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Chapter 1 

PREFACE 

Microglia
Survival of the fittest. One of the many rules of nature derived from the Darwinian 
evolution theory. They apply to organisms of all shapes and sizes that cover this 
planet. In this constant competition (in)between bacteria, viruses, plants, fungi, 
and animals it is of the utmost importance that the organism protects itself against 
ex- and internal threats in order to survive and thrive. Ever since the last universal 
common ancestor (LUCA), all organisms developed their own attack and defence 
tactics. One got dangerous claws, whereas another developed a muscle paralyzing 
toxin. Once the attacker pierces the defender, the defender needs to cope with this 
now internalized hazard. Plants, for example, geared up each cell with the machinery 
to respond upon a threat (Jones & Dangle, 2006), whereas animals featured a class of 
mobile cells with the sole mission to attack the intruder and defend the host. These 
militaristic cells are called immune cells, named after the Latin term immunis: in 
service of. They are part of the distinct subdivisions: the innate and adaptive immune 
system. Where adaptive immune cells are important for the long-term memory of 
the immune system to increase the response speed at the next encounter, innate 
immune cells are stationed at the front line. Some of these innate immune cells hold 
guard in one organ, where other immune cells travel in the blood through the whole 
organism to fight off bacteria, parasites, and viruses, and remove remnants of cells 
that have died or turned bad. 

In mammals there are a few organs so-called immuno-privileged. The testes have a 
barrier through which cells cannot pass in order to protect the fast dividing sperm 
cells, important for proliferation of the species, against aversive effects of systemic 
infections (Meinhardt et al. 2018). Similarly, the brain protects itself by successfully 
constructing a sealed wall: the blood-brain barrier. Although in pathological states, 
such as in multiple sclerosis, immune cells are able to migrate through this barrier, 
in a healthy situation access is mostly limited to small particles like nutrients, lipids, 
and oxygen. Therefore, the brain harbours a unique immune cell population that are 
thought to be self-sustainable throughout life. These cells have been described for 
the first time by Pio del Rio Hortega who named them microglia. 

These elite forces do more than their job as “protector of the brain” implies. In 
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INTRODUCTION

Challenges in psychiatric research
Schizophrenia is characterised by complex behavioural and cognitive symptomatology. 
Research into its pathogenesis have remained fruitless, but evidence is building up 
for involvement of the immune system. Epidemiological, genetic, and biological 
findings associated this system to schizophrenia (Sekar et al. 2016; Benros et al. 2014; 
Gandal et al. 2018). Novel insights uncovered a role for immune cells in normal brain 
functioning (Tremblay et al. 2010; Weinhard et al. 2018), thereby adding weight to 
the search for a disease-related function and phenotype in the immune system. As 
psychiatric disorder, it is part of a medical discipline that comes with hurdles that 
make research difficult.
 
Once united in a single discipline called neuropsychiatry, diseases of the brain were 
split into neurology and psychiatry in the 20th century. A brain disease was appointed 
to neurology when cognitive and behavioural abnormalities could be associated to 

the last decades it became clear that the functional spectrum of 
microglia also covers development and functioning of other brain 
cells including a role in neuronal communication. Whereas life 
would be difficult without immune cells, they can be harmful for 
their surroundings when they turn overactive in a fight against a 
pathogen or are dysfunctional due to genetic mutations. Hence, 
they are often referred to as “friend or foe”. Potential detrimental 
properties of these cells of the brain more and more implicate them 
in neurological and psychiatric pathologies, like schizophrenia. 

Pio del Rio Hortega, the microglia pioneer, was the first to describe 
the presence of microglia in the brain. I am excited to devote my 
thesis to these peculiar cells in my efforts to illuminate its role 
in schizophrenia pathogenesis exactly 100-years after the initial 
discovery by Pio del Rio Hortega.

-Paul Ormel
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brain pathology (Baker et al. 2002; Martin, 2002). Psychiatry focuses specifically on 
the mind, comprising mood and thought disorders in which clear pathology could 
not be identified. Sometimes diseases made a transfer from psychiatry to neurology. 
Alzheimer’s disease was considered a psychiatric disease, but with the discovery 
of plaques and tangles, this disease was classified as neurological disorder. Due to 
increased knowledge of neurobiology, the line between neurological and psychiatric 
diseases is slowly fading (Martin 2002; Crossley et al. 2015; McLaughlin et al. 2017). 

However, there are still plenty of challenges in psychiatric research that sets it apart 
from neurology and that make this a difficult discipline to grasp. For one, diagnoses 
in psychiatry are made on the manifestation of combinations of behavioural and 
cognitive symptoms that can only be verbally communicated. Second, psychiatric 
diagnoses often share symptoms, such as mood symptoms and psychosis in both 
bipolar disorder and schizophrenia. Third, manifestation of symptoms is diverse in-
between patients with schizophrenia. Some experience a single psychotic episode, 
whereas others are more frequently burdened by psychoses. Disease symptoms 
might differ among patients, but it is also possible that divergent underlying 
biological mechanisms lead to the variation in symptomatology. Genomic studies in 
large cohorts of patients demonstrated the high polygenic nature of schizophrenia, 
comprising large combinations of common variants spread out through the genome 
(Ripke et al. 2014; Li et al. 2017; Pardinas et al. 2018). This polygenicity makes it 
difficult to assign the disease to a specific gene or pathway. Although heritability 
makes up the largest risk factor, a gene environment interaction is apparent (Sullivan 
et al. 2012). Possibly due to genetic susceptibility, some individuals are more prone 
to develop schizophrenia due to higher sensitivity for environmental stressors 
including: perinatal events, growing up in an urban environment, drug abuse, or 
social (dis)stress (Kahn et al. 2015).  
 Overall there is a dire need for knowledge into the pathogenic mechanism 
causing this complex clinical picture called schizophrenia.

Schizophrenia. Kraepelin was the first to describe schizophrenia in 1896. He called it 
dementia praecox based on the cognitive decline at a young age. He also described 
the co-occurrence with psychotic symptoms that are currently most associated 
with and used to illustrate the diagnosis (Kahn et al. 2013). The quality of life of 
patients with schizophrenia is affected by a diversity of symptoms of both an intrinsic 
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(positive, negative, and cognitive symptoms) and extrinsic (public stigma) origin 
(Figure 1) (Gerlinger et al. 2013; Kahn et al. 2015). Usually, the disease is recognised 
around early adolescence when the first psychosis appears. In retrospect, patients 
often already had cognitive complaints prior the first psychosis. In between psychotic 
states, patients frequently remain burdened by the aftermath of the psychotic 
episode and/or continuation of the cognitive, negative, or positive symptoms (Box 
1). The best treatment to date is a holistic approach comprising of antipsychotic 
medication together with evidence-based psychosocial treatment (Kahn et al. 2015). 
Therapy is however hampered by variable efficacy among patients.

Figure 1. Illustration depicting determinants of quality of life of patients with schizophrenia.
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Box 1. “You are done. People do not like you.” These are sentences that reverberated 
through the head of Steven on a typical morning. Steven* was a 51-year-old patient with 
schizophrenia. Every morning of each day he was plagued by voices that mostly said 
negative things about him. After years of experience he knew that the voices aimed at 
insecurities. “The best is to just let them be and try to find a distraction. Just go out and 
take the bus and continue with your normal daily routine.” These new stimuli made the 
voices fade. Interestingly, the voices could only find him when he was at home. When he 
was on holiday, the voices stayed away. 

When I met Steven, I got to know a very open and friendly man who immediately made 
me feel at ease. He was not somebody who was only burdened with schizophrenia, 
but somebody who was now able to cope with the disease and created a good quality 
of life. He used his experiences with psychoses to help other people that heard voices 
as a volunteer and also worked part-time at the mental healthcare emergency centre. 
This was not always the case, he told me. The struggle with schizophrenia started in 
the late eighties when he was still a teenager. He started hearing voices of friends, 
family, acquaintances, who told him that he was a bad man. That started the paranoia 
that worsened during the psychotic episode that followed. Delusions consisted of 
megalomania; the feeling that he was the main subject of other people’s conversations. 
Not being able to watch a movie because if something bad happened that somehow 
was his fault. He drifted away from society and was unable to continue his studies. The 
psychosis ended when his girlfriend dragged him out of the house and they went on a 
trip. This change of scenery abruptly ended his psychosis and he was able to rationalize 
his paranoia. The psychosis lasted for about a year in total. He continued his study history 
until a few years later another psychotic episode appeared. 

After that second episode he started using a strict regimen of antipsychotics which 
suppressed the symptoms to solely voices in the morning. It took years before he was 
able to handle the presence of these voices and be part of society again. This went well 
until a few years ago his psychiatrist suggested to stop with one of his medications. 
The filter that normally helped him through the day was suddenly removed and he fell 
into an intense psychosis. He remembered riding a bike down a street in Utrecht and 
that he almost fell of his bike because of the magnitude of voices and impressions that 
overwhelmed him. He rapidly called his psychiatrist who immediately subscribed the 
antipsychotics needed. After a few weeks the psychosis faded.

“Yes, I am very hopeful of what science will bring the coming years.” Advances in 
the scientific field helped Steven enormously. He considered it a tilting point in his 
acceptance of the disease when Prof. Iris Sommer showed him on a fMRI scan that 
the voices he heard did not originate out of craziness, but biological processes in his 
head. New scientific insights have the power to break the stigma that haunt psychiatric 
diseases. Steven showed me that looking for causal mechanisms that are responsible for 
schizophrenia are therefore not only essential for proper treatment of the disease, but 
also to create clarity needed for better acceptance of psychiatric illness in society. 

*It was with great sorrow that I learned of the death of Steven during the writing of this thesis. He 
inspired me with his life story and gave a face to the disease. 
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Research hurdles. In biomedical research, animal models are often used to 
investigate disease-related cellular processes and to work towards a therapy. This is 
not the preferred approach to investigate schizophrenia, as this disease is diagnosed 
on verbal information. Manifestation of symptoms at a high cognitive and behavioural 
level also hampers assessment of a schizophrenia phenotype in animal models. How 
to measure occurrence of delusions or hallucinations in a mouse? Although some 
behavioural setups can give indications of malfunctioning underlying brain circuits 
that are recognized to be dysfunctional in patients, such as sensorimotor gating, this 
is not an exclusive feature of schizophrenia (Hui et al. 2018). Therefore, research 
into cellular processes is mostly limited to in vivo patient brain imaging or on patient 
material. As schizophrenia is a disease of the brain, this also comes with hurdles. 
Where normally a biopsy is taken from a diseased organ to closely inspect the 
causative agent, a biopsy of the brain is impossible. Besides the physical barrier of 
the skull, all parts of the brain are essential for the whole to function normally. Take 
a piece of the olfactory bulb and you will lose your sense of smell. 

Thus, psychiatry is a research discipline that has challenges. Hurdles need to be 
taken to investigate what occurs in a schizophrenic brain. Hypotheses proliferated to 
comprehend this complex clinical picture.

Diversity in perspectives
Degenerative or developmental disorder. Kraepelin hypothesized that pathology 
related to schizophrenia should be identifiable in the brain. He was one of the first 
to look for pathological markers in post mortem brain tissue of patients suffering 
from schizophrenia. His attempts were fruitless as no pathology was detected that 
could be linked to the mental illness, which still remains a challenge in the field 
(Martin 2002). He labelled the disease with the term dementia praecox, implying 
an early-type of neurodegeneration. The current view is that schizophrenia has a 
neurodevelopmental origin instead. A diagnosis with schizophrenia mostly relies on 
the appearance of psychotic symptoms. However, subclinical features encompassing 
cognitive symptoms arise earlier as part of the prodromal phase of the disease. 
Thereby indicating an earlier onset of the disease and insinuating a developmental-
related defect (Forsyth and Lewis, 2017). Additionally, several genetic mutations have 
been associated to schizophrenia that are mostly expressed during and involved in 
fetal brain development (Jaffe et al. 2018; Gulsuner et al. 2013; Birnbaum et al. 2014; 
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Clifton et al. 2019). Where the exact timing of schizophrenia onset is disputable, this 
also applies to the underlying mechanism at stake. Prior to innovations in genetic 
studies that are slowly taking over the research field of schizophrenia, there is an 
extensive history of schizophrenia hypotheses that still form the basis of psychiatry 
research. They range from theories on neurotransmitter disturbances (dopaminergic, 
glutamatergic, serotoninergic, and GABAergic hypotheses), to impaired brain circuits 
(dysconnectivity hypothesis), and immune involvement (the immune hypothesis). 

Neurotransmitter hypotheses. Neurotransmitters got implicated in schizophrenia 
hypotheses when it was observed that pharmacological induction of dopamine 
signalling with amphetamine resulted in positive-like symptoms. Dopamine 
involvement was strengthened by the observation that inhibition of dopamine 
signalling led to alleviation of (some) schizophrenic symptoms (Murray et al. 2013). 
Moreover, positron emission tomography (PET) studies showed a hyperdopaminergic 
state in the limbic system and hypodopaminergic state in the frontal cortex that 
could be linked to the positive and negative symptoms, respectively (Davis et al. 
1991). New insights point in the direction of a more subcellular impairment in 
dopamine synthesis in the pre-synapse (Howes et al. 2012). Dopamine remains the 
main target of antipsychotic drugs. The mechanism of action differs per antipsychotic 
type, but they all somehow affect the function of dopamine D2 receptor. These drugs 
are effective for treatment of positive symptoms, but not or at least much less for 
negative and cognitive symptoms (Stepnicki et al. 2018). 

Similarly, a state of psychosis could be induced by altering other neurotransmitters 
like serotonin or glutamate levels with lysergic acid diethylamide (LSD) or ketamine, 
respectively. Due to interactions between dopamine, glutamate, and serotonin 
signalling, the effect of dopamine-targeted antipsychotic drugs trickles through these 
systems. Alterations in glutamate receptor densities have been noted in schizophrenia 
and it is hypothesized that an overload of serotonin signalling could eventually 
disturb cortical neuron function in the disease (Stepnicki et al. 2018; Moghaddam 
et al. 2011). Also, alterations in the main inhibitory neurotransmitter gamma-
AminoButyric Acid (GABA) receptors and neuronal densities have been described 
in schizophrenia (Wassef et al. 2003; Stepnicki et al. 2018). GABA could serve as an 
interesting target as it inhibits the dopamine system, and could additionally restore 
the excitation and inhibition balance in the prefrontal cortex as well.  
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Altered neurotransmitter systems in schizophrenia is evident, but what initiates 
these disturbances remains ambiguous (Hu et al. 2015). Therefore, current 
treatment of schizophrenia is mainly focussing on alleviating neurotransmitter levels 
and thereby (mainly) the positive symptoms, but not treating the cause of these 
disturbances. Neurotransmitter synthesis and release depends on neuronal activity, 
which therefore could explain the neurotransmitter changes. This links findings in 
neurotransmitters to the “Dysconnectivity hypothesis”. 

EXPLAINED | Neuronal communication
Neurons communicate with each other by transmitting electrical pulses from the cell soma over 
the length of an axon towards another neuron. This axon can be short and connect two neurons 
with each other within a brain region, but they can also be long and extend over the white matter 
highways like the corpus callosum towards the contralateral brain region. These axonal tracts 
can be covered with myelin provided by oligodendrocytes to speed up the signal. The end of an 
axonal tract typically comprises of multiple pre-synaptic sites. These sites connect with the post-
synaptic site on another neuron to jointly form a synapse. This site can be localized on the shaft of 
a dendrite (the receiving end of a neuron), or on a small protrusion of the dendrite called a spine. 
Once the signal from the cell soma travels along the axon and eventually reaches the pre-synapse, 
the pre-synapse releases neurotransmitters that then transport the signal to the target neuron 
where it evokes (or inhibits) a response in a dendrite that transports the signal to the cell soma of 
that neuron.

The dysconnectivity hypothesis. The brain consists of numerous brain regions, with 
each their own particular function. They need to work in concert to perform complex 
cognitive and behavioural tasks.  According to the dysconnectivity hypothesis in 
schizophrenia, disturbed signalling networks encompassing multiple brain regions 
could underlie the acquired complex symptomatology of the disorder. This in contrast 
to a disease like Parkinson’s, which typically starts with degeneration of dopaminergic 
neurons that can be pinpointed to a specific brain region (substantia nigra) (Zhou 
et al. 2015). In the dysconnectivity theory the main focus lies on disturbances in 
the prefrontal cortex (PFC), as this region is involved in higher cognitive functioning 
(Pettersson-Yeo et al. 2011). Several lines of inquiry followed, including investigation 
on the macro- and microscopic level looking for integrity loss of white matter tracts, 
and synaptic pathology, respectively (Van den Heuvel et al., 2010; Romme et al. 2016; 
Zhou et al. 2015). In a diffusion tensor imaging (DTI) study in schizophrenia patients, 
they found PFC and temporal cortex (dys)connectivity due to a reduction of brain 
network integrity (Van den Heuvel et al., 2010). Interestingly, white matter integrity 
loss could directly be associated with the severity of cognitive as well as positive 
symptoms in schizophrenia (Zhou et al. 2015). Attempts to relate genetic common 
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variants to the dysconnectivity hypothesis proved valuable. Single nucleotide 
polymorphisms (SNPs) detected in the large genome wide association study (GWAS) 
in schizophrenia in 2014 were specifically linked to genes that showed a correlation 
with macroscale dysconnectivity detected in patients with schizophrenia (Ripke 
et al. 2014; Romme et al. 2016). This phenomenon was unique for patients with 
schizophrenia, as it did not replicate in patients with bipolar disorder (Romme et al. 
2016). If the genes gave rise to the connectivity loss due to disrupted myelination, or 
other mechanisms, remained elusive. 

EXPLAINED| Genome wide association studies and SNPs
Single nucleotide polymorphisms (SNPs) are base-pair substitutions of cytosine (C), guanine (G), 
adenine (A), or thymine (D) in the DNA sequence. These SNPs can be measured using SNP arrays 
and the allele frequency of the SNPs between two groups (usually a case/control population) can 
be tested for association with the phenotype. Genome-wide association studies (GWAS) involves 
testing often millions of SNPs for allele frequency differences. However, statistically associated SNPs 
are hardly the causal SNPs, but rather pinpoint to a genomic region which likely harbor the causal 
SNP. This is due to linkage disequilibrium (LD). Random genomic changes can occur via homologous 
recombination in which a part of the DNA strand is exchanged for one on the other part of the 
chromosome pair inducing healthy variation in the population. These strands encompass many 
base-pairs that are transferred in the same event as they are situated close together, of which the 
estimation is called LD. Therefore, groups of SNPs that cluster together due to LD and therefore 
often co-occur can be identified as group on a so called “risk locus”. In the large GWAS study 
by Ripke et al. 108 risk loci were associated to schizophrenia encompassing many more possible 
schizophrenia-related but also -unrelated SNPs (Ripke et al. 2014).

Dendritic spine pathology. On the microscopic level, synapses were investigated 
as they form the connecting points between neurons. Synapse numbers are highly 
dynamic throughout the lifetime (Huttenlocher et al. 1978; Petanjak et al. 2011). 
There is an enormous expansion in synapse density early in life (< 10 years), followed 
by a wave of synaptic pruning that removes most of the synapses during early 
adolescence. It is assumed that this is necessary to make place for new connections. 
As the timing of synaptic pruning coincides with the onset of schizophrenia, Feinberg 
et al. hypothesized a link with schizophrenia in 1982 (Feinberg et al. 1982; Penzes et 
al. 2011; Moyer et al. 2015). Garey et al. was the first to provide compelling evidence 
for reduction of spines (the post-synaptic site) in schizophrenia in the temporal and 
frontal cortices (Garey et al. 1998). This synapse pathology was soon replicated 
(Glantz et al. 2000; Glantz et al. 2005; Black et al. 2004; Konopaske et al. 2014). 
Although studies describe contradictive results, the majority found a reduction of 
synapses (Osami et al. 2019). This phenomenon is localized in the temporal cortex, 
parietal cortex, hippocampus, and specifically layer 3 of the dorsolateral prefrontal 
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cortex (DLPFC) (Glausier and Lewis, 2013; Garey 2010). Interestingly, a hypertrophy 
of dendrites is described in the striatum (Roberts et al. 2005). These results indicate 
that synaptic pruning is deregulated with regional variability (Osami et al. 2019). The 
deficits in synaptic plasticity could be correlated to emergence of clinical features, 
such as the sensory and motor function deficits that arise early in disease course, 
combined to the learning and memory dysfunction (Forsyth and Lewis, 2017). On 
the macro anatomical scale dendritic spine pathology could explain the decrease in 
cortical thickness visualized by enlargement of the ventricles (Selemon et al. 1999). 

In sum, on the molecular level a pathological signature of schizophrenia is present, 
but what induces this dendritic spine pathology is not yet understood. Several genetic 
variants identified with GWAS studies implicate glutamatergic neurotransmission 
and synaptic plasticity in patients with schizophrenia, indicating an intrinsic neuronal 
defect (glutamate receptors like GRIN2A and GRM3, and calcium channels like 
CACNA1C) (Ripke et al. 2014). Further research is necessary to investigate whether 
the small effect sizes of these SNPs can explain loss of synapses. Besides synapse-
related genetic variants, also immune candidates were detected that implicate the 
immune system in schizophrenia (Ripke et al. 2014). These genetic variants support 
an immune hypothesis of schizophrenia.

