. Nevertheless, if diagnosed 

in the initial stage, the applied treatment might manage the underlying aggravating condition. 

Therefore, deciphering the etiology of the disease condition is crucial along with investigating 

the cellular and molecular effects of the pathophysiology in a human recapitulating system. 

Bilirubin-induced encephalopathy or bilirubin-induced neurologic dysfunction (BIND) is 

associated with hyperbilirubinemia in mammalian neonates, in which accumulation of free 

bilirubin (BF) in different brain regions such as basal ganglia, cerebellum, and brain stem nuclei 

causes irreversible neurological damages in neonates (Amini et al., 2017; Shapiro, 2003). 

Clinical manifestations of bilirubin induced encephalopathy include neurological impairments 

such as motor-development delay, hearing loss, epilepsy, cerebral palsy, mental retardation, 

lethargy, and poor nutrition. Since no specific therapeutic strategy exists for these patients, 

this condition may lead to death or permanent nervous system complications (Amini et al., 

2017). Crigler-Najjar syndrome (CNS) is a rare disease, which affects 0.6 to 1 in 1 million 

newborns around the world and is caused by an inherited genetic disorder of bilirubin 

conjugation mechanism, resulting in BIND (Collaud et al., 2019). The inner mechanisms leading 

to BIND are still largely unknown, which prompts for more research and suitable models to 

investigate BIND and its neurological consequences.  

Encephalopathy is also clinically manifested in cerebral malaria (CM), caused by the 

Plasmodium falciparum infection. CM causes lesion of the upper motor neurons, resulting in 

manifestations from headaches to deterioration of the level of consciousness (Mishra & 

Newton, 2009; Misra et al., 2011; Zapata Zapata & Blair Trujillo, 2003). Cognitive difficulties, 

language, and behavioural problems are some of the documented observed complications in 

24% of children after CM (Mishra & Newton, 2009). CM pathogenesis is unclear due to the 

difficulty in obtaining brain samples.  
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To elucidate disease mechanisms for CNS and CM, studies have been conducted mainly on 

rodent models (in vivo), post-mortem brain autopsy tissues (ex vivo), and some of the available 

immortalized cell lines (in vitro). Therefore, it is a pre-requisite to establish a suitable model 

to investigate the mechanisms leading to encephalopathy, such as BIND or CM, which could 

resemble the human CNS# and the neurological consequences caused by the respective 

disease conditions. Human iPSCs have become an emerging tool to generate healthy and 

patient specific models, due to their ability to generate 2D and 3D cellular models such as 

neuron, spheroid, and organoid cultures, facilitating neuroscience research. iPSC-derived 2D 

and 3D neuronal models are being implied to investigate an array of human brain disorders 

(Penney et al., 2020). Besides, these models can be used for drug toxicity testing, regenerative 

therapies, personalized medicine, and therapies, as well as investigating the pathophysiology 

of various diseases. 3D organoid models particularly mimic cellular diversity, morphological 

structure, and functions of the target organ. However, iPSC-derived 2D and 3D neural cell 

cultures hold shortcomings such as lack of vasculature, hormone and sensory stimuli mediated 

inputs, interregional connectivity, while 3D organoids may also lack adequate oxygen supply, 

nutrients and metabolite exchange resulting in necrotic core formation after reaching a 

certain size limit (Tomaskovic-Crook et al., 2021). These cultures may manifest reduced 

reproducibility due to high inter-donor variability (Hoffman et al., 2017; Tomaskovic-Crook et 

al., 2021). Opportunely, there are emerging technologies and approaches to overcome such 

drawbacks. Despite having some limitations, iPSC-derived in vitro brain organoid models and 

2D neuronal cultures can give deeper insights into the developing human brain along with 

cellular and molecular responses upon toxin exposure. This enables researchers to investigate 

BF- and/or HMZ-induced effects in the CNS#.  

The comprehensive aim of this thesis was to model CNS and CM using iPSC-derived neuronal 

cultures and investigate resulting encephalopathy caused by these disease conditions. In the 

first part of the thesis, an explicit assessment about the existing CNS models to investigate 

BIND and the current potential of emerging BIND models was discussed. Following that, the 

first available hiPSC-derived CNS model of 3D brain organoids was successfully generated, 

which was employed to model BIND in vitro. Thus, it was possible to investigate BF-induced 

detrimental effects in the developing human brain on the molecular basis. At the end, 2D 

neuronal cultures obtained from hiPSCs were used to model CM in vitro with HMZ exposure. 