Clinical level of the immune hypothesis. According to the immune hypothesis, 
immune processes play a role in schizophrenia pathogenesis. Proof for this hypothesis 
is roughly established at two levels: the clinical and biological level. Clinical proof dates 
back to 1896. Back then a manuscript on this topic was written entitled: “Is insanity 
due to a microbe?” (Wise, PM, Babcock, W., Sci Am, 1896). Although it is possible to 
have schizophrenia-like symptoms when infected with syphilis (Friedrich et al. 2014), 
there is currently no evidence for any microbe that directly induces schizophrenia. 
However, there has been a revival of the hypothesis that microorganisms are a 
causative factor of schizophrenia. Studies focussed on presence of antibodies 
against toxoplasma gondii, but a link between infection with toxoplasma gondii and 
schizophrenia remains inconclusive (De Witte et al. 2015; Yolken et al. 2017). More 
recently the quantity of studies focussing on the link between schizophrenia and the 
microbiome is increasing in light of new insights in the gut-brain axis. Inflammation 
of the gastro-intestinal tract results in increased permeability of the blood-gut 
barrier which makes it possible for micro-organisms, but also food products, to enter 
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the blood. This potentially evokes a systemic inflammation and as a consequence 
increases levels of pro-inflammatory cytokines in the central nervous system (CNS) 
(reviewed in Severance & Yolken, 2019). 

Besides infections induced by external pathogens, epidemiological studies showed 
that lifetime incidence of immune disorders like celiac disease is increased in 
patients with schizophrenia. Similarly, the risk for schizophrenia increases with 29% 
if a patient has an autoimmune disorder. There is one specific type of autoimmune 
disorder in which the immune system attacks receptors important for neuronal 
communication that can more directly be linked to schizophrenia, i.e. N-methyl-D-
aspartate (NMDA) receptor encephalitis. Often this disorder is first misdiagnosed 
as schizophrenia. Therefore, this autoimmune disorder as causative agent for 
schizophrenia has been extensively investigated. In a study assessing NMDA receptor 
antibody levels in a cohort of schizophrenia patients detected no co-occurrence 
(De Witte et al. 2015). Interestingly, the risk induced autoimmune disorders can 
further rise till 45% if this patient also got hospitalized due to infections (Eaton et 
al. 2006; Benros et al. 2014; Benros et al. 2011). Infections, and more specifically, 
infections that occurred prenatally or in early childhood, show a strong link with 
schizophrenia development (Khandaker et al. 2013; Brown & Derkits 2010). This fits 
with the finding that pregnancy during winter-time, when influenza infections are 
most common, increases the baby’s susceptibility for schizophrenia (Cannon et al. 
2002; Mednick et al. 1994; Allswede et al. 2018). The possibility of a susceptibility 
window is corroborated in a maternal immune activation (MIA) animal model. 
Prenatal induced infection via an intraperitoneal injection of the pregnant mouse 
with an inflammation stimulant of viral or bacterial origin results in alterations in the 
behaviour of the offspring reflecting difficulties in cognitive functioning later in life 
(Corradini et al. 2018). 

Overall, clinical studies describe that (systemic) immune activation due to an 
inflammatory agent or autoimmune disorder is associated with schizophrenia 
prevalence (Benros et al. 2014). Furthermore, the brain is especially sensitive 
to consequences of immune activation in a susceptibility window during early 
development (Allswede et al. 2018). The immune system and the effect of infections 
on the brain is more closely investigated at the biological level to understand the link 
with schizophrenia.
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Biological level. Immune alterations in schizophrenia is investigated in several 
compartments of the immune system. From peripheral and CNS cytokine levels, to 
phenotype and function of blood cells, CNS immune cells, and transcriptome studies 
into immune pathways in blood or brain lysates. As brain and cerebrospinal fluid 
(CSF) samples are scarce, most studies focussed on blood samples.

Cytokines. Immune cells communicate with each other via secretion of cytokines. 
Once they encounter a pathogen they secrete pro-inflammatory cytokines to, for 
example, mobilize other immune cells. At the same time overaction, that could harm 
healthy cells, is prevented by simultaneously secreting anti-inflammatory cytokines 
like IL10 and IL4. Measuring the cytokine composition is therefore an approach to 
analyse the activation state of immune cells. Interestingly, in MIA rodent models 
they showed that increased peripheral cytokine levels subsequently resulted in 
upregulation of these markers in the brain (Wu et al. 2017; Hsueh et al., 2018; 
Bergdolt & Dunaevsky, 2018). As cytokines can commute through the blood brain 
barrier, they have been a focus of investigation as propagator of inflammation 
between periphery and CNS. 

In a meta-analysis they detected a shared state of inflammation based on blood 
cytokine levels among patients with schizophrenia, major depressive disorder, or 
bipolar disorder. Cytokine levels specifically correlated to the status of the patient, 
whether the patient was either psychotic or in symptomatic remission (meta-
analyses of De Picker et al. 2017). Acute illness resulted in upregulation of, for 
example, IL6 and IL1β, and treatment of the disease resulted in a steady decline of 
cytokine levels in the blood. Chronic illness demonstrated a general subtle increase 
in inflammation markers. As this finding is a shared phenomenon among psychiatric 
diseases, this pleads for a shared biological underlying mechanism (Goldsmith et al. 
2016). On the other hand, Goldsmith et al. (2016) hypothesized that the small effect 
sizes potentially indicate that solely a subset of psychiatric patients have immune 
system involvement in their disease pathology. Other studies focussing on peripheral 
immune cells confirmed a pro-inflammatory profile in schizophrenia (Krause et al. 
2011; Drexhage et al. 2010; 879: Weber et al. 2018). Several immune activity related 
genes have been reported upregulated in schizophrenia, such as CD14, TLR4, and IL6 
(Keri et al. 2017; Weber et al. 2018; Drexhage et al. 2010; 964: Müller et al. 2012). 
Again, some overlap was found in pro-inflammatory gene expression profile between 
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schizophrenia and bipolar disorder (Drexhage et al. 2010; Weigelt et al. 2011).

Overall, these studies showed that immune-activation is present in the peripheral 
immune system of patients with schizophrenia. This characteristic is shared among 
psychiatric diagnoses. Considering that cytokines can trickle through the blood 
brain barrier, as supported by the MIA rodent studies, it is reasonable to think that 
a peripheral inflammation is not confined to the periphery. As the microglial cell is 
the major immune cell of the brain, this is the logical suspect in the propagation or 
initiation of an immune effect. To get a better picture of this cell we take a step back 
and start from the beginning of microglial development to fully comprehend the role 
of this cell in the brain and how it can be linked to schizophrenia.

Microglia
Origin of microglia. First stages of development occur segregated in germ layers: 
ectoderm, endoderm, and mesoderm. The central nervous system originates from 
ectodermal progenitor cells. Simultaneous with the early development of the 
brain within the embryo, a part of mesoderm loosens from the embryo and forms 
extraembryonic blood islands in the yolk sac at embryonic day 7 (E7) in the mouse. 
These cell-aggregates give rise to several waves of hematopoiesis (development of 
blood cells). 

EXPLAINED | Germ layers 
Vertebrate embryonic development is evolutionary conserved between species. Once the 
spermatocyte merges with the oocyte, this single merged cell is the ancestor of all specialized cells 
that will shape the complexity of the organism. It starts of slow as it takes two days before this one 
cell multiplies to four cells in human development. At three weeks the primitive streak occurs in 
which the anterior-posterior and dorsal-ventral axes are formed that are responsible for the body 
plan (Tuazon & Mullins, 2015). During this start of the gastrulation, cells self-organize by subdividing 
into three distinct cell-progenitor layers (germ layers) called endoderm, ectoderm, and mesoderm. 
Differentiation and tissue morphogenesis are complex phenomena which are largely orchestrated 
by morphogens including bone morphogenic factor (BMP), Wnt, fibroblast growth factor (FGF), 
and retinoic acid (Martyn et al. 2018; Solnica-Krezel et al. 2003; Tuazon et al. 2015). These factors 
form gradients that direct differentiation into specific cell types. Once the neuroectoderm forms, 
these factors determine the location and formation of the cortices or deeper brain structures like 
hippocampus. Knowledge of these factors is used and extended by modelling these different brain 
regions by using these factors on stem cell cultures (Petros et al. 2011). 

Monocytes are not microglia precursors. Hematopoiesis is chronologically 
subdivided in two distinct waves of development: Primitive (~E9 in mice and 
gestational week three in humans) and definitive (~E13.5 in mice and gestational 
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weeks 5-6 in humans) hematopoiesis (Daneman et al. 2012; Zambidis et al. 2005). 
It was long debated whether monocytes that arise in the “definitive” hematopoiesis 
are the precursor-population of the microglia. During the “definitive” hematopoiesis, 
hematopoietic stem cells that are transcription factor Pu.1 and Myb dependent, 
migrate and invade the fetal liver from which monocytes arise (Daneman et al. 2010; 
Daneman et al. 2012; Schulz et al. 2012). From the fetal liver, the hematopoietic stem 
cells invade the bone marrow where they set base and manage the lifelong blood-
cell production (Bigas et al. 2010; Ginhoux et al. 2013). In rodents the blood brain 
barrier is already closed at the moment that monocytes appear in the circulation 
(Ginhoux et al. 2013; Daneman et al. 2012). Therefore, these cells cannot be the 
forebear of microglia as they need to enter the brain parenchyma before the blood 
brain barrier closes. 

Primitive macrophages. Preceding the “definitive” hematopoiesis, erythro-myeloid 
progenitors (EMP) give rise to erythrocytes and primitive macrophages in the 
primitive hematopoiesis. These cells develop Myb independent, but transcription 
factor Pu.1 dependent (Bigas et al. 2010; Ginhoux et al. 2010, Kierdorf et al. 2013; 
Schulz et al. 2012).  They enter the embryonic blood circulation that by then is just 
constructed. Primitive macrophages travel through the blood and invade several 
organs where they differentiate into tissue-resident macrophages around E9.5 in 
rodents and gestational week 4.5 in humans (Menassa & Gomez-Nicola, 2018). Fate-
mapping experiments showed that these primitive macrophages also invade the 
CNS before the blood brain barrier closes (Ginhoux et al. 2010, Kierdorf et al. 2013; 
Goldmann et al. 2016; Schulz et al. 2012) (Figure 2). 

EXPLAINED | Fate-mapping experiments
To illuminate the path of microglia through the developing mouse, Csf1r-mer-iCre-mer mice 
were crossed with Rose LSL-YFP reporter mice. By injecting OH-tamoxifen in the mother at E8.5, 
only cells that were expressing colony stimulating factor 1 (CSF1R) between E8.5 and E9.5 were 
irreversible fluorescently tagged with YFP via cre-recombinase. As this is the moment of the 
primitive hematopoiesis, only the primitive macrophages were tagged. Four weeks after birth YFP 
positive microglial cells appeared in the brain (Schulz et al. 2012).

Microglia, a privileged cell. The organ microenvironment further matures the 
invading macrophages, ensuring a tissue-specific phenotype, such as lung alveolar 
and liver Kuppfer cells (Lavin et al. 2014). In the CNS the primitive macrophages 
differentiate into microglia in the brain parenchyma, and into macrophages in 
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the perivascular, subdural meningeal, and choroid plexus (Goldmann et al. 2016). 
Microglia can already be detected in the PFC region in humans at gestational week 
8 that precedes neurogenesis and they are fully dispersed through the developing 
cortex at gestational week 19 (Zhong et al. 2018; Menassa & Gomez-Nicola, 2018). 
During life, yolk sac-derived macrophages are replenished by monocyte-derived 
macrophages in many organs, except in the CNS, where this is averted by the blood 
brain barrier (Bain et al. 2014). Therefore, this is the only organ where almost the 
entire tissue-resident macrophage population remains progeny of yolk sac precursors 
(> 95%) of the primitive hematopoiesis (reviewed in Ginhoux and Guilliams, 2016; 
Goldmann et al. 2016). 

Figure 2. During the primitive hematopoiesis, primitive macrophages travel from the blood islands 
of the yolk sac in the just constructed blood circulation through the developing embryo where it 
invades several organs, including the lungs and CNS.

How this microglia population is maintained and renewed is often debated. Blood 
monocytes, for example, have a relatively short life cycle (< two weeks) and therefore 
new monocytes are constantly supplied to the blood from the adult hematopoietic 
stem cells in the bone marrow (Patel et al. 2017). A new supply of microglia towards 
the brain is however unusual in a healthy situation, therefore microglia are considered 
to be a self-sustainable population. Several studies investigated this hypothesis in 
depletion studies. They replenish the brain of microglia and then investigate if and 
how repopulation takes place. They mostly used approaches encompassing chemical 
inhibition of microglia targeting the colony stimulating factor 1 receptor (CSF1R) and 
parabiosis setups (Huang et al. 2018). 
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EXPLAINED | Parabiosis setups 
The blood circulations of two mice were sutured together. One was wild-type, the other had 
myeloid cells that were fluorescently tagged with GFP (Cx3cr1+/GFP). By administration of a CSF1R 
inhibitor (PLX5622) for 14 days in the diet, they depleted >99% of all myeloid cells in all organs of 
the mouse-pair. After a recovery period, the mice were killed and dissected. It was expected that 
organs of both animals were replenished with myeloid cells from both animals. Indeed, the wild-
type mouse had fluorescent macrophages in the spleen and liver, but not in the brain. Indicating 
that peripheral myeloid cells could not enter the brain after the depletion of microglia in healthy 
mice (Huang et al. 2018).

In a depletion study they reported nestin+ repopulating microglia cells after clearing 
the brain of microglia, indicating the potential for neuroectodermal progenitor cells 
to differentiate into microglia (like) cells (Elmore et al. 2014). Others showed that 
repopulated microglia were all derived from the few microglia that survived the 
elimination (< 1%), so not coming from the blood or neuroectodermal cells (Huang 
et al. 2018).

In efforts to determine the lifespan of microglia, it became clear that microglia have 
an extraordinary long lifespan compared to other cell types. In a cross-sectional 
analysis they detected that 2% of the microglia population was proliferating (Réu et 
al. 2017). In another study they estimated that 28% of the human brain population 
of microglia renewed in a year (Askew et al. 2017). Some microglia seemed to be 
able to stay alive for decades as determined in studies in which they analysed 14C 
levels in microglia (Réu et al. 2017).

EXPLAINED | 14C studies
Elevated atmospheric 14C levels due to nuclear bomb tests resulted in a unique 14C signature in 
the DNA of cells of individuals born in that period. Carbon atoms in the DNA remain stable, but if 
cells divide, the 14C levels change. Performing estimates of these levels in microglial cells derived 
from human brain samples provided an estimate of an average microglial age of 4.2 years (Reu et 
al. 2017).

Brain development and microglia: Microglia as wedding-
crasher or wedding-planner
I. Microglia regulate neuronal numbers. Just like macrophages in the kidney that 
are involved in morphogenesis of the organ (Rae et al. 2007), microglia perform 
extra-immunological activities (Figure 3). In a study in rodents, Cunningham et al. 
discovered a role for microglia in maintaining a specific type of neuronal progenitor 
pool (Cunningham et al. 2013). In neuronal development, cortical neuronal 
progenitor cells go through several differentiation steps to become a mature neuron. 
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These progenitor cells start in the ventricular zone as radial glia (apical progenitor 
/ PAX6+) and through asymmetrical division they enter the inner and thereafter 
outer subventricular zone as intermediate progenitor cell (basal progenitor/ 
TBR2+CTIP2+). Subsequently they migrate into the cortical plate as mature neurons 
(NEUN+TBR1+SATB2+) following a gradient of Reelin (Lui et al. 2011). Microglia 
were discoverd to regulate the number of TBR2+ intermediate progenitor cells 
via phagocytoses (Cunningham et al. 2013). Slight manipulations of the microglia 
population resulted in differences in neuronal development. Microglia most likely 
perform this role to remove surplus progenitor cells or recognize and take away 
defective cells from the progenitor pool.  

II. Neuronal connection modulator. Neuronal maturation is characterized by 
formation of filopodia that are able to form the connections (synapses) between 
neurons. A study by Miyamato et al. showed that around postnatal day 8 in mice, 
microglia induce the formation of these filopodia due to physical cell-cell interaction 
(Miyamoto et al. (2016). Their touch evoked a calcium wave in the filopodia, followed 
by actin remodelling, which resulted in spine formation. The most investigated 
interaction between microglia and neurons actually concerns the removal of these 
spines/synapses in a process called synaptic pruning/stripping (Paolicelli et al. 2011, 
Tremblay et al. 2010, Miyamato et al. 2013; Stevens et al. 2007). Many studies 
focussed on the retinogeniculate (visual) system to study this process of activity-
dependent synaptic pruning during development, as it is easy to manipulate (Schafer 
et al. 2012; Tremblay et al. 2010; Stevens et al. 2007). 

EXPLAINED | The retinogeniculate system as a model to study synaptic pruning
Several approaches are used to manipulate the retinogeniculate system in order to study synaptic 
plasticity/pruning. Proper development of the visual system comprises growth and synapse 
formation of retinal ganglion cells in the lateral geniculate nucleus of the thalamus in the brain. This 
is dependent on spontaneous activity, but also on the stimulation of the retina in the eyes. Synaptic 
pruning peaks around postnatal day 5, which makes this an interesting moment to investigate 
this developmental phenomenon. Schafer et al. manipulated this system by inactivating or over-
activating one retina by injection of TTX or forskolin, respectively (Schafer et al. 2012). Tremblay 
et al. (2010) deprived the mice of light to study the activity and role of microglia in light/dark 
induced synaptic pruning (Tremblay et al. 2010). By generating C1q or C3 knock-out mice and then 
investigating the formation of the retinogeniculate system, Stevens et al. detected an important 
role of the complement system in synaptic pruning (Stevens et al. 2007)

III. Synapse refiner. Synapses are highly plastic connections that constantly need 
to be reinforced via long-term potentiation (LTP). Once connections are weakening, 
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Figure 3. Illustration illuminating the different roles that microglia play in neuronal development. 
Encapsulating proliferation of neural progenitor cells visualized by a microglial cell (grey) that 
phagocytoses an entire TBR2+ neuronal progenitor (black) (I.), filopodia/spine induction visualized 
by sequential images after the physical contact between a microglia that lasted a minute (grey) 
and a neuronal dendrite (black) after which a small protrusion is formed indicated by the white 
arrow 3 minutes after the initial contact (II.), and neuronal synapse (black) refinement performed 
by microglia (grey) in which microglia can intervene and thereby induce removal of synapses (III.). 
Adapted images of Cunningham et al. (2012), Miyamoto et al. (2016), Weinhard et al. (2018)

synapses communicate with microglia that they want to be disconnected. One of the 
ways to communicate requires an old and highly evolutionary-conserved immune 
protein cascade called the complement system. Outside of the CNS complement 
proteins are secreted by immune cells so they can target, opsonize and thereby 
flag pathogens for uptake by immune cells. In the CNS this system is also used 
for synapse refinement. Interestingly, the proteins that make up the pathway are 
not solely produced by microglia, but also by neurons and astrocytes (Zhang et al. 
2016). Complement factor C1q will opsonize a weak synapse that triggers cleaved 
complement factor 3 (iC3b) and/or cleaved factor 4 to also opsonize the synapse. 
The latter connects to the corresponding receptor on the microglial cell and induces 
phagocytosis of the synapse (Stephan et al. 2012; Linnartz-Gerlach et al. 2015). 

To summarize, in a healthy brain, microglia are joining the party of neurodevelopment 
around E9.5 in mice and gestational week 4.5 in humans. Instead of wedding crashers, 
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they are actually wedding planners, being involved in neuronal development and 
construction of inter-neuronal connections. When you put the role of microglia 
in neuronal functioning and synapse refinement in the context of synapse loss in 
schizophrenia, microglia are a plausible culprit. Especially considering the genetic, 
environmental, and epidemiological hits implicating immune system dysfunction 
in schizophrenia. Therefore, it is tempting to hypothesize that microglia play a key 
role on the crossroad between the immune and dendritic spine pathologies in the 
context of genetic susceptibility and environmental stressors (Figure 4).

Figure 4. Illustration of the hypothesis that an interplay of genetic predisposition and environmental 
stressors give rise to disturbed microglia neuron interaction that results in schizophrenia. This 
thesis focusses on the search for a disease-phenotype in microglia.
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Microglia in schizophrenia
So far, evidence for microglia-involvement in schizophrenia pathogenesis is sought 
in its genetics, transcriptome, proteome, and functioning. Studies on microglia are 
difficult as they can only be fully characterized when enriched from other brain cells 
(Melief et al. 2016). This is not done (yet) in schizophrenia due to scarcity of fresh 
brain tissue. Several other approaches can however be taken to study microglia at 
the molecular level in schizophrenia: I) Alterations in microglia can be deduced from 
whole brain transcriptome studies and GWAS hits in patients with schizophrenia; (II) 
Use of animal models; (iii) Assess immune-activation with PET imaging in patients 
with schizophrenia; (IV) Examine sections of post mortem brain tissue with microglia 
markers to study density or phenotypic alterations in patients with schizophrenia 
(Steiner et al. 2006; Trepanier et al. 2016). Last but not least, (V) model microglia in 
vitro starting from monocytes or induced pluripotent stem cells (iPSC) from patients 
with schizophrenia (reviewed in Timmerman et al. 2018). 

I. Human genetics and whole brain transcriptome studies. In 2016 there was 
an important discovery in the genetics field that finally uncovered proof that links 
microglia to dendritic spine pathology. Sekar et al. dived into the difficult MHC risk 
locus that is plagued by large linkage disequilibrium (LD - see GWAS explanation). 
This region popped up in a large GWAS study on schizophrenia in 2014 and in this 
region Sekar et al. identified an affected gene: C4A. Together with C4B this gene 
can be translated to complement factor 4. They found that more copies of C4A 
increased the risk for schizophrenia. Interestingly, complement factor 4 is in the 
brain involved in the tagging of synapses to induce removal by microglia as described 
above. Important to mention is that this gene is highest expressed and produced by 
astrocytes (Zhang et al. 2016). Indicating that maybe astrocytes are the culprit, but 
still also affecting microglia function as both astrocytes and microglia intervene in 
complement-tagged synapses. This highlights one of the often-mentioned concerns 
about genetic variants involved in immune function. Genes that normally exert an 
immune-related role outside the brain and are therefore part of immune pathways 
in gene ontology databases, play a role in brain development and plasticity inside the 
CNS (Pouget et al. 2018). Another point of discussion is the overlap among patients 
with schizophrenia, bipolar disorder, and major depression disorder in another 
large GWAS study. They picked up synapse-related, immune system, and histone 
methylation pathways that emphasized the link between dendritic spine pathology, 
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the immune system, and possible interplay with environmental stressors, which they 
however only detected by merging these psychiatric patient databases (O’Dushlaine 
et al. 2015). 

The increased expression of C4A is confirmed in an extensive transcriptome study 
of frontal and temporal brain lysates from > 1000 individuals with autism spectrum 
disorder, bipolar disorder, schizophrenia, or non-psychiatric controls (Gandal et al. 
2018). They detected four modules of genes related to neural-immune processes. 
C4A popped up in a shared NF-κB module between microglia and astrocytes. Also, 
a clear microglia module was detected that was downregulated in schizophrenia. In 
addition to a differential gene analyses approach, they also performed differential 
isoform expression analyses in addition to their regulation by noncoding RNA 
molecules. Especially in schizophrenia, differences were found in isoform expression 
and their relation to noncoding RNA. Also, noncoding RNA molecules expressed by 
microglia were differentially expressed in schizophrenia, such as LINC00996 (Gandal 
et al. 2018). To understand how these SNPs and differences in gene expression can 
be linked to environmental risk factors and functioning of these cells in the brain, 
cell-specific and functional experiments are needed.   

II. Animal studies. Microglia are not an evolutionary conserved cell-type that is 
present in all animals. Therefore, this cell cannot be investigated in most of the 
typical animal research models. The brain of the fruit fly (drosophila melanogaster), 
for example, does not have microglia or any type of innate immune cell. Instead 
the other neuroectodermal cell-types are able to perform immune functions, like 
synaptic pruning (Edenfeld et al. 2005; Freeman & Doherty, 2005). Microglia-like 
cells can be studied in zebrafish (danio rerio) (Oosterhof et al. 2018) and mice (mus 
musculus), but still show differences with human microglia including the absence 
of gene homologues ,for example neuron-immune interactor gene (SIGLEC-11), or 
opposite expression levels of for example TLR4 (Smith and Dragunow, 2014). 

III. Human PET studies. Approaches have been taken to investigate if the immune-
activated state described in the peripheral immune system (meta-analysis of De 
Picker et al. 2017) holds true in the brain. One of which is via PET imaging using 
translocator protein (TSPO) tracers. This method have been used to analyse the 
activation-state of myeloid cells in the brain of patients with schizophrenia in vivo 
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(Turkheimer et al. 2015). Some studies found increased binding of the tracer in brain 
tissue of patients with schizophrenia (Van Berckel et al. 2008; Doorduin et al. 2009; 
Bloomfield et al. 2015), whereas others could not replicate this finding (Van der Doef 
et al. 2016; Coughlin et al. 2016; Kenk et al. 2014; Takano et al. 2012). In a study by 
Coughlin et al. (2016) they specifically performed PET-TSPO analyses in patients with 
schizophrenia that showed elevations of pro-inflammatory cytokines like IL6 in the 
blood and CSF, but did not detect a significant elevation of TSPO activation (Coughlin 
et al. 2016). Possibly the elevation was too subtle to pick up the difference in PET-
TSPO signal. Recently it became clear that the TSPO tracer lacks specificity for solely 
microglia, as this mitochondrial marker also binds to mitochondria in astrocytes and 
endothelial cells, which might explain the disparity in findings (Betlazar et al. 2018). 
Developments of new tracers that bind more specific microglia/macrophage markers 
like P2RY12 or HLADR would be essential for more accurate analyses of microglia 
with PET technology.

IV. Human post mortem studies. Analysing the phenotype of microglia in post mortem 
tissue of patients with schizophrenia gave mixed results, but overall an immune-
actived phenotype was detected (reviewed in Van Kesteren et al. 2018; Trépanier 
et al. 2016). Some studies found an immune-activated phenotype in the DLPFC 
in patients with schizophrenia, others only detected this profile when the patient 
was in the middle of a psychotic episode at the time of dying shown by increased 
expression of HLA-DR in the DLPFC, anterior cingulate cortex, and mediodorsal 
thalamus (Fillman et al. 2013; Steiner et al. 2006). These studies are limited to the 
expression of only a selection of markers. Enrichment of microglia from fresh brain 
tissue of schizophrenia patients would make it possible to extend this protein and 
morphology analysis with transcriptome analyses and functional assays (Melief et 
al. 2016). Probably due to the scarcity of patients with schizophrenia that donate 
their brain to science, no studies can be found that employed this approach. Also, 
similar to post mortem brain slice immunostainings, the age of the patient cannot be 
controlled. Therefore, it is not possible to distinguish whether the phenotype of the 
cell is causative or a consequence of the disease (treatment). 

V. in vitro models: monocyte (-derived models). One way to tackle this is to 
model microglia using in vitro approaches using tissue from schizophrenia patients. 
Currently, there are two approaches to generate microglia-like cells from patient 
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samples. One approach involves the use of monocytes (Drexhage et al. 2010). 
Monocytes are mesodermal-derived myeloid cells just like microglia. When 
monocytes are summoned by wounded tissue and leave the blood circulation, 
they transform into macrophages. As microglia are the macrophages of the brain, 
monocytes can also be differentiated in vitro into a macrophage that thereby more 
closely resembles microglia (Soldano et al. 2016; Linnartz-Gerlach et al. 2015). 
Protocols are also adapted in which more microglia-like cells are generated (Etemad 
et al. 2012; Ohgidani et al. 2014; Sellgren et al. 2016; Sellgren et al. 2019; Ryan et al. 
2017). Monocytes have the advantage that they can be collected in large numbers in 
a relatively low invasive procedure (blood withdrawal), and that the timing of sample 
collection can be controlled (choosing patients that had schizophrenia for a long 
time, recent-onset psychotic patients or even in younger individuals in prodromal 
stages of the disease). However, it is important to note that although monocytes are 
mesoderm-derived cells, they are progeny of the definitive instead of the primitive 
hematopoiesis. Therefore, there is a need for protocols in which microglia can be 
generated that closer resemble the development of primary microglia.

in vitro models: iPSC (-derived models). After the development of iPSC technology 
in which pluripotency is enforced in somatic cells, a rapid proliferation followed of 
cell-type specific differentiation protocols. Still it took 10 years before the first cell-
type directed protocol for iPSC-microglia was published (Muffat et al. 2016), rapidly 
followed by others (Abud et al. 2017; Pandya et al. 2017; Douvaras et al. 2017). All 
apply a two-step protocol. First generating hematopoietic progenitors via stimulation 
with, for example, BMP4 (Douvaras et al. 2017), or pushing embryoid bodies into the 
development of yolk sac embryoid bodies comprising of hematopoietic progenitors 
(Muffat et al. 2016). Thereafter, all the protocols administer a mixture of factors 
known to be involved in the development of microglia, like granulocyte macrophage 
CSF (GM-CSF), and interleukin-34 (IL34). Interestingly, this second step resembles 
the protocols applied to generate monocyte-derived microglia, which makes sense 
as they already start with already differentiated myeloid cells (Ohgidani et al. 2014; 
Sellgren et al. 2016). 

EXPLAINED | iPSC technology
Where it was presumed impossible before, in 2006 Takahashi and Yamanaka were able to 
dedifferentiate mouse fibroblasts that regained pluripotency (Takahashi & Yamanaka, 2006). In 
2007 they attempted and succeeded to dedifferentiate human fibroblasts with the same regimen 
of factors (Takahashi et al. 2007). They narrowed down a panel of 24 factors to the effective 
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combination of four (Yamanaka) factors (octamer-binding transcription factor 3/4 (Oct3/4), sex 
determining region Y box 2 (Sox2), avian myelocytomatosis viral oncogene homolog (c-Myc), and 
Kruppel-like factor 4 (Klf4)) to induce pluripotency that enabled potential to differentiate into cells 
from any of the three germ layers. Oct3/4 and Sox2 are transcription factors that were known to 
induce pluripotency, whereas c-Myc and Klf4 are oncogenes that proved essential in the induction 
of proliferation. c-Myc specifically is also able to alter histone complexes, thereby removing 
epigenetic formations that are formed during differentiation. Negative side effects of c-Myc, like 
apoptosis, are balanced out by the addition of Klf4 (Takahashi & Yamanaka, 2006). 

Challenges of iPSCs models. The problem that arises with the application of 
iPSCs for schizophrenia research lies in the fundamentals of reprogramming. The 
formation of an epigenetic network in the cell is part of the normal differentiation-
process of a cell. This composition of histones and DNA methylation undergoes 
extensive alterations as part of the process of reprogramming (Brix et al. 2015). It 
is important to note that remnants of the epigenetic memory remain making these 
cells specifically prone to differentiate into the lineage they are derived from (Drews 
et al. 2012; Kim et al. 2010). Possibly important schizophrenia-related epigenetic 
alterations are however removed in the dedifferentiation, thereby (partly) removing 
the schizophrenia phenotype. 

A head-start with a genetic risk model. Therefore, it is important to be aware 
that when you use iPSC lines, you work with lines that have an inert schizophrenia 
predisposition, instead of an iPSC line that has a schizophrenia phenotype. One way 
to increase the likelihood of a predisposition towards schizophrenia is to work with 
lines that have a high polygenic risk score for schizophrenia, and/or a CNV that is 
linked to increased risk for schizophrenia. A CNV of special interest is 22q11.2 deletion 
syndrome, as 25% of individuals that have this deletion develop schizophrenia 
(Jonas et al. 2013). This syndrome has been diagnosed under several different 
names in the past (DiGeorge, Velocardiofacial, and Sphrintzen syndrome) due to 
the pleiotropy of symptoms including heart deficits, cleft palate, thymus deficits, 
and mental disorders (Kobrynski & Sullivan, 2007; Jonas et al. 2013). As all these 
clinical symptoms originate from a shared genetic alteration, these patients are now 
commonly diagnosed with 22q11.2 deletion syndrome. It concerns a hemizygous 
microdeletion of 1.5-3 million base pair deletion on chromosome 22 that is often 
induced by a de novo mutation (a mutation that was not inherited but occurred 
early in development). Mouse models of 22q CNV demonstrated similar anomalies 
in, for example, sensorimotor gating as the most frequently used schizophrenia 
mouse model (MIA model) (Karayiorgou et al. 2010). iPSC-derived neuronal cultures 
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of 22q individuals that developed schizophrenia showed impairments in apoptosis, 
cell cycle and survival, and MAPK signaling pathways. When growing neurospheres 
(proliferating aggegrates of neuronal progenitor cells), they demonstrated a different 
neurogenic-to-gliogenic competence ratio, which could have major effects on normal 
brain development (Toyoshima et al. 2017). Epigenetic analyses of samples obtained 
early in development demonstrated predictive power of the methylation profile for 
later development of mental disorders. Showing that inherited methylation profiles 
in these 22q patients or early-life environmental events have a major impact that 
later develop into mental illness (Starnawska et al. 2017). 

Co-cultures. In sum, there are several approaches possible to study microglia 
in vitro. But to more closely simulate the in vivo situation, co-culturing these 
microglia-like cells with neurons is essential. This gives the possibility to study the 
causal role or contribution of microglia in the development of brain impairments 
resulting in schizophrenia. Several studies described co-culture setups to study this 
interaction. Monocyte-derived macrophages have been cultured together with 
iPSC-derived neurons to study the role of sialylation in complement dependent 
phagocytosis (Linnartz-Gerlach et al. 2016). Similarly, monocyte-derived microglia 
have been co-cultured together with iPSC-derived neurons to study synaptic pruning 
in schizophrenia, discovering increased synapse elimination in the schizophrenia-
derived samples (Sellgren et al. 2019). These studies demonstrated the potential 
of in vitro models to increase our knowledge on the neuron-microglia interaction in 
general and specific in disease. 

Cerebral organoids. Advances in stem cell technology also offer new in vitro 
opportunities. In 2014 Lancaster and colleagues developed a protocol to let 3D 
agglomerates of iPSC-derived germ layer progenitors (embryoid bodies) push towards 
neuroectoderm and thereby grow and mature small 3D brain tissue replicates called 
cerebral organoids (Lancaster et al. 2014). An essential step in the protocol included 
the use of extracellular matrix, mainly composed of laminin (Matrigel), that enabled 
self-assembly into specific structures reflecting human brain regions (Lancaster & 
Knoblich, 2016). Due to the absence of cohesion in the morphogenic gradients, the 
organisation of each organoid is different with also some organoids that grow into 
structures with a more frontal brain phenotype, whereas other have a more hindbrain 
phenotype. The beauty of this model is the broad range of cell-types that replicate in 
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vivo counterparts in the brain, including excitatory and inhibitory neurons, but also 
astrocytes and oligodendrocytes. Due to the different ancestry of microglia, this cell 
is presumed to be absent in this model (Clevers, 2016). Some approaches are taken 
to fill this and other flaws of this model, including also the lack of vasculature, by 
inserting the organoids in the brains of mice to let them further develop (Mansour 
et al. 2017). Still, by itself this model offers a great co-culture potential in which not 
only the interaction of microglia with neurons, but also with other cell-types can be 
investigated as applied as such by Abud et al. (2017) (Abud et al. 2017). This model 
opens up new possibilities in research into schizophrenia pathogenesis.  

In sum, due to scarcity of human schizophrenia brain tissue and difficulties to obtain 
microglia from living individuals, in vitro models harbour possibilities that need to be 
explored, extended, and employed. Some hurdles need to be taken and it remains 
important to in the keep in mind that these are microglia-like cell models. They 
show resemblances with primary microglia, but have different ancestry in case of 
monocyte-derived microglia (Sellgren et al. 2016) or have a phenotype that more 
closely resembles a fetal than an adult microglia in case of iPSC-microglia (Muffat et 
al. 2016). 
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AIM & OUTLINE OF THE THESIS

The immune system is repeatedly implicated in the pathogenesis of schizophrenia. 
As major immune cell of the brain, microglia are coined as intermediate players 
linking the immune system dysfunction to schizophrenia pathogenesis (Figure 4). 
In this thesis we set up in vitro models to study a disease-phenotype and function 
of microglia and thereby illuminate the immune perspective in schizophrenia. The 
aim of this thesis is therefore two-fold: i) Setup (novel) in vitro models to enable the 
study of human microglia phenotype and function (Figure 5). ii) Use these in vitro 
models to investigate a schizophrenia disease-profile in microglia.

In chapter 2 we generated monocyte-derived macrophages from patients with 
schizophrenia and non-psychiatric controls. We investigated if macrophages from 
schizophrenia patients had an immune-activated phenotype. Furthermore, we 
selectively looked for changes in expression of a panel of microglia-neuron interacting 
molecules that was hypothesized to link and be responsible for described immune 
and synapse aberrancies.

In chapter 3 we performed an explorative study in which we applied extensive 
transcriptome and single-cell protein analyses on myeloid immune cells, including 
monocytes, a novel monocyte-derived microglia-like model (MoGli), and immune-
acted MoGli in schizophrenia. We used blood samples from a unique cohort 
consisting of twenty recent-onset psychotic disorder and twenty age, sex and BMI 
matched non-psychiatric controls.

In chapter 4 we developed an iPSC-derived cerebral organoid model with the ability 
to innately develop microglia. This model has the potential to study microglia-neuron 
interaction in neurodevelopmental disorders like schizophrenia.

In chapter 5 we applied our iPSC-derived cerebral organoid model in a study to 
investigate the effect of a prenatal environmental stressor on neurodevelopment. 
Thereby investigating a risk factor for schizophrenia development. We induced 
immune-activation by exposing organoids to lipopolysaccharide (LPS).

Finally, in chapter 6 we discuss the role of the immune system in schizophrenia in 
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light of our findings. We thoroughly evaluate the novel in vitro models used in this 
thesis. Furthermore, we describe novel data and discuss how to proceed from here. 

Figure 5. Overview of in vitro models used per chapter. adult MG adult microglia, oMG organoid-
grown microglia, iPSC induced pluripotent stem cells, MoGli monocyte-derived microglia, mo-MΦ 
monocyte-derived macrophages
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ABSTRACT

Genetic, epidemiological and post mortem studies have described an association 
between schizophrenia (SCZ) and the immune system. Microglia, the tissue-resident 
macrophages of the brain, not only play an essential role in inflammatory processes, 
but also in neurodevelopment and synapse refinement. It has therefore been 
hypothesized that aberrant functioning of these myeloid immune cells is involved 
in SCZ pathogenesis. Until now cellular research into the role of myeloid cells in SCZ 
has been limited to monocytes and functional assays are lacking. In this study we 
used monocyte-derived macrophages (mo-MΦs) as a model for macrophages and 
microglia in the CNS and examined two main functions: Inflammatory responses and 
expression and regulation of synapse refinement molecules. The expression of 24 
genes involved in these key functions was assessed. Mo-MΦs were generated from 
15 SCZ patients and 15 healthy controls. The cells were exposed to pro-inflammatory 
and anti-inflammatory stimuli (LPS, R848, IL4 and dexamethasone), and the response 
was measured by qPCR and ELISA analyses. One of the genes of interest, P2RX7 that 
is associated with psychiatric diseases, was significantly reduced in expression after 
LPS stimulation in SCZ patients. None of the other assessed characteristics were 
different in this functional screen between mo-MΦs from SCZ patients compared 
to controls. Although these data suggest that overall the function of macrophages 
in SCZ is not impaired, further studies with larger groups that enable the possibility 
to study clinical subgroups and perform additional screenings to assess the full 
phenotype of the mo-MΦs are needed to strengthen this conclusion.
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INTRODUCTION

Schizophrenia (SCZ) is a psychiatric disorder that is caused by the interplay between 
genetic and environmental factors. SCZ is generally viewed as a neurodevelopmental 
disorder that involves abnormal synapse development and functioning (Glausier et 
al. 2013). The cause of these synaptic deficits is still largely unknown. One of the 
more recent hypotheses proposes that the synaptic deficits are partly caused by an 
aberrant function of the immune system (Sekar et al. 2016). 

Immunological pathways have repeatedly been associated with SCZ. Single-nucleotide 
polymorphisms in immune genes are associated with the disease (Sekar et al. 2016; 
Ripke et al. 2014), the prevalence of immune-related disorders is higher in patients 
and their family members (Benros et al. 2014), and altered levels of immunological 
markers are measured in blood, cerebrospinal fluid and brain tissue of SCZ patients 
compared to controls (Trépanier et al. 2016; Coughlin et al. 2016; Fillman et al. 
2013). Which immunological pathways are affected in SCZ is still elusive as well as 
how these pathways contribute to synaptic deficits underlying SCZ pathogenesis.

Microglia and macrophages are the most prominent immune cells in the brain and 
belong to the myeloid type of immune cells, similar to monocytes. In the healthy 
brain, microglia reside in the brain parenchyma, whereas macrophages are found 
perivascular, in the choroid plexus and in the meninges (Goldmann et al. 2016; Prinz 
& Priller, 2014). In many neurological diseases, blood-resident monocytes infiltrate 
the brain parenchyma and differentiate into monocyte-derived macrophages (mo- 
MΦs) (Wohleb & Delpech, 2016). All these myeloid cell subtypes express receptors 
to detect exogenous danger signals, such as pathogens, as well as endogenous 
inflammatory signals, such as cytokines, ATP and glucocorticoids (Lucin & Wyss-
Coray, 2009; Kettenmann et al. 2011). Triggering these receptors leads to an altered 
phenotype and the induction of a specific inflammatory response (Lucin & Wyss-
Coray, 2009; Saijo & Glass, 2011).