HMZ-induced effects in the CNS# were studied to unveil the specific role of HMZ on neurons. 
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4.1  Assessment of current and emerging BIND models  

BIND has been studied for decades, yet the pathophysiology of this encephalopathic condition 

is poorly understood. Gunn rat is the classic in vivo bilirubin encephalopathy model along with 

transgenic mice (Bortolussi & Muro, 2018; Gunn, 1944; Nguyen et al., 2008). Immortalized cell 

lines such as human neuroblastoma cell lines and human U87 astrocytoma cells and primary 

cultures (hippocampal neurons, mouse or rat derived neurons, astrocytes, oligodendrocytes, 

and microglia) have also been implied to investigate BIND (Bortolussi & Muro, 2020). These 

existing models have revealed invaluable knowledge about the molecular basis of BIND, 

nevertheless, those cannot recapitulate the human brain system. PSC-derived brain organoids 

can be integrated as a potential platform to study BIND. iPSCs can be generated from patients 

with BIND manifestations, which can further be used to differentiate into brain organoids 

allowing to study a patient specific model to understand the etiology of the disease condition. 

As BIND may result from CNS and the primary goal of the thesis was to model CNS leading to 

BIND, firstly the current state of the art, emerging advancements, as well as the challenges 

faced by the existing models were explicitly assessed in this review article (paragraph 3.1) 

along with the possibilities to employ stem cells-derived brain organoid models to study BIND 

and it`s future clinical applications (Pranty et al., 2022).  

Bilirubin, an endogenous toxin, and a by-product of hemoglobin catabolic reaction is 

metabolized in the liver by the enzyme encoded by the UGT1A1 gene. The UGT1A1 enzyme 

conjugates bilirubin and makes it water-soluble, while unconjugated bilirubin (UCB) is 

lipophilic (Memon et al., 2016). Hyperbilirubinemia (unconjugated) is a condition where the 

plasma or serum bilirubin levels cross the reference range and can result into clinical jaundice 

(Bortolussi & Muro, 2018). BIND can be an adverse effect of spontaneous neonatal 

hyperbilirubinemia, while it may also result from an autosomal recessive disorder- CNS, by 

complete or partial absence of UGT1A1 activity due to a mutation in the UGT1A1 encoding 

gene. Complete deficiency of UGT1A1 enzymatic activity causes CNS type I and partial 

deficiency causes CNS type II. Due to the hindrance in bilirubin conjugation in CNS patients, 

UCB accumulates in serum, however, only the albumin-unbound unconjugated bilirubin (free 

bilirubin-BF) can cross the BBB and be neurotoxic leading to bilirubin encephalopathy (Brites, 

2012; Memon et al., 2016; Watchko & Tiribelli, 2013). BF can deposit in various brain regions 

such as basal ganglia or cerebellum and progress to acute or chronic bilirubin encephalopathy 

(Memon et al., 2016; Singh & Jialal, 2021). 
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Gunn rat is the first and classic hyperbilirubinemia model to mimic CNS and BIND as they 

completely lack UGT1A1 enzymatic activity due to a spontaneous mutation in the UGT1 locus 

resulting in the deficiency of all UGT1A1 iso-enzymes (Bortolussi & Muro, 2018; Gunn, 1944). 

Bilirubin metabolism and toxicity has been considerably investigated and revealed by studying 

this in vivo model. Gunn rats showed comparable phenotypes to CNS such as life-long non-

hemolytic unconjugated hyperbilirubinemia, abnormalities in cerebellum, and hearing 

impairments. Nevertheless, they are not identical with the human system as unlike CNS 

patients, Gunn rats reach adulthood and persists fertility (Bortolussi & Muro, 2020).  

Genetic modification and manipulation in mouse genome with constitutive and conditional 

knock-in or knockout have been performed to investigate more BIND associated disease 

aspects (Bortolussi & Muro, 2020; Rice & Shapiro, 2008; Schiavon et al., 2018). Thus, a UGT1a-

null mouse model has been established as another popular in vivo model, which can mimic 

CNS more aggressively with complete UGT1A1 absence. This mutant mouse model manifests 

neurological damage more aggravatedly, however, they die within 11 days post-birth, making 

this model inconvenient to investigate the long-term neurological damage in bilirubin 

encephalopathy (Nguyen et al., 2008). The correlation between increased UCB levels and 

neurological damage has been investigated and shown using these in vivo models.  