Over the last decade it has become clear that microglia in the central nervous system 
(CNS) are not only involved in inflammatory processes but also play a role in synapse 
refinement by cell–cell interaction (Tremblay et al. 2010). The involved ligands and 
receptors that have been identified so far are all known for their role in the immune 
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system, including components of the complement system (C1q; iC3b; C4b) and their 
receptors (CR1; CR3; CR4), fractalkine (CX3CL1) and its receptor CX3CR1, triggering 
receptor expressed on myeloid cells 2 (TREM2), ATP and its adrenergic receptors like 
P2X7, and CD47 and its receptor signal regulatory protein α (SIRPα/CD172α) (Brown 
& Neher, 2014). Although synapse refinement has been attributed to microglia, it is 
likely that monocyte-derived macrophages (mo-MΦ), once in the brain, also interact 
with neurons since they also express TREM2, SIRPα, the complement receptors and 
chemokine receptors and synapse material has been found within mo-MΦs when 
co-cultured with neurons in vitro (Wohleb & Delpech, 2016; Linnartz-Gerlach et 
al. 2016). The distinct roles of microglia and macrophages in synapse refinement 
remain poorly understood. It is important to note that some microglia receptors are 
low expressed on mo-MΦ, like CX3CR1 (Melief et al. 2016).

The density of cells expressing myeloid markers and the expression of some pro-
inflammatory cytokines are increased in SCZ post mortem brain tissue, although 
results are heterogeneous (Trépanier et al. 2016; Fillman et al. 2013). More indirect 
support for an altered function of myeloid cells in SCZ is derived from studies using 
peripheral blood monocytes where the expression of inflammatory genes and 
proteins was altered in cells from SCZ patients (Drexhage et al. 2010; Mori et al. 
2015). Other studies provide a link between SCZ and molecules that are important 
for synapse refinement. This includes the association with copy number variations 
and increased expression in the brain of complement factor 4 (Sekar et al. 2016), 
reductions in CX3CR1 expression in blood (Bergon et al. 2015), and increased 
expression of TREM2 in leukocytes (Mori et al. 2015).

Together these findings have led to the hypothesis that impaired functioning of 
myeloid immune cells in the brain may be involved in the pathogenesis of SCZ. Genetic 
variants and/or the interaction with environmental factors may shift myeloid cells 
towards an altered phenotype, thereby erroneously switching on or off processes 
that underlie the disease, such as inflammatory processes and involvement in 
synapse regulation. Functional studies with microglia or macrophages from SCZ 
patients and controls that could support this hypothesis are lacking so far. Since it is 
not possible to obtain primary microglia and macrophages from the CNS from living 
individuals, we performed a functional screen of monocytes from SCZ patients and 
controls that were differentiated into macrophages in vitro. This model, inducing the 
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mo-MΦs, is widely used in immunological research for functional experiments on 
macrophages (Soldano et al. 2016; Linnartz-Gerlach et al. 2016). We screened the 
mo-MΦs for (1) The expression of genes involved in inflammation and the response 
to pro-inflammatory and anti-inflammatory molecules and (2) The expression and 
regulation of synapse refinement-related receptors.
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METHODS

Clinical samples. Blood samples were derived from 15 SCZ patients and 15 non-
psychiatric individuals as part of the multicenter longitudinal Genetic Risk and 
Outcome of Psychosis (GROUP) study, which started in The Netherlands in 2006 
(Korver et al. 2012). The sample size was based on the power calculation (explained 
below) and other functional studies using mo-MΦs in other diseases or other 
cell types in SCZ (Zeng et al. 2011; Brennand et al. 2014). Inclusion criteria for 
patients were: fluent in Dutch and diagnosis of SCZ (DSM-IV classification 295.xx) 
at follow-up according to the Comprehensive Assessment of Symptoms and History 
or Schedules for Clinical Assessment in Neuropsychiatry interview. Eligible non-
psychiatric individuals had to meet the following criteria: fluent in Dutch, no history 
of a lifetime psychotic disorder or lithium use, and no first-degree or second-degree 
family member with a lifetime psychotic disorder. The human ethics committee of 
the University Medical Center Utrecht approved this study. All the subjects included 
in the study provided written informed consent before participating. Blood samples 
for this study were collected during a follow-up visit in 2013. Potential confounding 
factors like cannabis abuse were noted based on clinical sample interrogation and/
or urine sample testing and visualized together with the other demographics of the 
subjects in Table 1.

Table 1. The subject demographics including: sex, age, ethnicity, cannabis, DSM-IV-based diagnosis, 
and the antipsychotic medications used

Subjects
(n)

Male/female
Age average
(st.dev)

Ethnicity
(n)

Cannabis
(n)

DSM-IV
(n)

Antipsychotics
(n)

Controls (15) 8/7 30 (11)
Caucasian (14)
Mixed (1)

No (15) - -

Patients (15) 13/2 31 (6)
Caucasian (13)
Mixed (1)
Turkish (1)

No (14)
Yes (1)

295.xx
(15)

Clozapine(3)
Clozapine & Quetiapine(1)
Olanzapine(2) Penfluridol(1) 
Pimozide (1)
Zuclopentixol (1)
Risperidone (3) Other(1)
None (2)

st. dev standard deviation
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Generation of mo-MΦs. Blood was collected in heparinized tubes after which PBMCs 
were isolated by performing a Ficoll-Paque™ PLUS gradient (GE Healthcare, UK) within 
4h after the blood draw. PBMCs were harvested and the monocyte population was 
enriched via positive selection with CD14-coupled magnetic micro beads according 
to the manufacturers protocol (Miltenyi Biotec GmbH, Germany). The CD14+ cells 
were suspended in culture medium (Gibco® RPMI 1640 substituted with 100 Units/
mL penicilin, 100 μg/mL streptomycin and 2 mM L-glutamin (BioWhittaker, Belgium)), 
collected in cryovials, slowly frozen in freezing medium (50% culture medium, 40% 
fetal bovine serum and 10% dimethylsulfoxide) and after one night at −80 °C, stored 
in liquid nitrogen until further use. To generate mo-MΦs, monocytes were thawed, 
immediately washed and resuspended in culture medium supplemented with 10% 
human serum (Sanquin, The Netherlands), and plated (1.25*105 cells/well) in 48-
well Corning® Costar® cell culture plates (Corning, NY) for seven days to generate 
mo-MΦs (Colli et al. 1999). The cells were then used for qPCR analysis or pro/anti-
inflammatory stimulation assays.

Pro/anti-inflammatory phenotype induction. Inflammatory responses were 
investigated as previously described (Melief et al. 2016). To investigate pro-
inflammatory immune responses, mo-MΦs were stimulated for 6h with 100 ng/
mL lipopolysaccharide (LPS) derived from Escherichia coli (0111:B4, Sigma-Aldrich, 
MO) or 1 μg/mL resiquimod (R848) (InvivoGen, CA), an agonist for TLR7/8 at day 
7. Anti-inflammatory responses were investigated by stimulating the cells after 
differentiation for 72h with 40 ng/mL interleukin-4 (IL4) (Miltenyi Biotec GmbH, 
Germany) or 1 μM dexamethasone (Sigma Aldrich, MO) at day 7. After stimulation, 
the cells were lysed and stored for qPCR analysis and the medium was harvested to 
measure the secretion of cytokines.

RNA isolation and qPCR analysis. RNA was isolated with the RNeasy mini kit (Qiagen, 
Germany). Cells were lysed using 350 μL RLT buffer and 1% β-mercaptoethanol at 
room temperature (Merck-Schuchardt, Germany) and stored at −80 °C until the 
RNA was isolated as prescribed in the protocol provided by the manufacturer. The 
purified RNA was diluted in 32 μL RNase-free water and RNA concentration and 
purity determined with the NanoDrop 2000 (Thermo scientific, MA). Afterwards the 
samples were stored at −80 °C until the cDNA synthesis was performed using the 
Quantitect reverse transcriptase kit (cat no: 205311, Qiagen, Germany) as described 
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in manufacturers protocol. The amount of cDNA used per qPCR reaction was based 
on an input of 3.5 ng total RNA in a final volume of 10 µL. Master mixes were 
prepared and per reaction it consisted of 5 µL SYBRgreen PCR Master Mix (Roche; 
Life Technologies Corporation, Grand Island, NY), and 1 µL primer mix (2 pmol/mL) 
was added. The qPCR reaction (95 °C for 10 minutes and then 40 cycles of 15 seconds 
95 °C and 1 minute 60 °C) was performed on the QuantStudio™ 6 Flex Real-Time 
PCR System (Life Technologies Corporation, NY). All intron-spanning primers were 
designed online in the primer design tools of NCBI or Primer Express (Table 3). Values 
were normalized (2Δct) to GAPDH as the reference gene.

Primer panels for mo-MΦ characterization. We analyzed the mRNA expression of 
a panel of 24 genes to analyze phenotypic differences between mo-MΦ from SCZ 
patients versus controls. We selected the genes by studying recent review papers 
(Lucin & Wyss-Coray, 2009; Kettenmann et al. 2011; Brown & Neher, 2014). This 
panel included genes that are involved in inflammatory responses (PTPRC, HLA-DRA, 
CD200R1, MRC1, CD209, CD163, FCGR3A, TLR2, TLR3, TLR4, CD14, TNF, IL1B, IL6, 
IFNB1, TGFB1, IL10, and CCL2) and synapse refinement (P2RX7, TREM2, CX3CR1, 
ITGAM, TYROBP, and SIRPA) (Table 2).

To asses and compare the pro-inflammatory response between mo-MΦ from 
SCZ patients versus controls, the gene expression of IL1B, IL6, TNF, and IL10 was 
determined, as these genes are expected to be up regulated after a pro-inflammatory 
stimulus (Saijo et al. 2011; Melief et al. 2016; Thuraisingam et al. 2007). To assess the 
anti-inflammatory response, the expected up-regulation (Melief et al. 2016) of genes 
CD200R1, MRC1, and CD163 was analyzed.

In addition, we compared the regulation of expression of genes involved in synapse 
refinement after pro-inflammatory or anti-inflammatory stimuli between SCZ patients 
and healthy controls. We selected genes (ITGAM, TREM2, and P2RX7) that have been 
described before to be responsive to or pro-inflammatory or anti-inflammatory 
stimulation (Zhang et al. 2006; Turnbull et al. 2006; Sharif & Knapp, 2008; Capsoni et 
al. 1995).  We first tried to replicate the earlier described effects on the whole group 
after which we looked for differences between SCZ patients and controls.
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Table 2. Forward and reverse primer sequences that were used for the quantitative polymerase 
chain reactions (qPCR) analyses

Gene 5’-Forward primer-3’ 5’-Reverse primer-3’

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA

PTPRC GCAGCTAGCAAGTGGTTTGTTC AAACAGCATGCGTCCTTTCTC

HLA-DRA CCCAGGGAAGACCACCTTT CACCCTGCAGTCGTAAACGT

CD200R1 GTGGCAGGTCACGGTAGACA GAGCAATGGCACAGTGACTGTT

MRC1 TGCAGAAGCAAACCAAACCTGTAA CAGGCCTTAAGCCAACGAAACT

CD209 GATTCCGACAGACTCGAGGA CCTGACTTATGGAGCTGGGG

CD163 TTTGTCAACTTGAGTCCCTTCAC TCCCGCTACACTTGTTTTCAC

FCGR3A GACAGCGGCTCCTACTTCT ATGGTTGACACTGCCAAACCT

TLR2 ATCCTCCAATCAGGCTTCTCT GGACAGGTCAAGGCTTTTTACA

TLR3 CAAACACAAGCATTCGGAATCTG AAGGAATCGTTACCAACCACATT

TLR4 AGTTGATCTACCAAGCCTTGAGT GCTGGTTGTCCCAAAATCACTTT

CD14 ACAGGGCGTTCTTGGCTCGC CGGGAAGGCGCGAACCTGTT

TNF TGGAGAAGGGTGACCGACTC TCACAGGGCAATGATCCCAA

IL1B TTTGAGTCTGCCCAGTTCCC TCAGTTATATCCTGGCCGCC

IL6 TGCAATAACCACCCCTGACC TGCGCAGAATGAGATGAGTTG

IFNB1 AAACTCATGAGCAGTCTGCA AGGAGATCTTCAGTTTCGGAGG

TGFB1 CAATTCCTGGCGATACCTCAG GCACAACTCCGGTGACATCAA

IL10 TCAAGGCGCATGTGAACTCC GATGTCAAACTCACTCATGGCT

CCL2 CAGCCAGATGCAATCAATGCC TGGAATCCTGAACCCACTTCT

P2RX7 TCTTCCGAGAAACAGGCGAT CCAACGGTCTAGGTTGCAGT

TREM2 TCAGGAAGGTCCTGGTGGA GGGTGGGAAGGGGATTTCTC

CX3CR1 CGCGCAATCATCTTGGAGAC CATCGCGTCCTTGACCCAT

ITGAM TGCTTCCTGTTTGGATCCAACCTA AGAAGGCAATGTCACTATCCTCTTGA

TYROBP CGGAAACAGCGTATCACTGAG TACGGCCTCTGTGTGTTGAG

SIRPA GGCCTCAACCGTTACAGAGAA GTTCCGTTCATTAGATCCAGTGT

Cytokine analysis. The concentrations of IL1β, IL6, TNFα and IL10 in the medium of 
the mo- MΦs that were stimulated with LPS and R848 were analyzed using the anti- 
human IL1β, IL6, TNFα and IL10 enzyme-linked immune-assay (ELISA) Ready-Set-Go® 
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kits as prescribed by the manufacturer (eBioscience, CA). The samples were analyzed 
with an optical density (OD) of 450 nm with the Varioskan™ Flash (Thermo Fisher 
Scientific, MA). The blank value was subtracted from all the sample values and the 
standard curve was determined by using the values of the standard samples.

Statistics. To determine the sample size a power calculation was performed on 
data of mRNA expression in mo-MΦs in a pilot study. G*Power software version 3.1 
(G*Power Version 3.1.9.2, GE) was used with an α of 0.05 and a power of 0.8. This 
resulted in the requirement of at least eight subjects per group. Other statistical 
analyses were performed with GraphPad Prism software version 5 (GraphPad 
Software, CA) and R version 3.0.2. (CRAN: https://www. r-project.org/). The datasets 
were tested for a potential confounding effect of gender. All analyses were also 
performed with a subgroup of patients that were using atypical antipsychotics to 
exclude that we mask disease-related differences by including patients that use 
different types of antipsychotics. Because the data were not normally distributed 
we used Mann–Whitney U tests to analyze the patient versus control differences 
(expression levels) and Friedman’s ANOVA tests with Dunn’s multiple comparison 
post hoc test to analyze the stimulation assays as indicated in the results section and 
figure legends. A significance level of p < 0.05 was used.

Data availability. Data available on request from the authors.
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RESULTS

Mo-MΦs phenotype. Monocytes were isolated from 15 patients and 15 controls and 
differentiated into mo-MΦs in vitro. The demographics of the subjects are depicted 
in Table 1. All cultures showed the characteristic morphology of mo-MΦs (data not 
shown) and expressed the expected markers for macrophages, including MRC1 and 
CD200R1 (Table 3). Table 3 shows the expression levels of 24 genes that are involved 

Figure 1. mRNA expression levels of inflammatory response genes and cytokines secreted after 
inducing a pro-inflammatory or anti- inflammatory phenotype in mo-MΦs of SCZ patients and 
controls. mRNA levels of inflammatory response genes after 6h stimulation with LPS or R848 
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were not different between patients (n = 15) and controls (n = 15). a) Five or one samples gave 
undetermined values for IL6 expression in the control and patient group, respectively. The basal 
cytokine levels (b) and fold change values after pro-inflammatory stimulation (c LPS and R848) 
of IL6, TNFα and IL10 in the medium were similar between SCZ patients and controls. The base 
level of IL6 was undetermined for one patient sample. At base level and after LPS stimulation 
two and three undetermined values were present for TNFα secretion in controls and patient’ 
samples, respectively. After R848 stimulation four and three samples gave undetermined values 
for controls and patients, respectively. Both in the patient and the healthy control group, three 
samples gave undetermined values for IL10 secretion. There was no difference measured between 
the patient (n = 14) and control group (n = 15) on mRNA levels of inflammatory response genes 
after 72h anti-inflammatory stimulation with IL4 or dexamethasone (d). After IL4 stimulation three 
samples gave undetected values in CD200R1 expression in the control group and five in the patient 
group. CD200R1 mRNA values of four control and seven patient samples were undetermined after 
dexamethasone stimulation. One patient sample was undetected for CD163 expression after IL4 
stimulation. mRNA expression was analyzed with qPCR and cytokine secretion with ELISA. The 
mRNA values a, d were first normalized (2Δct) with GAPDH as reference gene after which they were 
divided by the value of the sample without stimulation (dotted line) resulting in the fold change. 
The median is depicted with a black bar. Mann–Whitney U tests were used to compare the SCZ 
patients with the healthy controls. UND undetermined value

in inflammation and synapse refinement in mo-MΦs compared to controls. None 
of the genes were differently expressed in SCZ patients compared to controls when 
analyzed with Mann–Whitney U tests. No confounding effect of gender was detected.

Pro-inflammatory and anti-inflammatory responses. Lipopolysaccharide (LPS) 
and R848 induced increased expression levels of IL1B, IL6, TNF and IL10 mRNA 
(controls n = 15, SCZ patients n = 15) (Figure 1a) and secretion of IL6, TNFα and IL10 
proteins (Figure 1b, c), as expected (Saijo et al. 2011; Melief et al. 2016; Thuraisingam 
et al. 2007). IL1β protein secretion was below detection levels before and after 
stimulation (data not shown). From one patient there were not enough cells available 
to perform the 72h stimulation experiments (controls n = 15, SCZ patients n = 14). 
IL4 or dexamethasone induced the expected (Melief et al. 2016) anti-inflammatory 
response, as IL4 resulted in increased mRNA expression of CD200R1 and MRC1, 
whereas dexamethasone increased the expression of CD163 and MRC1 (Figure 
1d). The response to pro-inflammatory and anti-inflammatory stimulation was not 
different between patients and controls when analyzed with Mann–Whitney U tests 
(Figure 1a–d). No confounding effect of gender was detected.

Receptors involved in synapse refinement. The expression levels of ITGAM and 
TREM2 were significantly up regulated after IL4 stimulation (ITGAM: Dunn’s test −37 
p < 0.0001, TREM2: Dunn’s test −50 p < 0.0001), but not dexamethasone (ITGAM: 
Dunn’s test −5 with p > 0.999; TREM2: Dunn’s test −16 p > 0.999) and down regulated 
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Figure 2. mRNA expression levels of synapse refinement receptors ITGAM (a), TREM2 (b) and P2RX7 
(c) in mo-MΦs was compared between a non- stimulated state and after pro-inflammatory (n = 30) 
or anti-inflammatory (n = 29) phenotype induction. The pro-inflammatory phenotype was induced 
by 6h stimulation with LPS or R848 and the anti-inflammatory phenotype was induced by 72h 
stimulation with IL4 or dexamethasone. ITGAM (a) and TREM2 (b) mRNA levels were significantly 
decreased after LPS (p < 0.01) and R848 (p < 0.01), increased after IL4 (p < 0.01) and not altered 
after dexamethasone stimulation. P2RX7 (c) mRNA levels were not altered after dexamethasone 
stimulation, but significantly decreased after IL4 (p < 0.01) and increased after LPS (p < 0.01) and 
R848 stimulation (p < 0.01). We did not distinguish between the schizophrenia patients and healthy 
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controls in the statistical analyses. One patient sample gave an undetermined value for P2RX7 
expression after dexamethasone stimulation. mRNA expression was analyzed with qPCR. All values 
were normalized (2Δct) with GAPDH as the reference gene after which the value was multiplied by 
1000 to ease visualization. Friedman’s ANOVA tests were used to compare the pro-inflammatory or 
anti-inflammatory responses to the non-stimulated state. (*p < 0.05; **p < 0.01)

after LPS or R848 stimulation in the whole group (Figure 2a, b) (ITGAM: Dunn’s test 
for LPS: 29 with p < 0.001 and for R848: 22 with p < 0.01; TREM2: Dunn’s test for 
LPS: 27 with p < 0.01, and for R848: 39 with p < 0.0001). In contrast, P2RX7 was 
significantly up regulated after LPS or R848 stimulation (P2RX7: Dunn’s test for LPS: 
−52 with p < 0.0001, and for R848: −32 with p < 0.0001) (Figure 2c). P2RX7 was 
significantly down regulated after IL4, but not dexamethasone, stimulation in the 
whole group (P2RX7: Dunn’s test for IL4: 38 with p < 0.0001, for dexamethasone: −8 
with p = 0.57) (Figure 2c).

Figure 3. Pro-inflammatory or anti-inflammatory induced changes in mRNA expression levels of 
proteins important for synapse refinement compared between SCZ patients and controls. There 
was no difference in expression levels of the genes between patients (n = 15) and controls (n = 15) 
after the pro-inflammatory phenotype was induced by 6h stimulation with LPS or R848 (a), except 
for P2RX7 that was significant lower expressed after LPS stimulation in patients versus controls 
(U = 65, p = 0.049). The anti-inflammatory phenotype was induced by 72h stimulation with IL4 
or dexamethasone and was also not different between patients (n = 14) and controls (n = 15) 
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(b). One patient sample gave an undetermined value for P2RX7 expression after dexamethasone 
stimulation. mRNA expression was analyzed with qPCR. All values were first normalized (2Δct) with 
GAPDH as the reference gene after which they were divided by the value of the sample without 
stimulation (dotted line) resulting in the fold change. Mann–Whitney U tests were used to compare 
the SCZ patients with the healthy controls. UND undetermined value (*p < 0.05)

When comparing the expression of genes involved in synapse refinement after pro-
inflammatory and anti-inflammatory stimulation between SCZ patients and controls, 
only P2RX7 was significantly altered in mo-MΦs after stimulation with LPS (Figure 
3a, b) (U = 65, p = 0.049), but not after R848 stimulation (U = 97, p = 0.539) or the 
anti-inflammatory stimulations (IL4: U = 103, p = 0.949; dexamethasone: U = 72, p 
= 0.254).
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Table 3. The median, interquartile range (25–75%), Mann–Whitney U-value and p-value of the 
mRNA expression values of 24 genes important for monocyte-derived macrophage functioning 
(Murphy, 2011) determined by qPCR analyses compared between patients (n = 15) and controls 
(n = 15) (part 1/2)

Gene (protein) Function Control 
median 
(25–75%)

Patient 
median 
(25–75%)

Mann- 
Whitney
U-value

p-value

In
fla

m
m

at
or

y 
re

sp
on

se
 p

ro
te

in
s

PTPRC (CD45) Activation marker 23 (18–29) 22 (16–30) 106.5 0.81

HLA-DRA (HLA- 
DRA)

Activation marker 438 
(289–684)

480 
(353–676)

99 0.59

CD200R1
(CD200R)

Inhibits activation1,2 1 (0.05–
389)

1 (0.2––
359)

101.5 0.66

MRC1 (CD206) Mannose receptor 125 
(76–149)

132 (102––
189)

94 0.46

CD209 (DC–
SIGN)

C–type lectin 1.2 
(0.3–1.8)

0.8 
(0.6–1.2)

101 0.64

CD163 
(CD163)

Scavenger receptor 70 (36–149) 71 (44–134) 110.5 0.94

FCGR3A 
(CD16)

Immunoglobulin receptor 86 (44–99) 58 (45–85) 90 0.36

TLR2 (CD282) Binds gram-positive bacteria 10 (8–13) 10 (6–15) 103.5 0.72

TLR3 (CD283) Binds dsRNA 0.8 
(0.5–12.6)

1 (0.3–15) 105.5 0.78

TLR4 (CD284) Binds LPS on gram-negative 
bacteria

27 
(0.5–32.1)

21 (0.6–41) 101.5 0.66

CD14 (CD14) Co-receptor of TLR4 200 
(90–1050)

188 
(96–1203)

112 >0.99

TNF (TNFα) Pro-inflammatory cytokine 6 (4–8) 4 (3–4) 68.5 0.07

IL1B (IL1β) Pro-inflammatory cytokine 4 (2–6) 2 (2–3) 78 0.16

IL6 (IL6) Pro-inflammatory cytokine 0.14 
(0.02–0.24)

0.06 
(0.01–0.45)

107 0.82

IFNB1 (IFNβ) Activates innate immune 
cells, important for viral 
infection resistance

0.01 
(0.00–0.05)

0.01 
(0.00–0.08)

91.5 0.32

TGFB1 (TGFβ) Anti-inflammatory cytokine 238 
(207–256)

257 
(201–290)

89 0.34

IL10 (IL10) Anti-inflammatory cytokine 4 (2–7) 3 (2–5) 100.5 0.63

CCL2 (CCL2) Chemokine that attracts 
immune cells

196 
(106–307)

172 
(90–262)

100 0.62
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Table 3. The median, interquartile range (25–75%), Mann–Whitney U-value and p-value of the 
mRNA expression values of 24 genes important for monocyte-derived macrophage functioning 
(Murphy, 2011) determined by qPCR analyses compared between patients (n = 15) and controls 
(n = 15) (part 2/2)

Gene Function Control
median
(25-75%)

Patient
median
(25-75%)

Mann- 
Whitney
U-value

p-value

Sy
na

ps
e 

re
fin

em
en

t p
ro

te
in

s

P2RX7 (P2X7) Adrenergic receptor, 
specifically receptive for 
ATP, a danger signal that can 
be secreted from neurons 
and affects microglia 
functioning3

23 (13–29) 21 (17–27) 112 0.99

TREM2 
(TREM2)

Regulator of pro-
inflammatory genes, induces 
phagocytosis via DAP121

209 
(138–346)

184 
(167–323)

104 0.74

CX3CR1 
(CX3CR1)

Fractalkine receptor, 
involved in synaptic 
refinement4

0.01 
(0.00–0.04)

0.02 
(0.00–0.14)

76.5 0.08

ITGAM 
(CD11b)

Subunit of complement 
receptor 3, which is 
important for synaptic 
refinement5

58 (37–80) 54 (30–68) 102 0.68

TYROBP 
(DAP12)

Important for synaptic 
refinement and ROS 
production for pathogen 
destruction, signaling 
partner of CR3 & TREM21

1469 
(1228–
1939)

1765 
(1462–
2501)

82 0.22

SIRPA 
(CD172α)

CD47 receptor that inhibits 
synaptic refinement6

400 
(285–486)

334 
(209–497)

94 0.46

TLR toll like receptor; 1Lyons et al. (2007); 2Hernangomez et al. (2014) 3Rodriquezet al. (2015); 4Paolicelli et al. 
(2014); 5Schafer et al. 2012; 6Oldenborg et al. (2001)
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DISCUSSION

Impaired functioning of myeloid immune cells has been hypothesized to be involved 
in SCZ pathogenesis. In this study we therefore investigated the phenotype and 
function of mo-MΦs in SCZ. We did not detect significant alterations in expression of 
a panel of genes involved in inflammatory responses and synapse refinement. Except 
for an altered expression level of purinergic receptor P2X7 after pro-inflammatory 
stimulation with LPS, no irregularities were detected in the functional response to 
pro-inflammatory and anti-inflammatory phenotype induction between patients and 
controls.

The P2X7 receptor is important for purinergic intercellular signaling inside and 
outside the CNS. Although several genes in close proximity to P2RX7 in chromosomal 
region 12q24.21-33 are associated with SCZ and it is linked to other psychiatric 
diseases (Hansen et al. 2008; Krügel et al. 2016), our study shows an effect of P2RX7 
in SCZ. Interestingly, this effect only became visible upon a functional challenge 
with LPS. It suggests that the response of myeloid cells to inflammatory stimuli 
might be affected in SCZ patients, but further research is needed especially since 
inflammatory stimulation with R848 did not show this effect. For some of the genes 
(TREM2, CX3CR1, HLA-DRA, IL1B, IL6, and TNF) that were in our panel, altered 
expression levels have been described in leukocytes and post mortem brain tissue of 
SCZ patients (Trépanier et al. 2016; Fillman et al. 2013; Mori et al. 2015; Yoshino et 
al. 2016). Importantly, these other studies analyzed different cell types or full brain 
tissue, while we used mo-MΦs. This may well explain the seeming inconsistency 
in results. Mo-MΦs more closely resemble the phenotype of myeloid cell subsets 
(macrophages and microglia) in the brain than monocytes or other leukocyte subsets 
(Goldmann et al. 2016). Another advantage of using mo-MΦs is that a homogeneous 
cell population is obtained. For peripheral blood mononuclear cells (PBMCs), or 
total brain tissue differences, the cell-type composition always need to be taken 
into consideration. In addition, the seven-day differentiation protocol needed for 
the generation of mo-MΦs presumably also diminishes the effect of disease-related 
confounders, such as medication (Sugino et al. 2009), psychosocial stress (Miller et 
al. 2016) and sleep disturbances (Irwin, 2006; Ferrie et al. 2013). On the other hand, 
in vitro culturing cells might also diminish a disease-related phenotype.
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In this study we investigated the phenotype and function of mo-MΦs in SCZ. The cell 
model that we applied here has been used in many immunological studies and has 
retrieved important information on the role of tissue-resident macrophages in health 
and disease (Soldano et al. 2016). It is important to also realize the limitations of this 
cell model. First of all, similar to iPSC-derived cells, an in vitro cell model like this 
will never fully match the primary cells in the brain as the environmental stimuli the 
cell received will not be completely similar; second, the main population of resident 
myeloid cells in the non-inflamed brain consists of microglia, whereas our model 
represents the blood-borne macrophages. Although we expect that inflammatory 
responses and the interaction with neurons are similar between microglia and 
macrophages, they show important differences in phenotype (Melief et al. 2016; 
Butovsky et al. 2014). Therefore, it is yet unclear how the results from the present 
study can be translated and follow-up studies are needed to replicate these findings 
in microglia from patients with SCZ.

Another point for discussion is the sample size. This was based on the power 
calculation and other studies assessing functional abnormalities in SCZ and other 
diseases (Zeng et al. 2011; Brennand et al. 2014). Although we hypothesized that 
dysfunctional myeloid cells in SCZ could be a collective hallmark in SCZ, the disease 
is often viewed as a disease with a heterogeneous pathology (Fillman et al. 2014). In 
addition, the use of antipsychotics might have influenced the characteristics of the 
examined macrophages. To further examine this, we performed additional analyses 
only including patients that were using atypical antipsychotics (n = 9). This subgroup 
also did not reveal any alteration in the functioning of mo-MΦs in SCZ (data not 
shown). As there is still variation between the antipsychotics from this group, future 
similar studies should strive to include patients that are medication-free or using the 
same type of antipsychotic medication.

In summary, in this study we report a functional screening of myeloid cells of SCZ 
patients. We decided to tackle the attribution of myeloid immune cells in SCZ by 
focusing on inflammatory responses and the regulation of synapse refinement 
molecules, and we did not find indications for functional impairments in mo- MΦs of 
SCZ patients. It is possible that other cellular mechanisms in myeloid cells are involved 
in SCZ pathogenesis, for which in future studies an explorative non-hypothesis-driven 
RNAseq approach could be helpful. A bystander effect could be an explanation for 
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the alterations found in myeloid cells in SCZ in previous studies. Moreover, it cannot 
be excluded that involvement of myeloid cells in SCZ is confined to microglia, or 
that our sample size was not large enough to detect subtle differences or alterations 
in subgroups of macrophages. Further studies are therefore needed to extend this 
initial functional screen.
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ABSTRACT

The immune system has repeatedly been associated with schizophrenia. How 
the immune system is affected remains unclear. In this study we explored the 
transcriptome and single-cell protein expression landscape of myeloid cells in 
recent-onset schizophrenia patients versus non-psychiatric controls. We analyzed 
monocytes enriched from blood-derived peripheral mononuclear cells and also 
differentiated these cells into a microglia-like phenotype (MoGli) using a novel 
ten-day differentiation protocol. Furthermore, we assessed changes in myeloid 
cell functioning by inducing immune activation with lipopolysaccharide. Whole 
transcriptome analyses detected several differentially expressed genes and splice 
isoforms in schizophrenia. Many were related to immune-function and specifically 
the NF-κB pathway, such as NFKBIZ, TNFAIP3, and TIFAB. Mass cytometry of MoGli 
with a panel of myeloid markers resulted in detection of distinct cell clusters. Two 
smaller clusters, characterized by higher levels of ApoE, CD11b, IRF8, HLA-DR and 
CD68 showed a striking higher abundance in schizophrenia. In sum, this explorative 
study revealed alterations in several inflammatory pathways in monocytes and MoGli, 
and more specifically alterations in the NF-κB pathway, in patients with recent-onset 
schizophrenia.
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INTRODUCTION

Genetic and epidemiological studies have uncovered associations between 
schizophrenia and the incidence of infections, immune-related disorders, and 
immune-related genetic associations (Ripke et al. 2014; Sekar et al. 2016; Gandal 
et al. 2018; Benros et al. 2014; Allswede & Cannon, 2018). It remains unclear how 
the immune system is changed at the cellular level. Microglia are the main immune 
population in the brain parenchyma and therefore a cell-population of interest. 
Microglia are myeloid immune cells and part of the innate immune system. These cells 
have a role in immune function but also in neurodevelopmental processes such as 
synaptogenesis, synaptic pruning, phagocytosis of dead neurons, and neurogenesis 
(Miyamoto et al. 2016; Tremblay et al. 2010; Cunningham et al. 2013). Since these 
processes are thought to be disturbed in schizophrenia, it is hypothesized that a 
dysfunction of microglia contributes to schizophrenia pathogenesis (Sellgren et al. 
2019; Sekar et al. 2016). 

Studies in post mortem material from patients with schizophrenia and positron 
emission tomography (PET) studies with ligands for the TSPO protein have suggested 
the presence of inflammatory changes in schizophrenia brain tissue. However, studies 
were often limited to analyses of mRNA or protein expression of one or two markers 
(Kesteren et al. 2017; Marques et al. 2018). Despite contrasting findings, overall 
an increase in myeloid cells and immune-activation was described (Kesteren et al. 
2017). Changes in the immune-phenotype have also been investigated in blood and 
CSF of schizophrenia patients detecting higher levels of pro-inflammatory cytokines 
including IL6 and IL1β (Wang & Miller, 2018; Coughlin et al. 2016; Goldsmith et al. 
2016). A few studies have analyzed monocytes isolated from blood of patients with 
schizophrenia with variable results. Most of those studies showed altered levels of 
immune-activation genes (Drexhage et al. 2010; Weigelt et al. 2011; Muller et al. 
2012). In a recent whole brain lysate transcriptome study on post mortem brain 
tissue, they delineated aberrant changes in genes to altered pathways and networks, 
related to microglia (Gandal et al. 2018). How the altered immune status and 
pathways affect immune cells functionally is not clear. 

In sum, there are clear indications for changes in the (myeloid) immune system in 
schizophrenia. It has therefore been suggested that the immune system may be 
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target for novel treatment strategies, although a detrimental effect of the altered 
immune status is not confirmed. The aim of the present study was therefore to 
further understand whether and how myeloid cell types are changed in schizophrenia. 
We isolated monocytes from a cohort of twenty recent-onset psychotic disorder 
patients and compared these to twenty non-psychiatric controls matched on BMI, 
age, and sex. In addition, we differentiated these monocytes towards a microglia-
like phenotype. Using this approach, it has recently been shown that elimination of 
synapses by microglia may be increased in schizophrenia (Sellgren et al. 2016; Sellgren 
et al. 2019). In this study we used an unbiased approach to analyze transcriptomic 
changes in monocytes and monocyte-derived microglia (MoGli). We analyzed the 
cells in homeostatic and immune-activated state in order to assess differences that 
might only be detectable in an immune-activated state. In addition, we used mass 
cytometry to analyze differences in protein profiles between subpopulations of 
monocytes and MoGli. By thoroughly analyzing ex vivo monocytes, in vitro monocyte-
derived microglia, and in vitro stimulated MoGli on gene and protein level this study 
harbors the potential to generate new leads for schizophrena research, to increase 
our understanding of the pathogenesis of schizophrenia.
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METHODS

Sample collection. Patients with a recent-onset psychotic disorder and non-
psychiatric controls were recruited into the tissue bank of the University Medical 
Center (UMC) Utrecht. Blood samples were collected between 2014-2018 as part 
of the CONTROLS study and as part of a randomized controlled trial consisting of 
placebo-simvastatin administration to study the treatment effect of simvastatin in 
schizophrenia. Inclusion criteria of the simvastatin study included: recent-onset of 
psychotic symptoms (< 3 years), diagnosis with schizophrenia-spectrum disorder 
(DSM-IV 295.xx), age between 18-50 years. Exclusion criteria included: chronic use 
of glucocorticosteroids, statins, other lipid-lowering drugs, or non-steroidal anti-
inflammatory drugs (NSAIDS), pregnancy or breast-feeding, active liver, kidney, or 
muscle disease. Inclusion criteria for the CONTROLS study was an age between 
18-70 years, exclusion criteria were a psychiatric illness as determined with the 
Comprehensive Assessment of Symptoms and History (CASH) (Andreasen et al. 
1992), a family history of psychiatric illness, chronic use of glucocorticosteroids, 
statins, other lipid-lowering drugs, or NSAIDs, pregnancy or breastfeeding, presence 
of diabetes mellitus or severe heart failure and liver enzyme inducing medication. 
All subjects provided written informed consent for participation. The blood samples 
were collected in sodium-heparin tubes from which peripheral blood mononuclear 
cells (PBMCs) were enriched by the tissue bank within 24h after blood withdrawal. 
A ficoll-Paque centrifugation protocol was used to enrich the PBMCs which were 
subsequently frozen in 10% DMSO and stored in liquid nitrogen

The number of PBMC-donors needed from the tissue bank for the current study was 
based on cohort sizes of studies with similar study designs that detected differentially 
expressed genes (Fillman et al. 2013; Alasoo et al. 2015). PBMCs from 20 simvastatin 
subjects were matched with 20 subjects from the CONTROLS study based on age, 
BMI, and sex. Demographics are shown in Table 1 split over the cell types used for 
the experiments (Table 1, see extended demographics in Supplementary Table 1). 
There was some disparity between the selected simvastatin and CONTROLS subjects 
on smoking and coffee usage (simvastatin: 14 smokers, 16 coffee users; controls: 3 
smokers, 10 coffee users). Fresh post mortem brain tissue needed for the microglia 
samples was provided by the Netherlands Brain Bank (www.hersenbank.nl). All 
donors provided written consent during life. The tissue bank protocols and our study 
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design were approved by the human ethics committee of the UMC Utrecht.

Table 1. Summary of PBMC donor demographics

Cell type
used

status (n) female
age
mn, sd

BMI
mn, sd

RIN
mn, sd

Usage of 
antipsychotics

Monocytes patient (20) 4/20 23+/-4 25+/-4 8.7+/-1.4 18/20

control (19) 3/19 25+/-6 25+/-5 9.0+/-0.2 -

MoGli patient (19) 4/19 23+/-4 25+/-4 8.9+/-0.2 17/19

control (18) 3/18 25+/-6 25+/-5 9.0+/-0.2 -

MoGli LPS patient (8) 0/8 21+/-4 24+/-3 9.1+/-0.2 7/8

control (8) 3/8 25+/-5 24+/-6 9.3+/-0.2 -
mn mean, sd standard deviation, BMI body mass index, RIN RNA integrity number

Monocyte isolation and monocyte-derived microglia-like cell (MoGli) 
differentiation. Monocyte isolation was performed as described before by us 
(Ormel et al. 2017). Monocytes were positively selected from PBMCs by CD14+ 
magnetic associated cell sorting (MACs) according to manufacturer’s protocol 
(Miltenyi, Germany, 130-050-201). The cells were subsequently collected in fixation/
stabilization buffer (SmartTube, USA, PROT1), or Trizol reagent (Life Technologies, 
15596018) for subsequent protein or RNA purification, respectively. 

Alternatively, a vial with 10 million PBMCs was thawed and washed in monocyte 
culture medium without serum (RPMI 1640 (Life technologies, 21875034), 2 mM 
L- glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin (BioWhittaker, 
Belgium)). The cells were seeded at a density of 1*106 cells/well in poly-L lysine 
hydrobromide (PLL)-coated 48-well flat-bottom plates at 37 °C in 5% CO2 for 2h. 
Non-adhering cells (including lymphocytes) were removed by washing the wells 
with PBS (pH 7.4 Gibco Life technologies, MA). Monocyte culture medium + 25% 
astrocyte-conditioned medium (ACM) (SCC1811, ScienCell, USA) was added to the 
wells and cells were cultured at 37 °C in 5% CO2. On the fourth and eighth day of 
culture, cells were washed again and medium was replaced with monocyte-derived 
microglia (MoGli) medium (RPMI 1640, 2 mM L- glutamine, 100 U/mL penicillin, 100 
μg/mL streptomycin, 25% ACM, 10 ng/ml M-CSF, 10 ng/ml GM-CSF, 20 ng/ml TGFβ, 
12.5 ng/ml IFNγ, and 100 ng/ml IL34 (all cytokines from Miltenyi Biotech, Germany)). 
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After ten days of differentiation we stimulated one well per donor with 100 ng/mL 
lipopolysaccharide (LPS) derived from Escherichia coli (SigmaAldrich, USA, 0111:B4). 
After 6h, stimulated and non-stimulated samples were collected for gene expression 
in Trizol reagent. 

Phagocytosis assay with iC3b- and non-coated beads. FluoSphere® Carboxylate-
Modified Microspheres (2 μm, yellow-green fluorescent (505/515), 2% solids, 
ThermoFisher, F8827) were covalently coupled to human iC3b protein (Merck 
Millipore, 204863) according to manufacturer’s protocol and as described before by 
us (Ormel et al. 2018). 