As only BF can cross the BBB, thus being the key player to cause BIND, it is crucial to inspect 

specifically BF induced responses in the neuronal cells. Even though the in vivo models have 

kept on rolling bilirubin neurotoxicity research with invaluable discoveries, the pathology and 

mechanism in human brain still remains an open question. Therefore, human cell-derived in 

vitro model systems and tissue derived organotypic ex vivo cultures have been employed to 

obtain more insights into the molecular basic of the disease resembling to the human system 

(Bortolussi & Muro, 2020; Brites, 2012; Calligaris et al., 2009; Chang et al., 2009; Dal Ben et 

al., 2017). 2D cell culture systems can be used to study cellular responses and bioactivities 

upon BF treatment in biochemical and biophysical directions (Duval et al., 2017). Hippocampal 

neurons have been the most commonly used in vitro neuro-cellular model to study bilirubin 

induced responses in neuronal cells, whereas immortalized cell lines such as human 

neuroblastoma cell lines and human U87 astrocytoma cells have extensively been used to 

explore bilirubin neurotoxicity. Additionally, primary cultures such as neurons, astrocytes, 

oligodendrocytes, microglia, endothelial cells, and embryonic fibroblasts obtained from 

rodents, and tissue slices such as hippocampal slices or post-mortem tissue sections have also 
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been used to study BIND in vitro (Figure 4) (Bortolussi & Muro, 2020). iPSC derived neuronal 

cultures such as neurons, astrocytes, oligodendrocytes, and co-cultures of the neural 

populations can be employed as a potential 2D system to study BF induced effects. Exposing 

different neural cell types to different concentrations and duration to BF is one of the key 

methods in exploring BIND. Despite of revealing valuable information on BIND toxicity, 2D 

models lack the complex cytoarchitecture, morphology, and physiological resemblance of a 

whole tissue.  

To gain a better understanding of BIND pathophysiology and to develop clinical therapeutics 

and therapies, it is important to establish a human system-based model which can closely 

recapitulate the main characteristics of BIND. In this regard, iPSC-derived 3D culture models 

such as spheroids or organoids can be a potential appliance to study different biological, 

pathological, and physiological processes. Thus, the lack of in vivo-like responses in 2D systems 

can be resolved by incorporating another dimension. Addition of extracellular matrix results 

in 3D cultures, which remarkably impacts the cellular fate considering proliferation, 

differentiation, mechano-response, and cell viability (Bonnier et al., 2015; Duval et al., 2017). 

Compared to other in vitro models, iPSC-derived 3D brain organoids mimic the developing 

human brain and the neural environment better, considering the possibilities to achieve 

specific incorporated brain regions (such as choroid plexus, hippocampus, forebrain, 

hindbrain, midbrain, and BBB) in those organoids to facilitate the understanding of disease 

mechanism, toxicological studies, drug mechanism and customized medication (Edmondson 

et al., 2014; Liu et al., 2018; Martins et al., 2022; Nascimento et al., 2019; Qian et al., 2016). 

Human brain organoids have already been employed to model a variety of neurological 

disorders such as microcephaly, Timothy syndrome, and Nijmegen breakage syndrome, as 

well as brain tumors such as gliomas and medulloblastoma (Birey et al., 2017; Goranci-Buzhala 

et al., 2020; Lancaster et al., 2013; Martins et al., 2022; Sidhaye & Knoblich, 2021; van Essen 

et al., 2024). This model has already shown its potential as an efficient and valid platform for 

studying human brain development and associated neurological disorders. Reviewing the 

existing BIND models as well as the possible application of brain organoids, the further goal 

extended to establish a CNS model manifesting BIND with emerging iPSC-derived 3D brain 

organoids (Koo et al., 2019). Eventually, successful modelling of BIND using brain organoids 

will enhance the knowledge and understanding of BIND etiology and its pathology in the 

human CNS#, which will aid the future drug development and clinical applications. 



DISCUSSION 111 

4.2 Modelling Crigler-Najjar syndrome using hiPSC-derived cortical organoids to 

investigate BF-induced neurotoxicity 

Severe hyperbilirubinemia due to a deficient bilirubin conjugation mechanism can progress 

into kernicterus or bilirubin encephalopathy (BIND) (Gazzin & Tiribelli, 2011). CNS is a rare 

hereditary hyperbilirubinemic condition, consisting mutation in the UGT1A1 encoding gene 

resulting in defective UGT1A1 enzymatic activity, and existing models mentioned in chapter 

1.2.8, 3.1, and 4.1 cannot precisely recapitulate the human condition. Therefore, this work 

aimed to establish a human-derived potential 3D in vitro UGT1A1 mutation harbouring CNS 

model, to investigate BF-induced effects in the developing human brain. 