MoGli were cultured with three iC3b- or non-coated beads per cell at 37 °C for 1h. 
For the stimulation experiments, MoGli were incubated with LPS for 30 minutes or 
24h prior to addition of the beads. Cells were washed three times with cold PBS 
(without Ca2+ and Mg2+) to remove excess beads. Cells were detached by Trypsin 
1X (10X, 15090, Thermofisher Scientific, USA) and EDTA (1:1000) (0.5 M, pH 8.0) 
for 6 minutes at 37 °C and collected with a cell scraper. > 1,000 cells were analyzed 
per sample with flow cytometry. Cells were selected by using forward and sideward 
scatterplots (FSC and SSC) that makes it possible to discriminate livings cells from 
dead cells on their cell size and internal complexity, respectively (Supplementary 
Figure 1h). Cells that phagocytized were gated and quantified by the FSC and the FL1 
channel. 

Immunocytochemistry and microscopy. Monocytes were plated on PLL-coated 
coverslips in a 24-well flat-bottom plate. On day ten of differentiation, MoGli were 
washed, fixed with 4% PFA, and immunostained for IBA1 (rabbit, Wako, 019-19741), 
and/or CD68 (mouse, Invitrogen, MA5-13324). After incubation with the secondary 
antibodies (donkey anti-rabbit, Alexa555 (Abcam, 150074); donkey anti-mouse 
(Delight488, ThermoFisher, A21202)) and nuclear staining (hoechst, ThermoFisher, 
H3569), immunostainings were imaged with Zeiss Axio- Scope A1. The phagocytosis 
assay was performed on a Fluoview FV1000 confocal microscope (Olympus, Japan). 

Human microglia isolation. Human microglia (MG) were enriched from superior 
temporal gyrus (STG, n = 13) and medial frontal gyrus (MFG, n = 19) 2 to 24h after 
autopsy. It was a mixed cohort of non-psychiatric controls (n = 17) and patients with 
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major depression disorder (n = 15). The cohort consisted of 13 males and 19 females 
with an average age of 68.5 (+/- 20.4) years. Microglia isolation was performed as 
described before (Böttcher et al. 2019). In short, by using mechanical dissociation 
together with enzymatic digestion (200 μg/mL DNAse 1 (Roche Diagnostics, 
11284932001) and 3700 U/mL collagenase type 1 (Worthington, USA, LS004196)) 
a single-cell suspension was obtained. Myelin and red blood cells were removed by 
applying a Percoll (Amersham, Merck, Germany, 17-0891-01) gradient. Microglia 
were enriched by positive selection for CD11b expression by performing CD11b+ 
(Miltenyi, USA, 130-049-601) MACs. The isolated cells were collected in Trizol reagent 
for subsequent RNA isolation.

RNA isolation, library preparation, and sequencing. RNA trizol samples were 
processed with the miRNeasy mini kit (Qiagen, The Netherlands, 217004) using 
manufacturer’s protocol including the DNAse (Qiagen, The Netherlands, 79254) 
step. The mRNA concentration was determined using a VarioSkan Flash microplate 
reader (Thermo Scientific, MA). RNA integrity number (RIN) was assessed using the 
RNA 6000 Pico kit (Agilent Technology, USA, 5067-1513) on Agilent 2100 bioanalyzer 
according to manufacturer’s protocol.

cDNA synthesis and library preparation were performed with the SMART-Seq® v4 
Ultra® Low Input RNA Kit (Takara Bio, USA, Inc., R634891, R634898, R638509) and 
the SMARTer® ThruPLEX® DNA-seq Kit (Takara Bio, USA, Inc., R400407) / Low Input 
Library Prep Kit v2 (Takara Bio, USA, Inc., 634899), respectively. Both according to 
manufacturer’s protocol. In short, 5 ng RNA per sample was reverse transcribed, 
amplified, and purified. cDNA was sheared with the Covaris AFA system to ensure 
optimal indexing of the strands. cDNA was then purified with the Agencourt AMPure 
XP Kit (Beckman Coulter, USA). Quantity and quality of the libraries were analyzed 
using the bioanalyzer. Three MoGli and one monocyte sample were excluded because 
the fragments were too large. The samples that passed quality control (QC) were 
further processed and indexed by using the Low Input Library Prep Kit v2 (Takara 
Bio, USA, Inc., 634899) for the MoGli and the updated version SMARTer® ThruPLEX® 
DNA-seq Kit (Takara Bio, USA, Inc., R400407) for the monocytes. Stem-loop adapters 
were attached to the 5’ and 3’ prime end via blunt-end ligation of the fragmented 
cDNA strands after which primers were added with a sample specific barcode. 
These were attached to the adapter regions and the indexed-cDNA strengths were 
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amplified followed by size selection of the fragmented cDNA (~500 bp per strand) 
performed with SPRI reagent (Beckman Coulter, USA). cDNA was purified followed by 
another QC for quantification purposes. Samples were divided over several batches 
based on the sample molarity and pooled for sequencing on an illumina platform 
(illumina, USA).

RNAseq analysis. RNAseq reads were aligned along the GRCh38/hg38 reference 
genome via STAR aligner (Dobin et al. 2013) version 2.5 and genes were quantified 
using featureCounts (Liao et al. 2013). Alternatively, isoform expression levels 
were estimated using the RSEM software package (Li & Dewey, 2011). RNAseQC 
(DeLuca et al. 2012) was used to calculate QC metrics using Rstudio with R (version 
3.5.3) and included: exonic rate, intergenic rate, mapped reads, rRNA rate, genes 
detected, and mean per base coverage. Principal component analyses (PCA) and the 
variancePartition package (version 1.12.3) were used to detect potential outliers and 
to investigate potential confounders, respectively. All samples past these QC steps 
and were included in subsequent analyses. Raw gene counts and transcript counts 
were normalized and differential expression was calculated with DESeq2 software 
(version 1.22.2) with an FDR < 0.05. Genes expressed in less than 30% of the samples 
were excluded from analyses by using the cpm function of the edgeR package 
(version 3.24.3). RSEM transcript counts were imported in DESeq2 software by using 
the tximport package (version 1.10.1). The variance partitioner revealed that gene 
expression was affected by batch, sex, and RIN values. We therefore corrected for 
these covariates whenever applicable in the analyses (Supplementary Figure 1e). 

Heatmaps were generated with the pheatmap package (version 1.0.12), visualizing 
DE with FDR < 0.05 and expression of a microglia gene panel. Part of the microglia 
panel consisted of genes that were selected based on enrichment in microglia 
compared to other brain cells from datasets published elsewhere (Darmanis et al. 
2015; Zhang et al. 2016). The other part of the panel consisted of typical microglia 
genes often used to characterize microglia (Ormel et al. 2017). When comparing 
samples from the same individuals we used paired analyses based on subject ID.

Gene ontology pathway analyses were performed with the GSEA online available tool 
of the BROAD institute (http://software.broadinstitute.org/gsea/index.jsp). Overlaps 
were computed using BioCarta gene sets, KEGG gene sets, and GO biological process. 
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Plots were generated using enhanced volcano (version 1.1.3), ggplot2 (version 
3.1.1.), and RColorBrewer (version 1.1.2). 

Barcoding. Monocytes and MoGli harvested for mass cytometry (CyTOF) were 
collected in a 1.5 mL low binding Eppendorf (Sigma-Aldrich, The Netherlands, 
Z666505). They were fixed as a cell pellet in fixation/stabilization buffer (SmartTube, 
USA, PROT1) and stored at -80 °C until further use, as described before (Böttcher 
et al. 2019). Individual monocyte samples were thawed and stained with 89Y-CD45 
(Fluidigm, USA, 3089003B) at 4 °C for 30 minutes. Cells were washed and monocytes 
and MoGli from the same individual were pooled. Individual monocyte-MoGli 
pooled samples were stained with premade combinations of six different palladium 
isotopes: 102Pd, 104Pd, 105Pd, 106Pd, 108Pd,  & 110Pd (Cell-ID 20-plex Pd Barcoding Kit, 
Fluidigm, USA, 201060). This multiplexing kit applies a 6-choose-3 barcoding scheme 
that results in 20 different combinations of three Pd isotopes. After 30 minutes 
staining (at room temperature/RT), individual samples were washed twice with cell 
staining buffer (0.5% bovine serum albumin in PBS, containing 2 mM EDTA). Total of 
40 samples (i.e. 20 monocyte and 20 MoGli samples), were pooled together, washed 
and further stained with antibodies in two separate batches. 

CyTOF cell-surface and intracellular staining. Anti-human antibodies were 
purchased either preconjugated to metal isotopes (Fluidigm, USA) or from commercial 
suppliers in purified form and conjugated in house using the MaxPar X8 kit (Fluidigm, 
USA, 201300) according to the manufacturer’s protocol. The pooled samples were 
stained and processed as described previously (Böttcher et al. 2019). Briefly, cells were 
re-suspended in 100 µL of antibody cocktail against surface markers (Supplementary 
Table 2) and incubated at 4 °C for 30 minutes. Then, cells were washed twice with 
cell staining buffer (0.5% bovine serum albumin in PBS, containing 2 mM EDTA). 
For intracellular staining, the stained cells were subsequently incubated in fixation/
permeabilization buffer (Fix/Perm Buffer, eBioscience, USA, 88-8824-00) at 4 °C for 
60 minutes. Cells were then washed twice with permeabilization buffer (eBioscience, 
USA, 00-8333-56). The samples were subsequently stained with antibody cocktails 
against intracellular molecules (Supplementary Table 2) in permeabilization buffer 
at 4 °C for 1h. Cells were washed twice with permeabilization buffer and incubated 
in 4% methanol-free formaldehyde solution (Invitrogen, USA, R37814) overnight. 
Fixed cells were then washed and re-suspended in 1 mL iridium intercalator solution 
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(Fluidigm, USA, 201192B) at RT for 1h. Next, the samples were washed twice with 
cell staining buffer and then twice with ddH2O (Fluidigm, USA, 201069). Cells were 
pelleted and kept at 4 °C until CyTOF measurement. For compensating the CyTOF 
signal spillover, AbC total antibody compensation beads (Invitrogen, USA, A10513) 
were single stained with each of the antibodies used in the panel (Supplementary 
Table 2) according to manufacturer’s instructions.

CyTOF Measurement. Cells were analyzed using a CyTOF2 upgraded to Helios 
specifications, with software version 6.7.1014 (Böttcher et al. 2019). The instrument 
was tuned according to the manufacturer’s instructions with tuning solution (Fluidigm, 
USA, 201072). Measurement of EQ four element calibration beads (Fluidigm, USA, 
201078) containing 140/142Ce, 151/153Eu, 165Ho, and 175/176Lu served as a 
quality control for sensitivity and recovery. Prior to analysis cells were re-suspended 
in filtered ddH2O (20 µm Celltrix, Sysmex), counted, and adjusted to 3–5*105 cells/
mL. EQ four element calibration beads were added at a final concentration of 1:10 
v/v of the sample volume to be able to normalize the data to compensate for signal 
drift and day-to-day changes in instrument sensitivity. Samples were acquired with 
a flow rate of 300-400 events/second. Lower convolution threshold was set to 400, 
with noise reduction mode turned on and cell definition parameters set at event 
duration of 10-150 pushes (push = 13 µs). The resulting flow cytometry standard 
(FCS) files were normalized and randomized using the CyTOF software’s internal 
FCS-Processing module on the non-randomized (‘original’) data. Settings were used 
according to the default settings in the software with time interval normalization 
(100 seconds/minimum of 50 beads) and passport version 2. Intervals with less than 
50 beads per 100 seconds were excluded from the resulting FCS-file. 

CyTOF data processing and analysis. Similar as in our previous study (Böttcher et 
al. 2019), we used Cytobank (www.cytobank.org) for initial manual gating on live 
single cells and boolean gating for de-barcoding. Nucleated single intact cells were 
manually gated according to DNA intercalators 191Ir/193Ir signals and event length. 
For de-barcoding, Boolean gating was used to deconvolute individual sample 
according to the barcode combination. All de-barcoded samples were then exported 
as individual FCS files for further analysis. Each FCS file was then compensated for 
signal spillover using R package CATALYST (Chevrier et al. 2018) and transformed with 
arcsinh transformation (scale factor 5) prior to data analysis. Immune phenotypes of 
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monocytes and MoGli were visualized using reduced-dimensional (2D) t-SNE maps 
generated according to the expression level of all markers used in the antibody 
panel. For embedding, we set hyperparameters to perplexity of 30, theta of 0.5, 
and iterations of 1,000 per 100,000 analysed cells). FCS files containing the t-SNE 
coordination as additional two parameters were exported from Cytobank for 
downstream exploratory and statistical analyses using R, as previously described 
(Böttcher et al. 2019; Nowicka et al. 2017). For population identification, FlowSOM/
Consensus ClusterPlus (Chevrier et al. 2018; Nowicka et al. 2017; Van Gassen et al. 
2015) clustering was used with 100 initial SOM-grid points and maxim of 25 meta-
clusters. Based on visual inspection of t-SNE plots and heat maps, a final number 
of meta-clusters was chosen that divided clusters into populations with consistent 
phenotypes. We followed the concept of over-clustering, in order to study more 
specific populations at higher detail (Nowicka et al. 2017). The number of defined 
clusters may not solely represent biologically functional subsets in monocytes or 
MoGli, but it should rather be interpreted as an exploratory tool for discovery of the 
differential abundance of small cell populations between the two studied groups (i.e. 
control vs SCZ).

Statistics. No randomization and blinding strategies were applied in this study during 
the experiments and analyses. Differential gene and transcript statistical analyses 
were performed in R (version 3.5.3) (CRAN:https://www.r-project.org) using a p 
value adjustment (padj) to account for multiple testing (similar to false discovery 
rate/FDR) with the Benjamini-Hochberg procedure. Wilcoxon matched-pairs signed 
rank (paired data) tests were performed on flow cytometry data Graphpad Prism 
software (version 6, Graphpad Sofware, CA). For the CyTOF analyses, data processing 
and analysis, as well as statistical testing were carried out in an unsupervised 
manner, to exclude the possibility of biased readouts. Quantitative data are shown 
as independent data points with mean or Box-Whisker-Plot. Analyses of statistical 
significance were performed by computational analysis using generalized linear 
mixed-effects model (GLMM) available through R package diffcyt and false discovery 
rate (FDR) adjustment (at 0.1 using Benjamini-Hochberg procedure) for multiple 
hypothesis testing. A p value < 0.05 (unadjusted) at 0.1 FDR was considered 
statistically significant. 
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RESULTS

An artificial CNS environment induces microglia characteristics in human 
monocytes. Monocytes were cultured for ten days with a cocktail of CNS factors 
that are important for inducing a microglia phenotype in vivo. This includes 
astrocyte-conditioned medium, IL34, GM-CSF, M-CSF, TGFβ, and INFγ. During 
differentiation cell shape complexity increased, presenting similarities with human 
microglia morphology (Figure 1a). Furthermore, these monocyte-derived microglia-
like cells (MoGli) expressed microglia markers CD68 and IBA1 as visualized with 
immunostainings (Figure 1b). 

MoGli (n = 37) transcriptome was compared with the transcriptome of monocytes (n 
= 39), and microglia acutely isolated from human brains (MG, n = 34). We included 
transcriptome data from a study where they compared acutely isolated human 
monocytes (g-Mono, n = 11), microglia (ex vivo g-MG, n = 24), and microglia that 
were cultured for 7-10 days (in vitro g-MG, n = 17) (Gosselin et al. 2017). Monocytes 
from both datasets clustered in close vicinity in a principal component analysis (PCA), 
similar to the acutely isolated human microglia. in vitro microglia clustered most 
closely to the MoGli in the PCA (Figure 1c). 

Unsupervised clustering based on expression of a panel of 309 microglia-related 
genes, showed that monocytes and MG clustered with the g-monocytes and g-MG 
from the data of Gosselin et al. (2017), respectively (Figure 1d). Cultured (in vitro) 
g-MG clustered with MoGli before clustering with other cell types. Unsupervised 
clustering on the entire transcriptomes clustered our monocytes and MoGli with 
the g-monocytes, whereas our MG clustered with the ex vivo and in vitro g-MG 
(Supplementary Figure 1a). Several common microglia genes including P2RY12, 
TMEM119, CSF1R, and PTPRC were lower expressed in in vitro g-MG compared to 
ex vivo g-MG, which is likely induced by culture conditions as described in the paper 
of Gosselin et al. (Figure 1e; Supplementary Figure 1b) (Gosselin et al. 2017). MoGli 
demonstrated a similar low expression pattern of these genes compared to MG. 
Several of the common microglia genes were however higher expressed in MoGli 
compared to monocytes (P2RY12, TGFBR1, TREM2, PROS1, and IRF8) (Figure 1e). 
There was a group of genes, including: CD81, APOE, LGMN, and also complement 
system related-genes VSIG4, C1QA, and C3, that were higher expressed in all MG 
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samples and in MoGli in contrast to monocytes (Figure 1f, and indicated with a 
dashed box in Figure 1d). 

The complement pathway was also detected in gene ontology analyses of the top 
200 significantly differential expressed genes in paired analysis of MoGli versus 
monocytes, due to increased expression of C1QA, C1QB, C1QC, C2, C9, C1S, CFb, 
SERPING1, and CD59 (Supplementary Figure 1c. Differential gene expression (DGE) 
analysis showed a large number (21,630) of DGE with an FDR < 0.05 (Supplementary 
Figure 1d) when comparing monocytes to MoGli. This divergence due to culture 
conditions was supported with unsupervised gene variance analysis showing that 
cell-type had a major effect on gene variation, which was larger than the effect of 
sex, batch, or RIN value (Supplementary Figure 1e). 
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Figure 1. Human monocytes can be differentiated into microglia-like cells that resemble in 
transcriptome and funtion with microglia that have been cultured
a- Schematic overview of ten-day differentiation protocol displaying morphological change during 
differentiation of monocytes into monocyte-derived microglia-like cells (MoGli) with phase/
contrast microscope. On the right cartoons are depicted that were used in the Figures to indicate 
which cell was used for that Figure.
b- CD68 and IBA1 immunostainings together with a nuclear staining (hoechst) in MoGli in culture. 
Scale bar is 40 μm.
c- Principal component analysis (PCA) on DESeq2 vst log transformed raw counts of our monocytes, 
MoGli, human microglia (MG) isolated and sequenced in our lab together with data of Gosselin et 
al. (2017) (monocytes, human (ex vivo) MG, and human (in vitro) MG that have been in culture for 
7 till 10 days).
d- Heatmap representation of unsupervised clustered DESeq2 vst log transformed raw counts of 
the samples from cs. 309 microglia genes have been selected for their enrichment in microglia 
compared to whole brain lysates as determined in the studies from Darmanis et al. (2015) and 
Zhang et al. (2016) in combination with a gene panel comprised of genes important for microglia 
functioning (Ormel et al. 2018). 
e- Boxplots of common myeloid genes showing the differences in DESeq2 vst log transformed raw 
counts between the same samples as used in c.
f- Boxplots of gene cluster that distinguishes MoGli and MG from monocytes in the heatmap 
of d (as indicated with dotted box in the heatmap) showing the differences in DESeq2 vst log 
transformed raw counts between the same samples as used in c.
g- Representative reduced-dimensional single-cell t-SNE maps of a MoGli (blue) a monocyte sample 
(orange). Each dot represents one cell. The 2D t-SNE maps were generated based on expression 
levels of all analyzed markers. 
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h- t-SNE plots show expression levels of markers with almost similar expression levels between 
MoGli and monocytes. The color spectrum represents individual marker-expression levels (red, 
high expression; dark blue, low expression). 
i- Dotplot showing the mean expression of P2Y12 and ApoE of monocytes and MoGli. Showing that 
ApoE was higher expressed in MoGli.
j- t-SNE plots show expression levels of markers that show high inter-cellular heterogeneity in 
expression in the MoGli population. The color spectrum represents individual marker-expression 
levels (red, high expression; dark blue, low expression).
k- Principal component analysis (PCA) on DESeq2 vst log transformed raw counts of paired 
unstimulated (red) and 6h lipopolysaccharide (LPS) stimulated (blue) MoGli.
l- Volcano plot showing differential gene expression (FDR < 0.05) when comparing stimulated 
MoGli with unstimulated MoGli. 
m, n- Boxplots of IL1B and P2RY12 showing the difference in DESeq2 vst log transformed raw 
counts of control and 6h LPS stimulated MoGli.

Protein expression was assessed on the single-cell level in monocytes and MoGli 
using high-dimensionally multiplexed mass cytometry with a panel of 36 antibodies 
(Table 1, 2) (Figure 1g). Some markers, such as CD47 and CD45, showed equally 
high expression by monocytes and MoGli (Figure 1h). P2Y12 expression was low in 
both MoGli and monocytes, and the common microglial protein ApoE was higher 
expressed in MoGli than in monocytes (Figure 1h, i). Markers that were higher 
expressed in monocytes than in MoGli included: CCR2, CD172a, CD16, CD11b, 
CD11c, CX3CR1, and TLR2 (Supplementary Figure 1f). In contrast to monocytes, 
we observed a high heterogeneity in the MoGli population, as shown by variable 
expression levels of HLA-DR, IRF-8, CD18, CCR5, CD95, and TGF-β1 in subclusters of 
cells within the MoGli population (Figure 1j), also a clear disparity induced by culture 
conditions resulting in a distinct cell-type.