In this study, a healthy individual- and a CNS patient-derived iPSCs were differentiated into 

self-patterned 3D cortical organoids and the neural features of the generated cortical 

organoids were confirmed with the presence of neuronal markers MAP2 (microtubule-

associated protein 2), DCX (doublecortin), and TUJ1 (beta-3-tubulin) expression (Bohndorf et 

al., 2017; Graffmann et al., 2021). To confirm that organoids generated from the CNS patient 

iPSCs harboured the UGT1A1 mutation, which is a crucial feature for modelling CNS, iPSCs 

were also differentiated to hepatocyte-like cells which retained defective UGT1A1 expression. 

BIND was induced in day 20 cortical organoids (both cell lines) with 200 nM BF exposure for 

72 h. Analyses at 24 and 72 h post-treatment showed increased mRNA expression and 

secretion levels of the pro-inflammatory cytokines IL-6, IL-8, and TNF-α along with other pro- 

and anti-inflammatory cytokines indicating the onset or initiation of BF-induced neuro-

inflammation in the cortical organoids of both cell lines. During brain injury, nerve cell 

responses are significantly regulated by cytokines, and BF enhances cytokine release to cause 

bilirubin neurotoxicity (Allan & Rothwell, 2001; Palmela et al., 2011). Although microglia is the 

primary immune cell type for the CNS#, previous studies reported neurons also secrete 

inflammatory cytokines (in lower level) such as IL-6, TNF- α, and IL-1β (Fernandes et al., 2006; 

Gazzin & Tiribelli, 2011). 24 h post BF treatment, the patient-organoids showed increased IL- 6 

and IL-8 mRNA expression and protein secretion, which decreased at 72 h. Secretome analysis 

revealed that secretion levels of anti-inflammatory proteins: IL-10 and IL-13 were enhanced 

at 72 h, which might suppress IL-6 and IL-8 secretion at 72 h mimicking the in vivo like cellular 

defence mechanism after BF induced cellular stress (Zhang & An, 2007). Furthermore, 

increased IL-1β secretion was observed only in patient organoids at 24 h, whereas IL-1ra (IL-1 

receptor antagonist) secretion was increased at 72 h for both healthy- and patient-organoids. 
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Since IL-1ra is a natural IL-1β inhibitor and has anti-inflammatory effects, elevated IL-1ra level 

might have antagonized cytokine-mediated inflammatory responses to recommence the 

normal condition at 72 h (Jeanjean et al., 1995; Schweizer et al., 1988). Pro- and anti-

inflammatory cytokine expression profiles upon BF treatment pointed towards initiation of 

BF-induced inflammatory responses at 24 h in the patient organoids and thus earlier than in 

the healthy organoids where inflammation initiated at 72 h. It gradually decreased to normal 

levels in patient organoids at 72 h establishing homeostasis. In parallel, in the healthy 

organoids elevated IL-8 mRNA expression was observed only at 24 h upon BF stimulation, 

while IL-8 protein secretion was increased only at 72 h. Contrarily, IL-6 protein secretion levels 

were increased at both time points, however IL-6 mRNA expression was enhanced only at 72 

h after BF treatment. Additionally, TNF-α showed a slight increase both in secretome and 

mRNA expression only in the patient-organoids. The observed pattern of mRNA expression 

and protein secretion in our data induced a slight temporal shift in mRNA and protein 

expression as an indication of distinct cellular response to stress to induce inflammation in the 

CNS#. Although BF treatment instigated inflammatory response in the patient organoids 

earlier (at 24 h) than in the healthy organoids, the overall secretome profile indicated 

profound neuro-inflammation upon BF exposure in both healthy and diseased organoids by 

portraying a pro-inflammatory CNS# environment with variable cytokine secretion. While 

healthy organoids showed inflammatory response at 72 h, the inflammatory response in the 

patient organoids decreased at that time point compared to the observation at 24 h which 

can be interpreted as cellular defence upon BF-induced stress in these organoids.  

A global overview of the molecular effects of BF was assessed in this study with microarray-

based transcriptome analysis. KEGG-associated pathway analysis based on the uniquely 

expressed gene sets upon BF treatment in both healthy- and patient- organoids (compared to 

their corresponding controls) commonly showed activation of the cytokine–cytokine receptor 

interaction, calcium-signalling pathway, MAPK signalling, and neuroactive ligand-receptor 

interaction. These pathways and associated GO-BP (Gene Ontology-biological process) terms 

were not activated in the healthy organoids at 24 h, rather only at 72 h, indicating a delayed 

initiation of inflammation in the healthy organoids. Contrarily, in the patient-organoids, BF 

treatment activated those mentioned pathways at both 24 h and 72 h, implying patient 

organoids to show an accelerated response to instigate inflammatory response upon BF 

exposure (Bassani et al., 2015). The initiation of inflammation in the patient organoids were 
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further confirmed with increased mRNA expression of associated genes such as TNFSF12 (TNF 

superfamily member 12), AZI2 (5-azacytidine induced 2), and MyD88 (myeloid differentiation 

primary response protein) and activation of NFκB, PI3K, and chemokine signalling pathways 

according to GO-BP terms (Bassani et al., 2015; Bayer & Alcaide, 2021; Fukasaka et al., 2013; 

Kim et al., 2004). Furthermore, GO-BP terms analyses of the uniquely expressed gene sets 

showed that at 72 h treated conditions BF activated positive regulation of NFκB transcription 

factor activity (AR, TRADD, and RPS6KA4) in the patient organoids and NLRP3 (NLR family pyrin 

domain-containing 3) inflammasome complex assembly (GBP5 and NLRP3) in the healthy 

organoids. Additionally, GO-BP terms of the common gene sets (between control and treated 

conditions) demonstrated differential upregulation of neurodevelopmental pathways in both 

healthy and patient organoids at 72 h post-BF treatment. 

In KEGG pathway analysis of the common set of genes, BF treated healthy organoids showed 

upregulation of DNA damage-repair related pathways such as p53 signalling, Fanconi anemia 

pathway and homologous recombination at 24 h, while these pathways were downregulated 

in the patient organoids at the same time point. DNA damage-repair and apoptosis-associated 

genes: p53 (tumor protein P53), BCL2 (B-cell lymphoma 2), ATM (ataxia telangiectasia 

mutated), ATR (ataxia telangiectasia and Rad3-related protein), CHEK1 (checkpoint kinase 1), 

and CHEK2 also showed increased mRNA expression in the BF treated healthy organoids 

compared to the patient organoids. 24 h post treatment, both BF treated organoids (healthy 

and patient) demonstrated increased cell death. Healthy organoids showed higher apoptotic 

markers (TUNEL and cleaved caspase 3) and γH2AX expression levels than the patient 

organoids, whereas necroptosis associated genes (XIAP, TRAF2, TRAF5, STAT1, STAT2, STAT3, 

STAT4, JAK2, BIRC3, BIRC5, and BIRC6) were upregulated in the patient organoids, indicating 

rescued apoptosis but necroptosis mediated enhanced inflammatory responses (Duodu et al., 

2022; Lalani et al., 2018; Perner et al., 2019; Vucic, 2018). In brief, healthy organoids 

responded with enhanced apoptotic cell death and DNA damage-repair-related gene 

expression at 24 h upon BF exposure, and later followed into activation of inflammatory-

related pathways at 72 h. In contrast to the healthy organoids, patient organoids did not show 

increased DNA damage-repair mechanisms, rather leaned towards instigating inflammatory 

responses at 24 h, which further reduced at 72 h. 

In summary, a novel human iPSC-derived 3D CNS model was successfully generated 

confirming initiation of neuro-inflammatory responses upon BF treatment with activation of 
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inflammation associated pathways and increased pro-inflammatory cytokine expressions. The 

patient organoids initiated inflammation at 24 h upon BF exposure, which then decreased at 

72 h, whereas the healthy organoids showed enhanced cell death and DNA damage-repair 

related gene expression at 24 h post-BF treatment and then the activation of inflammatory-

related pathways at 72 h. Conversely, the patient organoids did not manifest increased DNA 

damage and repair-related gene expression upon BF treatment, but increased cell death was 

observed at 24 h BF treated condition. Although both healthy and patient organoids 

manifested BF-induced inflammatory responses, they indicated a switch or shift in the 

initiation of inflammation and other cascade of cellular events such as cell death and DNA 

damage-repair after treating with BF. This model held some limitations with the lack of 

appropriate immune responsive cells, more neural cell types, and BBB. Further improvement 

(such as: controlled fluidic flow, better nutrient and oxygen delivery to cells, more cell 

maturation, incorporation of vascularization, and immune cells) can make this model more 

closely human recapitulating system (Andrews & Kriegstein, 2022; Hofer & Lutolf, 2021; Huang 

et al., 2021). Nevertheless, the established CNS model can be applied to study the etiology of 

BIND kernicterus. The hiPSC-derived CNS organoid model also pertains great potential with its 

applicability towards BIND-associated toxicological studies, drug screening, treatments, and 

therapies. 