Functional assessment of MoGli demonstrated their phagocytosis capacity 
(supplemental Figure 1g). iC3b-coating of beads increased phagocytosis as analyzed 
with flow cytometry (T-test: n = 3, p = 0.0149) (Supplementary Figure 1h). Stimulation 
with LPS prior to the phagocytosis assay further increased iC3b bead uptake 
(Supplementary Figure 1i). Transcriptome analysis after 6h stimulation with LPS 
resulted in separate clustering of the stimulated cells in a PCA (Figure 1k). There 
were 10,908 differentially expressed genes with an FDR < 0.05 between unstimulated 
and stimulated cells (Figure 1l). Upregulation of IL1B, IL6, TNF, and IL10, and 
downregulation of P2RY12, CX3CR1, CSF1R, and TMEM119 were visible as expected 
as they are immune-activation-related and homeostatic gene sets, respectively 
(Figure 1m, n; Supplementary Figure 1k). Gene ontology analyses of the top 200 DE 
genes resulted in several significant GO-terms implicating effective LPS stimulation, 
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including in the top five most significant terms: “immune system process”, “ and 
“response to bacterium” (Supplementary Figure 1l). 
 Monocytes and MoGli demonstrated a distinct expression profile of various 
typical microglia genes and proteins and therefore monocytes and MoGli will be 
separately analyzed in the search for a schizophrenia myeloid cell phenotype. 
  
Monocytes, a proinflammatory phenotype? We compared transcriptomes of 
monocytes from 20 patients with schizophrenia (23 +/- 4yr, 4/20 female) with 19 
non-psychiatric controls (25 +/- 6yr, 3/19 female) (Table 1; Supplementary Table 
1). Common myeloid markers (AIF1, ITGAM, and TLR4) and immune-activation 
markers (IL1B, IL6, and TNF) highly expressed by monocytes showed no expression 
differences in RNAseq analyses between patients and controls (Figure 2a, b). There 
was a subpopulation consisting of three of the four females (samples 11, 12, and 14) 
of the schizophrenia cohort with higher expression of the proinflammatory markers 
that also clustered separately when performing a PCA (Supplementary Figure 2a). 

We performed two separate differential expression analyses to compare the 
transcriptomes: using the gene (differential gene expression / DGE) and the transcript 
counts (differential transcript expression / DTE). By also analyzing DTE this enabled 
detection of differential expression of splice isoforms (Li & Dewey, 2011). Thirty-
five DGEs, and 15 DTEs were found between patients and controls with an FDR < 
0.05 (Figure 2c, d) of which two were detected in both analyses (genes: TNFAIP3, 
NFKBIZ; transcripts: ENST00000483180/NFKBIZ, ENST00000237289/TNFAIP3, 
ENST00000420009/TNFAIP3) (Figure 2e, f, g). For NFKBIZ one of the total eleven 
splice isoforms and for TNFAIP3 two of a total of five known splice isoforms were 
differentially expressed. Both NFKBIZ and TNFAIP3 play a role in dampening NF-κB 
activity as part of an inflammatory response. TNFAIP3 is induced by TNFα signaling 
and inhibits NF-κB activity, and NFKBIZ inhibits the NF-κB complex from binding and 
thereby blocking transcription of its target (pro-inflammatory) genes. There were one 
gene and two transcripts significantly differentially expressed that were also involved 
in the NF-κB pathway (FADD, ENST00000413869/IL1RAP, ENST00000585443/ICAM1, 
Figure 2f, h). Both FADD and IL1RAP are inducers of the NF-κB pathway, whereas 
ICAM1 is regulated by NF-κB. More DE genes & transcripts were significantly up- than 
downregulated (Figure 2h, i; Supplementary Figure 2c, d). Unsupervised analyses of 
variance in gene expression of the significant DGE showed that most variation was 
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Figure 2. Transcriptome landscape of monocytes from schizophrenia patients versus control
a- Boxplots of selection of common myeloid genes (AIF1, ITGAM, TLR4) expressed in monocytes 
showing the differences in DESeq2 vst log transformed raw counts between schizophrenia patients 
and controls.
b- Boxplots of selection of immune-activation genes (IL1B, IL6, TNF) expressed in monocytes 
showing the differences in DESeq2 vst log transformed raw counts between schizophrenia patients 
and controls.
c, d - Volcano plot showing differential gene expression (DGE, c) or differential transcript expression 
(DTE, d) (FDR < 0.05) when comparing monocytes from schizophrenia patients with controls.
e- Venn diagram showing the overlap between significant DGE and DTE in schizophrenia versus 
control. Three DTE mapped to two genes that also showed significant DGE.
f, g- Boxplots of selection of significantly upregulated genes (f) or transcripts (g) in schizophrenia. 
TNFAIP3 and NFKBIZ were picked due to overlap between genes and transcripts. Both are involved 
in the NF-κB pathway, similar to FADD.
h, i- Heatmap representation of row scaled DESeq2 vst log transformed raw counts of significant 
DGE (h) or DTE (i) illustrating the difference between controls and schizophrenia patients.
j, k- Gene ontology analyses performed on top 200 up- and significant and non-significant 
downregulated genes (j) or transcripts (k) in monocytes from patients versus controls. Displaying 
the top five most significant up- and downregulated pathways. Bars show significance (-log10(FDR)) 
and the number of genes that cluster in this term are displayed in the bars. 

explained by status, but sex also explained a minor variation (Supplementary Figure 
2e, f). This confirmed our choice to match our samples on these covariates and 
correct for them in our analyses.

To gain more power for gene ontology analyses we inserted the top 200 significant 
but also non-significant DGEs (Figure 2j) and DTEs (Figure 2k) that were up- or 
downregulated. The analyses identified up- and downregulation of immune-related 
pathways. Terms upregulated were proinflammatory-related, such as “inflammatory 
response”, “positive regulation of response to stimulus”, and “NFKB pathway”. 

Alternative splicing differences in MoGli. We did similar DGE and DTE analyses 
for the MoGli from 19 patients with schizophrenia (23 +/- 4yr, 4/19 female) 
and 18 controls (25 +/- 6yr, 3/18 female). Common myeloid markers (APOE, 
TGFBR1, and TLR4) and immune-activation markers (IL1B, IL6, and TNF) highly 
expressed in MoGli were not differentially expressed between patients (n = 19) 
and controls (n = 18) (Figure 3a, b). In contrast to the monocyte samples, female 
MoGli samples did not form a subgroup with higher expression of inflammation 
markers nor clustered separately in PCA (Figure 3b; Supplementary Figure 2g). 

No DGE, but 25 DTE were detected between patients and controls with an FDR < 
0.05 (Figure 3c, d). More DTE were significantly up- (13) than downregulated (12)
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Figure 3. Transcriptome landscape of monocyte-derived microglia-like cells (MoGli) from patients 
with schizophrenia versus control
a- Boxplots of selection of common myeloid genes (APOE, TGFBR1, TLR4) expressed in MoGli 
showing the differences in DESeq2 vst log transformed raw counts between patients with 
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schizophrenia and controls.
b- Boxplots of selection of immune-activation genes (IL1B, IL6, TNF) expressed in MoGli showing 
the differences in DESeq2 vst log transformed raw counts between patients with schizophrenia 
and controls.
c, d - Volcano plot showing differentially expressed genes (DGE, c) or differentially expressed 
transcripts (DTE, d) (FDR < 0.05) when comparing MoGli from patients with schizophrenia with 
controls.
e,f- Boxplots of selection of significantly up- (f) and downregulated (g) transcripts in schizophrenia 
versus control. DTE that mapped to genes with an immune function were shown (MICB, PLSCR3(f), 
and TNFRSF12A, IL20RB (g)). Transcripts that mapped to genes PTPDC2 and AP3M2 are involved 
in cellular metabolism. 
g- Heatmap representation of row scaled DESeq2 vst log transformed raw counts of significant DTE 
in MoGli illustrating the difference between controls and patients with schizophrenia.
h, i- Gene ontology analyses performed on top 200 up- and downregulated significant and non-
significant genes (h) or transcripts (i) in MoGli from patients versus controls. Displaying the top five 
most significant up- and downregulated pathways. Bars show significance (-log10(FDR)) and the 
number of genes that cluster in this term are displayed in the bars. 

(Figure 3e, f, g). Significantly upregulated transcripts MICB and PLSCR3, and 
downregulated transcripts TNFRSF12A and IL20RB in patients with schizophrenia 
have an immune-related function. MICB is involved in T and natural killer cell 
activation, PLSCR3 is involved in response to pathogenic stimulus, TNFRSF12A is 
part of the TNF signaling pathway inducing NF-κB pathway activation, and IL20RB 
is involved in induction of anti-inflammatory response. Some of the significant 
downregulated transcripts are involved in more general cell metabolism functions 
like protein dephosphorylation (PTPDC1) or intracellular protein transport (AP3M2).

Gene ontology analyses of the top upregulated 200 significant but also non-
significant differentially expressed hits identify immune function related pathways in 
transcripts (“Immune system process”), but also more metabolism related pathways 
in transcripts (“phosphate containing compound metabolic process”) and genes 
(“positive regulation of protein metabolic process”) (Figure 3h, i). Downregulated 
gene ontology terms mainly included cell dynamics in genes (“biological adhesion”) 
and in transcripts again more metabolic related hits (“organonitrogen compound 
metabolic process”) (Figure 3h, i). 

Differentially abundances of MoGli cell subsets generated from patients with 
schizophrenia. The monocytes showed high homogeneity in protein expression with 
formation of only a few separate clusters that did not show differences between 
patients and controls when performing high-dimensionally multiplexed single cell 
mass cytometry analysis using an antibody panel of 36 markers. Clustering analysis 
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Figure 4. Differential abundances of MoGli cell subsets in patients with schizophrenia 
a- The t-SNE map of concatenated FCS files from all 40 MoGli samples. The coloring indicates 
fifteen defined clusters of MoGli. 
b- Heat map cluster demonstrating the expression levels of 36 markers used as the embedding 
parameters. The bar graph showed an overall mean frequency of each defined clusters 
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c- Boxplots showed frequencies of each defined clusters in each individual (CON vs SCZ)
d- t-SNE map showing the differentially abundant cluster #6 (light green)
e- t-SNE map showing the differentially abundant cluster #15 (merlot)
f- The graph shows differences in frequency (%) of the two differentially abundant clusters (#6 and 
#15) between control individuals (CON, unfilled cycles) and patients with schizophrenia (SCZ, black 
dots). 
g- Median expression levels as shown in Boxplots representation for randomly selected cells in the 
cluster 6 (green, n = 256), 15 (merlot, n = 256) and all other clusters (grey, n = 256). Twenty-six 
markers were statistically detected as markers defining the differentially abundant cluster 6 and 
15. A p value < 0.05 was considered statistically significant, *p < 0.05; **p < 0.01; ***p < 0.001, 
determined using GLMM with BH-FDR adjustment (10%).

on the MoGli population (Chevrier et al. 2018; Nowicka et al. 2017; Van Gassen et 
al. 2015), defined and characterized fifteen clusters (Figure 4a, b, c). Abundance 
differences in two (cl-6 and cl-15) out of fifteen clusters were indicated in MoGli 
from patients compared to controls (Figure 4d, e, f). Both rare clusters were found 
at higher frequency in schizophrenia MoGli than that in control MoGli (Figure 4f). 
Compared with other clusters, cells in these two differential clusters expressed 
higher ApoE, CCR2, CD18, CD44, and CD95 (Figure 4g). Furthermore, cluster #6 (cl-6) 
was found to highly express human microglia/macrophage markers (Böttcher et al. 
2019) such as CD115, CD64, CX3CR1, HLA-DR, IRF-8, P2Y12, and TGF-β1, whereas its 
expression of immune cell markers like CD45 and CD47 were lower than cluster #15 
(cl-15) and other defined clusters. Cluster #6 expressed also higher CD11b, CD11c, 
CD163, CD172a, CD33, CD36, CD54, CD86, CD91, Clec12A, compared to the cluster 
#15 (cl-15) and other clusters. This was also the case for microglia immune-activation 
markers CD68 and HLADR (Figure 4g).

Complex transcriptome landscape of LPS-challenged MoGli in schizophrenia. 
Stimulation with LPS did not result in a different expression profile of common 
myeloid genes and immune-activation markers between eight patients (21 +/- 4yr, all 
male) and eight controls (25 +/- 5yr, 3 females) (Figure 5a, b). LPS exposure resulted 
in 89 DGE and 1460 DTE between patients and controls with large fold changes 
(Figure 5c, d). There were 20 overlapping significantly DGE and DTE (Figure 5e). 
Many of the DGE and DTE were highly expressed in some individuals, but not or low 
expressed in others, which hampered the interpretation (Figure 5f, g). A gene and 
transcript that was downregulated in all patients but were expressed by all subjects 
was TIFAB (Figure 5h, i). This gene is a negative regulator of the NF-κB pathway upon 
stimulation 
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Figure 5. Transcriptome landscape of LPS-challenged monocyte-derived microglia-like cells (MoGli) 
from patients with schizophrenia versus control
a- Boxplots of selection of common myeloid genes (APOE, P2RY12, PROS1) expressed in LPS 
immune-activated MoGli showing differences in DESeq2 vst log transformed raw counts between 
patients with schizophrenia and controls.
b- Boxplots of selection of immune-activation genes (IL1B, IL6, TNF) expressed in immune-activated 
MoGli showing the differences in DESeq2 vst log transformed raw counts between patients with 
schizophrenia and controls.
c, d - Volcano plot showing differential gene expression (DGE, c) or differential transcript expression 
(DTE, d)  (FDR < 0.05) when comparing MoGli after 6h stimulation with LPS from patients with 
schizophrenia with controls.
e- Venn diagram showing the overlap between significant DGE and DTE in immune-activated 
MoGli between schizophrenia versus control. Twenty differentially expressed transcripts mapped 
to sixteen distinct genes that were also significantly differentially expressed.
f, g- Heatmap representation of row scaled DESeq2 vst log transformed raw counts of significant 
DGE (f) or DTE (g) illustrating the difference in expression of immune-activated MoGli between 
controls and patients with schizophrenia.
h, i- Boxplots of selection of up- (f) and downregulated (g) transcripts in schizophrenia versus 
control showing the differences in DESeq2 vst log transformed raw counts between patients 
with schizophrenia and controls. TIFAB was both significantly downregulated in patients with 
schizophrenia in genes and transcripts, whereas TMEM119 was only significantly upregulated in 
genes but not in transcripts in schizophrenia.
j, k- Boxplots of TIFAB(j) and TMEM119(k) in monocytes and MoGli comparing the DESeq2 vst 
log transformed raw counts between patients with schizophrenia and controls. Both genes & 
transcripts did not show significant differences in monocytes and MoGli.

with a bacterial pathogen. Homeostatic gene TMEM119 was generally low expressed, 
but significantly upregulated in patients versus controls. This effect was not significant 
on the transcript level (Figure 5h, i). The DE of TIFAB and TMEM119 was only visible 
after stimulation with LPS, as no differences between patients and controls were 
detectable in monocytes or unstimulated MoGli (Figure 5j, k).
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DISCUSSION

In this study we set out to decipher a schizophrenia phenotype in the transcriptome 
and single-cell protein expression landscape of myeloid immune cells. Besides 
analyzing gene expression differences between patients with schizophrenia and 
controls, we performed transcript abundance analyses on the RNAseq data to detect 
differences on the splice isoform level as also performed by Gandal et al. (2018). They 
analyzed whole brain lysate samples of several psychiatric disorders and detected 
differential gene expression (DGE), but specifically large abundances of differentially 
expressed splice isoforms (differential transcript expression / DTE) that clustered in 
schizophrenia. We also detected more DTE than DGE in our analyses. Many DGE 
and DTE in our study were related to immune-activation and were detected in both 
analyses (TNFAIP3, NFKBIZ, TIFAB), or separately as DGE (FADD, P2RX6, IL7) or DTE 
(IL1RAP, ICAM1, TNFRSF12A, IL20RB, MICB, and PLSCR3). A schizophrenia-profile was 
also visible on the protein level as two rare but unique cell clusters were detected in 
MoGli from the schizophrenia cohort using mass cytometry, characterized by higher 
expression of microglia-related proteins, such as CD11b, HLA-DR, IRF-8, CX3CR1, and 
P2Y12. 

We used monocytes, MoGli, and immune-activated MoGli. The first description of 
a culture model to induce monocyte-derived microglia cells was published in 2006 
(Leone et al. 2006). Since then, adaptions of these models have been published and 
these cells have been used to study the role of microglia in several disorders (Etemad 
et al. 2012; Ohgidani et al. 2014; Sellgren et al. 2016; Ryan et al. 2017). The protocols 
vary, but apply similar strategies using astrocyte-conditioned medium (Leone et al. 
2016) or extracellular matrix (Sellgren et al. 2016), or combinations with IL34, GM-
CSF, and M-CSF together with some other factors (Ohgidani et al. 2014; Etemad et 
al 2012; Ryan et al. 2017). After comparing freshly isolated microglia and monocyte-
derived microglia cultured according to these protocols (Melief et al. 2016), we set out 
to develop a novel protocol to more closely resemble the microglia phenotype. Our 
model combined factors of the other protocols and added a few additional factors: 
TGFβ as it is known to be important in microglia development and INFγ to induce 
transcription factor IRF-8 expression important for the microglia phenotype (Kierdorf 
et al. 2013; Butovsky et al 2013). We performed single-cell mass cytometry analyses 
between monocytes and MoGli together with whole transcriptome comparisons with 
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freshly isolated microglia, thereby providing the most extensive characterization of 
this cell model thus far. Both in protein and transcriptome analyses MoGli showed a 
distinct expression profile compared to its precursor cell. Furthermore, MoGli closely 
resembled microglia that had been cultured. However, as described by Gosselin et 
al. (2017), in vitro conditions change the microglia phenotype resulting in severe 
downregulation of many typical microglia-related genes, such as P2RY12 and CX3CR1. 
This is in accordance with a study of Lavin et al. (2014) showing that the phenotype 
of macrophages is highly context-dependent. It is therefore anticipated that our 
CNS environment provided some of the cues important for inducing the microglia 
phenotype. However other characteristics are probably dependent on direct contact 
with neurons and other brain cell types, or can potentially be the result of the distinct 
early hematopoietic development (Ginhoux et al. 2010). 

Altogether, this characterization shows that large scale explorative studies can be 
performed in monocyte-models, as they demonstrate similarities with microglia 
(Sellgren et al. 2016; Ohgidani et al. 2014; Ryan et al. 2017). However, for translation 
it is important to also use co-culture setups or freshly isolated microglia. Possibly 
iPSC-derived protocols can serve as an intermediate translational step as we have 
previously shown that microglia developing in organoids are more similar to primary 
microglia than MoGli (Ormel et al. 2018). Due to the laboriousness of the organoid 
protocol, these cannot replace monocyte-derived models yet for large-cohort patient 
studies. As monocyte-derived models have proven its applicability in research into 
the functional phenotype of microglia-like cells in psychiatric diseases (Sellgren et 
al. 2016; Sellgren et al. 2019), we extended our monocyte study with our MoGli 
model to assess transcriptomic and protein expression differences that might only 
be revealed when the microglia-phenotype is induced. 

In our analyses we did not detect an immune-activated phenotype as described 
by others encompassing upregulation of IL6, TNF, or IL1B in any of our cell models 
(Drexhage et al. 2010; Weigelt et al. 2011; Muller et al. 2012). In addition, changes 
described in characteristic myeloid genes such as AIF1 or ITGAM in post mortem 
brain tissue in schizophrenia were absent (Gandal et al. 2018). Possibly this is due 
to our cohort size. Even though we had low variability in our sequencing study due 
to homogeneous cultures, in comparison with the study of Gandal et al. whom had 
brain lysates of 559 individuals with schizophrenia, we had a limited cohort size. 
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We did however detect DGE and DTE in patients with schizophrenia versus controls 
of which several were part of the NF-κB pathway. Upregulated NF-κB associated 
genes and transcripts in monocytes and MoGli are known to dampen NF-κB activity 
(TNFAIP3, NFKBIZ) or are induced by NF-κB signaling (ICAM1). Downregulated DGEs 
and DTEs related to the pathway were all inducers of the NF-κB cascade (FADD, 
IL1RAP, and TNFRSF12A). Interestingly, when MoGli where immune-activated 
with an LPS challenge, another NF-κB pathway-related gene was significantly 
differentially expressed in the gene and transcript analyses (TIFAB). TIFAB showed 
lower expression in patients with schizophrenia and this gene is involved in inhibiting 
TRAF6 upregulation that is necessary for bacterial-induced NF-κB activation (Varney 
et al. 2015). In sum, in all cell-types changes in the NF-κB pathway were detected. 
This is in accordance with previous studies showing alterations in NF-κB related 
genes in post mortem brain tissue (Gandal et al. 2018; Vonk et al. 2019; Roussos et 
al. 2013). Vonk et al focused solely on NF-κB related genes and detected alterations 
in almost the entire panel in a cohort of 62 patients and 62 controls. They ruled 
out an effect of antipsychotics by exposing monkeys to antipsychotics and analyzing 
the same panel of genes. Alterations detected in the NF-κB pathway could indicate 
an intrinsic defect in myeloid cells. However, it is also possible that this pathway is 
chronically activated in myeloid cells of patients with schizophrenia. It is important 
that the immune status is controlled which is an important function of TNFAIP3 (Voet 
et al. 2018). When TNFAIP3 is deregulated, this directly affects microglial regulation 
of neuronal synaptic function. Considering the dendritic spine pathology described 
in schizophrenia (Glausier & Lewis, 2013), this could hypothetically link the detected 
NF-κB dysfunction with schizophrenia pathogenesis.