 

4.3 Modelling cerebral malaria using hiPSC-derived neuronal culture to investigate 

HMZ-induced effects on neurons  

Malaria caused by Plasmodium falciparum infection is a public health concern, while it can 

lead to severe neurological complications encompassing cerebral malaria (CM). Among many 

of CM manifestations, impaired consciousness with coma is the most severe, while 30% 

surviving patients end up with neurological sequelae, exerting influence on life quality (Idro 

et al., 2010; Oluwayemi et al., 2013; "Severe malaria," 2014; Weiss et al., 2019). CM etiology 

is under-investigated, yet it is known that malaria pigment or malaria toxin- known as 

hemozoin (HMZ), is the principle to the P.falciparum pathogenesis. By releasing HMZ, 

P.falciparum can induce severe damage to neurons (Karikari et al., 2021; Polimeni & Prato, 

2014). Plasmodium parasite doesn’t enter the brain itself, rather stays inside cerebral 

erythrocytes and causes BBB disruption by aggravating RBC-cytoadherence with endothelial 
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cells lining the BBB (Mehra et al., 2021; Schiess et al., 2020). However, depending on the 

model system, BBB disruption severity in CM is variable (Elsheikha & Khan, 2010; Medana & 

Turner, 2006; Polimeni & Prato, 2014). CM affected brain samples are difficult to obtain, 

making it difficult to investigate the neuro-pathogenesis of CM and the resulting neurological 

sequelae (Mehra et al., 2021; Schiess et al., 2020). Considering the challenges in CM 

investigation and the limitations of an appropriate human based experimental model for 

P. falciparum accompanied CM mentioned in paragraph 1.3.4 and 3.3, it is essential to emerge 

new models of CM. In this regard, human iPSCs can be used as a relevant potential tool in 

modelling CM in vitro. Hence, the aim of this study was particularly to investigate 

HMZ- induced cellular and molecular responses in hiPSC-derived 2D neuronal culture as an 

in vitro model of CM. 

iPSCs (UM51 and B4) from two healthy ethnically diverse males were used to differentiate 

into 2D neuronal cultures up to day 16 (Bohndorf et al., 2017; Wang & Adjaye, 2011). Then 

CM was induced in those neuronal cultures using 20 µM HMZ for 48 h. Experimental and 

clinical malaria manifest accumulation of HMZ into tissues as a common feature, which was 

mimicked in iPSC-derived neuronal cultures with HMZ deposition as brown crystals inside or 

around the neurons (Eugenin et al., 2019; Frita et al., 2012). Neuronal identity was confirmed 

with the neuronal marker expressions (Beta-3-tubulin, microtubule associated protein Tau, 

and MAP2) in both control and HMZ treated neuronal cultures. Secretome analysis at 48 h 

post treatment of UM51 neuronal cultures indicated HMZ induced inflammatory response in 

treated neurons with an increased IL-1β, IL-8, IL-16, IFN-γ, PDGFB (platelet derived growth 

factor subunit B), MIF (macrophage migration inhibitory factor), MCP-1 (monocyte 

chemotactic protein-1), and VCAM-1 (vascular cell adhesion molecule 1) secretion. Neuro-

inflammation is reported to be one of the CM-induced effects and IL-1β, IL-6, IL-8, IFN-γ, TNF-

α, PECAM-1 (platelet and endothelial cell adhesion molecule 1), VCAM-1, and ICAM-1 

(intercellular adhesion molecule 1) are some notable associated markers to that (Akide 

Ndunge et al., 2022; Brown et al., 1999; Newton & Krishna, 1998). On one hand, former studies 

suggested enhanced pro-inflammatory cytokines and inflammation associated proteins such 

as IL-8, MCP-1, IL-1β, and IL-16 to play crucial roles in CM patients to develop neurocognitive, 

neurodegenerative, and psychiatric disorders (Cheng et al., 2023; Di Rosa et al., 2006; 

Pawlowski et al., 2014). On the other hand, reduced secretion of anti-inflammatory IL-4 and 

IL-13 in the treated cells also indicated that HMZ induced an inflammatory response, as 
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continued upregulation of pro-inflammatory cytokines and insufficient production of anti-

inflammatory cytokines are the features of CM pathogenesis (Waknine-Grinberg et al., 2010). 

Additionally, elevated secretion of the brain-derived neurotrophic factor- BDNF could be a 

cellular response to HMZ-induced inflammatory environment, since elevated BDNF has been 

reported to aid faster recovery from coma in CM patient and it plays a protective role against 

neuronal damage (Calabrese et al., 2014; McDonald et al., 2017). Using the identified up-and 

down- regulated secreted proteins upon HMZ exposure, metascape-based analysis showed 

enrichment of malaria, inflammatory processes, and MAPK cascade associated proteins. This 

observation affirmed that HMZ can activate malaria infection associated cellular processes in 

2D neuronal cultures without the presence of the parasite and this hiPSC-derived in vitro CM 

model is applicable to study CM pathogenesis. Furthermore, KEGG analysis also showed 

malaria, MAPK signalling, neurodegeneration, and AD as associated upregulated pathways, 

while apoptosis and p53 signalling pathways were downregulated. On the other hand, 

observed downregulated pathways could potentially be a counteraction of the increased 

BDNF expression (both in mRNA and protein secretion), as BDNF decreases apoptosis by 

lowering p53 and active Caspase-3 expression in astrocytes (Harbuzariu et al., 2019; Saba et 

al., 2018). Furthermore, mRNA expression analysis in both cell lines based on genes associated 

with the upregulated KEGG pathways namely: BDNF, CCL2 (MCP-1), PECAM1, PDGFB, and 

VEGFA (vascular endothelial growth factor A), showed an enhanced mRNA expression with 

the exception of the angiogenic factors, PDGFB and VEGFA, although PDGFB and VEGF were 

elevated in the secretome analysis. Additionally, upregulation of pro-inflammatory cytokines 

TNF-α and IL-8 were observed in both neuronal cultures (UM51 and B4), and IL-6 only in the 

UM51 neurons. BDNF also showed enhanced mRNA expression in both cell lines. Observed 

alteration in mRNA expression and protein secretion of IL-6, TNF-α, PDGFB, and VEGF could 

be an outcome of poor correlation between mRNA and protein synthesis (Liu et al., 2016). 

Overall, these observations from chemo- and cytokines represent HMZ induced inflammatory 

response in 2D neuronal cultures associated to CM pathogenesis. 

Eventually, HMZ-induced inflammation resulted in DNA damage in the neuronal cultures of 

both cell lines with significant increase in γH2AX levels (Mah et al., 2010). Further analysis of 

DNA damage-repair and cell cycle checkpoint markers demonstrated a significant increase in 

mRNA expression of ATM, ATR, CHEK1, and CHEK2 in both cultures, but more evidently in 

UM51 neurons (Harris & Levine, 2005). However, p53 transcripts were downregulated in both 
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cultures on mRNA level, while slightly increased on protein level. MDM2 (mouse double 

minute 2 homolog) is a negative regulator of p53, and FAS is a downstream target of p53 

(Koster et al., 2011). Both MDM2 and FAS showed decreased mRNA and protein expression in 

both neuronal cultures upon HMZ treatment. Aligning with the data from KEGG analysis, the 

observed data from the downstream target analyses indicated the p53 pathway to be 

downregulated and not to be involved in stress response in this experimental setup. 

Additionally, total p38-MAPK protein level was increased in both cell lines, although 

phosphorylated p38-MAPK expression was not significantly altered upon HMZ exposure. This 

pointed towards p38 pathway activation in response to HMZ in the neuronal cultures. As 

previous studies showed upregulation of p38-MAPK in P. falciparum infected patient’s 

peripheral blood mononuclear cells and p38-MAPK gets activated in response to DNA damage 

via ATM, these observations point p38-MAPK to be involved in alleviating cellular response to 

P. falciparum and HMZ (Hu, 2013; Polimeni et al., 2012).  

Overall, this study provided insights into the involved molecules and pathways that mediate 

neuronal response to HMZ. It was demonstrated that HMZ-induced inflammatory response is 

a key cellular response in neuronal cultures which consequently caused DNA damage to the 

neurons. An inflammatory environment with pro- and anti-inflammatory chemo- and cytokine 

modulation in the neuronal cultures upon HMZ treatment was shown, whereas IL-16 seemed 

to be uniquely associated with CM.  The basic cellular model used in this study can further be 

improved with hiPSC-derived brain organoids comprising astrocytes, microglia, 

oligodendrocytes, and vascular units which could help solving some of the mentioned 

limitations of the system and could model CM pathogenesis in a more human recapitulating 

system. Nevertheless, human iPSC-derived 2D neuronal cultures can be used as a robust CM 

model to study the pathogenesis, toxicological studies, drug testing, and therapies. 
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5. Conclusion 
The current knowledge on CNS and CM pathogenesis is still limited. Most of the existing 

research has been performed in animal models, which carry interspecies differences. This 

thesis provides insights into how human iPSC-derived 2D and 3D neuronal models can serve 

as prospective platforms for investigating the etiology underlying BIND kernicterus and CM. 

Firstly, an elaborated assessment of the existing and emerging BIND models gave an explicit 

depiction of the current state of the art, advancements, and challenges faced by various 

models in disease modelling. Concomitantly, the possibilities to employ hiPSC-derived 3D 

brain organoids as a potential tool for research and future clinical applications with 

toxicological studies, drug screening, and therapeutics development were also discussed. In 

this thesis, CNS and CM were successfully modelled along with gaining deeper understanding 

of the disease mechanisms utilizing hiPSC-derived neurons and brain organoids. In the cortical 

organoid model of CNS, BF stimulated neuro-inflammation for both healthy and patient 

organoids, however the patient organoids instigated earlier inflammatory response than the 

healthy organoids. Additionally, the findings revealed molecular insights into BF-induced 

neuro-inflammation with the activation of distinct inflammatory pathways and genes resulting 

in cell death, DNA damage-repair, or inflammation. It was also demonstrated that another 

toxin- HMZ induced inflammatory responses in a comparable manner to clinical falciparum 

malaria in the hiPSC-derived neuronal culture model of CM, confirming this model to be an 

alternative to rodent experimental models of CM. CM modelling also unveiled HMZ exposure 

to activate molecules and pathways similar to that observed in CM along with causing DNA 

damage to the neurons. Besides, both CNS and CM models showed a profound inflammatory 

environment in the neurons of the developing human brain with the pro- and anti-

inflammatory chemo- and cytokine profiles.  

Taken together, both 2D and 3D approaches of iPSC-application in disease modelling have 

shown an improvement to the existing encephalopathy models with regards to investigating 

brain dysfunction in vitro. Additionally, this thesis provides more insights into BIND kernicterus 

and CM etiology on a cellular and molecular level, emphasizing that human iPSC-derived 3D 

brain organoid model and 2D neuronal cultures can serve as prospective platforms for 

studying distinct brain dysfunction and associated neurological disorders. 
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7.3 Journal article 
Identification of novel evolutionarily conserved genes and pathways in human and mouse 

musculoskeletal progenitors 

Saravanan S1, #, Devika A. S1, #, Abida Islam Pranty4, Shaji R. V2, Raghu Bhushan3, James 

Adjaye4, 5*, Smita Sudheer1, * 

BioRxiv (2024) 

Abstract: 

The axial skeletal system and skeletal muscles of the vertebrates arise from somites, the blocks 

of tissues flanking both sides of the neural tube. The progenitors of Somites, called the 

Presomitic Mesoderm (PSM) reside at the posterior end of a developing embryo. Most of our 

understanding about these two early developmental stages comes from the studies on chick 

and mouse, and in the recent past, there have been a few studies on human. Here, we have 

analysed and compared the RNA-sequencing data of PSM and somite tissues from Mouse and 

Human. The functional and pathway enrichment analysis identified the key Hub-genes that 

are evolutionarily conserved in the PSM and the somites of both the organisms that include 

23 multifunctional genes likely to be associated with different developmental disorders in 

humans. Our analysis revealed that NOTCH, WNT, MAPK, BMP, Calcium, ErbB, cGMP-PKG, RAS 

and RAP1 signaling pathways are conserved in both human and mouse during the 

development of PSM and Somites. Furthermore, we validated the expression of 

representative conserved candidates in the hESCs-derived PSM and somite cells (NOG, BMP2, 

BMP7, BMP5, HES5 and MEF2C). Taken together, our study identifies putative gene 

interactions and pathways that are conserved across the mouse and human genomes, which 

may potentially have crucial roles in human PSM and somite development. 

Author Contribution: 10% 

A.I.P. reviewed and edited the manuscript. 

 

Status: Submitted to BMC Genomics Journal (under revision).  

Pre-print available in the open access pre-print repository BioRxiv 

(doi.org/10.1101/2024.03.14.584954). 
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