Single-cell protein mass cytometry of the monocytes and MoGli did not reveal 
bulk differences in expression of the 36 myeloid-antibodies used between patients 
and controls. Interestingly, monocytes showed high homogeneity probably as a 
consequence of CD14+ selection. Mogli, on the other hand revealed many distinct 
MoGli populations possibly due to the differentiation process of which two were 
unique but rare for the schizophrenia cohort. These clusters showed high expression 
of microglia-markers (ApoE, CX3CR1, IRF-8, and P2Y12), indicating differences 
in pathways important for microglia development. Whether a unique microglia 
population is present in the brain of schizophrenia patients or whether this is an 
artefact of differentiation requires further investigation. Single-cell mass cytometry 



99

Transcriptome and single-cell protein landscape of myeloid immune cells in recent-
onset schizophrenia

or single-cell RNAseq on whole brain tissue from patients with schizophrenia is 
needed to confirm the existence of these unique populations in myeloid cells in the 
brain. 

The strengths of this study are the hypothesis free analysis of both monocytes and 
monocyte-derived microglia cells, reinforced with a functional assessment. RNA 
sequencing has been used before to analyze transcriptomic changes on whole blood 
and B lymphoblast cell lines of schizophrenia patients (Olde Loohuis, et al. 2018; 
Sanders et al. 2017), but not on monocytes. The likelihood of finding relevant changes 
in this study was increased by using a much more homogeneous cell population 
compared to whole blood, and by using a cell type more closely related to microglia. 
Furthermore, by applying mass cytometry, we were also able to investigate changes 
in subpopulations of myeloid cells. However, the current study also had some 
limitations. For one, although it is a relatively large study applying RNAseq (n =  40) 
focusing on specifically myeloid cells, a larger cohort would have given us more power 
to detect alterations in the schizophrenia cohort versus controls. Schizophrenia is a 
very polygenic disorder and abnormalities in myeloid cells may therefore only play 
a role in a subgroup of patients. Twenty patients will not be enough to find changes 
in subpopulations of patients. Secondly, although we were able to induce microglia-
like features, monocytes are not the natural progenitors of in vivo microglia. Lastly, 
although we regressed out effects caused by sex, BMI, and technical covariates: RNA 
integrity number and sequencing batch, we did not correct for coffee, smoking nor 
antipsychotics due to relatedness/collinearity with status. This is a common challenge 
in schizophrenia research. Although, for example, antipsychotic effects on immune 
gene expression in whole brain lysates or induced changes in expression in the NF-κB 
pathway in monkeys were not detected by Gandal et al. (2018) and Vonk et al. (2019) 
respectively. Other studies, on the other hand, have shown an effect in immune cells 
in the blood (O’Connel et al. 2014; Sugino et al. 2008). Our study design comprising 
the ten-day differentiation into MoGli cells possibly reduced the effect caused by 
drugs or other environmental factors. As we also detected differential expression 
in MoGli and immune-activated MoGli, this strengthens the likelihood that status 
caused these effects.

In conclusion, our explorative study detected several changes in schizophrenia 
myeloid cells, including alterations in NF-κB pathway factors. A schizophrenia profile 
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in myeloid cells was corroborated in protein profiles determined on the single-cell 
level of MoGli cells. Further studies are needed including single-cell analyses to 
confirm unique myeloid populations in the brain, together with functional studies to 
investigate the effect of changes in the NF-κB pathway on interaction with neurons. 
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Supplementary Figure 1. Characterization of monocyte and monocyte-derived microglia-like 
(MoGli) model
a- Unsupervised hierarchical cluster analysis on DESeq2 vst transformed raw counts of monocytes 
(n = 39), MoGli (n = 37), freshly isolated microglia (MG, n = 34), together with data from Gosselin 
et al. of monocytes (g-Monocytes, n = 11), freshly isolated microglia (ex vivo g-MG, n = 24) and MG 
that have been cultured 7-10 days (in vitro g-MG, n = 17) after removal of common genes (FCR > 
0.05) between samples (4,146 common genes removed from a total of 17,296 genes).
b- Boxplots of typical microglia genes showing the differences in DESeq2 vst log transformed raw 
counts between monocytes, MoGli, MG, and the samples from Gosselin et al. (2017) (g-monocytes, 
ex (vivo) g-MG, and in (vitro) g-MG.
c- Gene ontology analyses performed on top 200 up- or downregulated differentially expressed 
genes in MoGli when compared to monocytes. Displaying the top five most significant pathways. 
Bars show significance (-log10(FDR)) and the number of genes that cluster in this term are displayed 
in the bars. 
d- Volcano plot showing differential gene expression (DGE) (FDR < 0.05) when comparing 
monocytes with MoGli.
e- Violin plot depicting variance of gene expression explained by cell type (monocyte or MoGli), 
subject (subjectID), RIN, batch, sex, and the rest (residuals). Every dot is one gene.
f- Boxplots of mean expression levels of all 36 analyzed protein markers in the mass cytometry 
analyses in MoGli (blue, n = 40) and monocytes (orange, n = 40).
g- Confocal image of MoGli that inoculated fluospheres. Scale bar is 40 μm
h- Flow cytometry gating strategy for quantification of inoculation of iC3b-coated beads. Intact 
cells were selected using a sideward-scatter - forward scatter plot. These cells were plotted on a 
forward scatter and FL1H plot to visualize expression of the cells that inoculated fluospheres. Mean 
fluorescent intensity was measured in the population that inoculated beads to determine intensity 
of inoculation. Representative gates of MoGli that phagocytosed fluospheres are shown.
i- Plot showing mean fluorescent intensity of MoGli that inoculated fluorescent beads. Coating 
fluorescent beads with pro-phagocytic complement proteins (iC3b) significantly increased its 
uptake by MoGli (one-tailed paired T-test n = 3, p = 0.0149).
j- Plot showing that mean fluorescent intensity of MoGli that inoculated fluorescent beads 
significantly increased after stimulation with LPS for 24h (one-tailed paired T-test n = 3).
k- Boxplots of immune-activation (IL6, TNF, and IL10) and homeostatic (CX3CR1, CSF1R, and 
TMEM119) genes showing the difference in DESeq2 vst log transformed raw counts of unstimulated 
and 6h LPS stimulated MoGli.
l- Gene ontology analyses performed on top 200 differentially expressed genes between 
unstimulated and 6h LPS-stimulated MoGli. Displaying the top five most significant pathways. Bars 
show significance (-log10(FDR)) and the number of genes that cluster in this term are displayed in 
the bars. 
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Supplementary Figure 2. Differential gene and transcript analyses of monocytes, MoGli and LPS-
stimulated MoGli
a- Principal component analysis (PCA) on DESeq2 vst log transformed raw counts of mapped genes 
from monocytes from patients with schizophrenia and controls.
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b- PCA on DESeq2 vst log transformed raw counts of transcripts from monocytes from patients 
with schizophrenia and controls.
c- Table depicting the significant differential gene expression (DGE) in monocytes from patients 
with schizophrenia versus controls with an FDR < 0.05 showing the ensembleID, gene name, 
basemean, Log2foldchange (L2FC), and padj (FDR).
d- Table depicting differential transcript expression (DTE) in monocytes from patients with 
schizophrenia versus controls with an FDR < 0.05 showing the ensembleID, gene name, basemean, 
Log2foldchange (L2FC), and padj (FDR).
e- Barplot of DGE in monocytes from patients with schizophrenia versus controls showing the 
variance explained by status (schizophrenia patient or control), RIN, batch, sex, or yet undefined 
factors (residuals).
f- Violin plot depicting variance of gene expression of differentially expressed genes in monocytes 
from patients with schizophrenia versus controls explained by RIN, batch, sex, status,  or yet 
undefined factors (residuals). Every dot is one gene.
g- PCA on DESeq2 vst log transformed raw counts of mapped genes from MoGli from patients with 
schizophrenia and controls.
h- Principal component analysis (PCA) on DESeq2 vst log transformed raw counts of transcripts 
from MoGli from patients with schizophrenia and controls.
i- Table depicting DTE in MoGli from patients with schizophrenia versus controls with an FDR < 0.05 
showing the ensembleID, gene name, basemean, Log2foldchange (L2FC), and padj (FDR).
j- PCA on DESeq2 vst log transformed raw counts of mapped genes from 6h LPS-stimulated MoGli 
from patients with schizophrenia and controls.
k- PCA on DESeq2 vst log transformed raw counts of transcripts from 6h LPS-stimulated MoGli from 
patients with schizophrenia and controls
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Supplementary Table 1. Subject demographics (part 1/2)

sample 
ID

status sex age BMI smoking coffee medication experiment

1 patient male 20 22.1 1 1 - MoGli (+LPS), monocytes

2 patient male 20 21.8 1 1 AP MoGli (+LPS), monocytes

3 patient male 18 28.7 1 1 AP, BP MoGli (+LPS), monocytes

4 patient male 18 20.4 1 1 AP monocytes, MoGli+LPS

5 patient male 18 24.7 1 1 AP, AD, BP MoGli (+LPS), monocytes

6 patient male 29 26.0 0 1 AP, BP MoGli (+LPS), monocytes

7 patient male 23 22.5 1 1 AP, AD, BP MoGli (+LPS), monocytes

8 patient male 19 23.8 0 1 AP MoGli (+LPS), monocytes

9 patient male 28 30.8 1 1 AP, AD, BP MoGli, monocytes

10 patient male 21 31.5 1 1 AP MoGli, monocytes

11 patient female 22 27.1 0 0 AP MoGli, monocytes

12 patient female 25 21.2 1 1 AP, AD MoGli, monocytes

13 patient male 29 22.8 0 0 AP, AD MoGli, monocytes

14 patient female 25 19.8 1 1 AP MoGli, monocytes

15 patient male 20 20.3 1 1 AP MoGli, monocytes

16 patient male 20 28.7 1 1 AP, BP MoGli, monocytes

17 patient male 26 23.9 0 0 - MoGli, monocytes

18 patient male 30 25.0 1 1 AP MoGli, monocytes

19 patient male 26 30.6 1 1 AP MoGli, monocytes

20 patient female 25 26.6 0 0 AP MoGli, monocytes

21 control female 21 UK UK UK - MoGli (+LPS), monocytes

22 control female 23 27.9 0 1 - MoGli (+LPS)

23 control female 20 18.1 0 0 - monocytes, MoGli+LPS

24 control male 25 25.8 0 1 - monocytes, MoGli+LPS

25 control female 25 32.7 0 1 - MoGli (+LPS), monocytes

26 control male 28 20.0 0 1 - MoGli (+LPS), monocytes

27 control male 35 34.9 0 1 - MoGli (+LPS), monocytes

28 control male 22 19.9 0 0 - MoGli (+LPS), monocytes

29 control male 22 20.6 1 1 - MoGli, monocytes

30 control male 22 33.6 1 0 - MoGli, monocytes

31 control male 22 22.5 0 1 - MoGli, monocytes

32 control male 27 30.0 0 0 - MoGli, monocytes

33 control male 21 21.1 0 0 - MoGli, monocytes

34 control male 29 20.6 1 0 - MoGli, monocytes
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Supplementary Table 1. Subject demographics (part 2/2)

sample 
ID status sex age BMI smoking coffee medication experiment

35 control male 23 25.6 0 0 - MoGli, monocytes

36 control male 25 21.9 0 1 - MoGli, monocytes

37 control male 44 28.3 0 0 - MoGli, monocytes

38 control male 23 24.5 0 1 - MoGli, monocytes

39 control male 22 23.0 0 1 - MoGli, monocytes

40 control male 21 20.3 0 1 - MoGli, monocytes
BMI body mass index, medication (psychiatric medication) AP antipsychotics, AD antidepressants, BD benzodiaze-
pines, UK unknown

Supplementary Table 2. List of antibodies and barcoding reagents (part 1/2)

isotope tag target clone / company

89Y CD45 (live barcode) HI30 / Fluidigm

102Pd cell ID (intracellular barcode) - / Fluidigm

104Pd cell ID (intracellular barcode) - / Fluidigm

105Pd cell ID (intracellular barcode) - / Fluidigm

106Pd cell ID (intracellular barcode) - / Fluidigm

108Pd cell ID (intracellular barcode) - / Fluidigm

110Pd cell ID (intracellular barcode) - / Fluidigm

141Pr CD45 HI30 / Fluidigm

142Nd CD116 4HI / Biolegend

143Nd HLA-DR L243 / Fluidigm

144Nd CD11b ICRF44 / Fluidigm

145Nd CD18 TS1/18 / Fluidigm

146Nd CD64 10.1 / Fluidigm

147Sm CD11c Bu15 / Fluidigm

148Nd CD16 3G8 / Fluidigm

149Sm CCl2 5D3-F7 / Biolegend

150Nd MIPβ D21-1351 / Biolegend

151Eu CD68 Y1/82A / Biolegend

152Sm CD95 DX2 / Biolegend

153Eu IL6 MQ2-13A5 / Biolegend

154Sm CD172a 15-414 / Biolegend

155Gd CD54 (ICAM1) HA58 / Biolegend
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Supplementary Table 2. List of antibodies and barcoding reagents (part 2/2)

isotope tag target clone / company

156Gd CCR5 NP-6G4 / Fluidigm

158Gd CD135 BB27 / Fluidigm

159Tb GM-CSF BVD2-21C11 / Biolegend

160Gd CD163 GHI/61 / Biolegend

161Dy CD36 5-271 / Biolegend

162Dy CD91 A2MR-a2 (RUO) / BD Bioscience

163Dy TGFβ
TW4-2F8 / Biolegend

164Dy CD115 9-4D2-1E4 / Biolegend

165Ho P2Y12 (biotin) HPA014518 / Sigma-Aldrich

166Er CD44 BJ18 / Fluidigm

167Er IRF8 7G11A45 / Biolegend

168Er CD206 15-2 / Fluidigm

169Tm CD33 WM53 / Fluidigm

170Er CD86 IT2.2 / Biolegend

171Yb CCR2 K036C2 / Biolegend

172Yb CX3CR1 2A9-1 / Fluidigm

173Yb Clec12A 50C1 / Fluidigm

174Yb PD-1 EH12.2H7 / Fluidigm

175Lu ApoE WUE-4 / Novus Biologicals

176Yb TLR2 TL2.1 / Fluidigm

209Bi CD47 CC2C6 / Fluidigm
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ABSTRACT

Cerebral organoids are 3D stem cell-derived models that can be utilized to study 
the human brain. The current consensus is that cerebral organoids consist of cells 
derived from the neuroectodermal lineage. This limits their value and applicability, 
as mesodermal-derived microglia are important players in neural development and 
disease. Remarkably, here we show that microglia can innately develop within a 
cerebral organoid model and display their characteristic ramified morphology. The 
transcriptome and response to inflammatory stimulation of these organoid-grown 
microglia closely mimic the transcriptome and response of adult microglia acutely 
isolated from post mortem human brain tissue. In addition, organoid-grown microglia 
mediate phagocytosis and synaptic material is detected inside them. In all, our study 
characterizes a microglia-containing organoid model that represents a valuable tool 
for studying the interplay between microglia, macroglia, and neurons in human brain 
development and disease.
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INTRODUCTION

Microglia are the resident innate immune cells of the central nervous system (CNS). 
While microglia originate from the mesoderm lineage, other CNS cells like neurons 
and astrocytes are derived from neuroectodermal progenitors (Ginhoux et al. 2010; 
Kierdorf et al. 2013). Besides their immune functions, microglia also control the 
number of neuronal precursor cells, synapse formation, and synapse elimination 
(Stevens et al. 2007; Miyamoto et al. 2013; Miyamoto et al. 2016; Cunningham 
et al. 2013). Impaired interaction between microglia, neurons, and astrocytes is 
increasingly linked to neurodegenerative and neurodevelopmental disorders, such 
as Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), autism, and schizophrenia 
(Orre et al. 2014; Stephan et al. 2012; Sekar et al. 2016; O’Rourke et al. 2016). The 
majority of studies on neuron-glia interactions are performed in rodents, due to 
a lack of adequate human model systems that recapitulate the development of 
microglia in vivo and the interplay between microglia, macroglia, and neurons in a 
3D context. Human model systems, however, will be vital to understand how neuron-
glia interactions impact human CNS development, physiology, and pathology. 

Recently, stem cell-derived organoid models offer the possibility to study 
cellular development and inter-cellular interactions within a 3D human brain 
microenvironment11. Organoids are generated by culturing embryonic stem cells 
(ESCs) or induced pluripotent stem cells (iPSCs) into embryoid bodies with the 
potential to develop progenitors from all the three germinal layers: endoderm, 
ectoderm, and mesoderm. The embryoid body is pushed into a specific tissue fate, 
like CNS, by complementing the cell culture medium with growth factors and/or 
inhibitors. Due to their self-organizing capacity, cell aggregates will then develop into 
CNS organoids consisting of neuronal sub-types and macroglia, forming specialized 
CNS-areas such as cortex, hippocampus, and retina (Dutta et al. 2017; Lancaster et 
al. 2014a; Renner et al. 2017). A reported limitation of CNS organoid protocols is 
that they drive cells into the neuroectoderm lineage by inhibiting mesoderm and 
endoderm formation. Consequently, CNS organoids have been suggested to lack the 
complete combination of cells derived from different germ layers that are present in 
the brain in vivo, including microglia (Dutta et al. 2017; Fatehullah et al. 2016). 

Dual-SMAD inhibition is commonly used to quickly induce neuroectoderm formation 
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in directed differentiation protocols (Chambers et al. 2009). However, Lancaster and 
colleagues published a protocol to generate cerebral organoids without the use of 
any inhibitors or molecular pathway manipulators (Lancaster et al. 2014a; Bershteyn 
& Kriegstein, 2013). This approach led to the first 3D organoid model containing 
distinct brain regions like hippocampus, retina, and different cortical domains 
(Lancaster et al. 2014a; Bershteyn & Kriegstein, 2013). Their study reports that non-
neuronal cell types are expelled from inside the organoids upon matrigel embedment 
and that the remaining cells are from the neuronal lineage (Lancaster et al. 2014b). 
The lack of dual-SMAD inhibition in cerebral organoid generation might explain why 
Quadrato et al. recently reported the presence of mesoderm-derived progenitors 
in this model (Quadrato et al. 2017). We hypothesized that these mesodermal 
progenitors are able to differentiate into mature microglia instructed by the CNS 
microenvironment provided by neuroectodermal cells. Our results show that cells 
with a typical microglia molecular phenotype, morphology, and function are present 
in human cerebral organoids. This 3D organoid model in which microglia, macroglia, 
and neurons are present is important for studying microglia development, but also 
for studying neuron-glia interactions in human brain development and disease.
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METHODS

Human subjects. The Medical Ethical Committee of the University Medical Center 
Utrecht granted approval for iPSC line generation. Subjects gave written informed 
consent. Fresh post mortem brain samples were provided by The Netherlands Brain 
Bank (www.brainbank.nl, Table 1). The autopsy was performed with signed informed 
consent (Table 1). Controls were individuals without diagnosis of a psychiatric or 
neurologic disorder.

Table 1 Clinicopathological data of the fresh human brain tissue and iPSC donors including: 
donor number, sex, age, pH of the CSF, post mortem delay, tissue or cell type, clinical diagnosis, 
and for which experiments the tissue was used

Donor Sex Age pH csf
post 
mortem 
delay

Tissue /cell type
Clinical 
diagnosis

Experiments

MG 1.1 16-137 M 77 6.46 12:45 MFG, STG, THA CTR RNAseq, fc, staining

MG 1.2 17-003 F 96 6.71 6:15 MFG CTR RNAseq

MG 1.3 17-005 F 60 7.07 5:30 MFG CTR RNAseq

MG 1.4 16-110 F 69 6.28 16:10 MFG, SVZ MDD MACs, stim

MG 1.5 17-017 F 67 7.07 8:40 MFG MDD MACs, stim

MG 1.6 17-029 F 23 UK 8:35 SVZ MDD MACs, stim

MG 1.7 18-037 M 63 6.63 05:55 SVZ PD phag

MG 1.8 18-039 F 82 6.60 10:15 SVZ MDD phag

MG 1.9 18-042 F 55 6.83 09:15 SVZ BD phag

iPSC1 M 65 - - iPSC, oMG, fib CTR All experiments

iPSC2 M 66 - - iPSC, fib CTR RNAseq

iPSC3 F UK - - iPSC, oMG CTR RNAseq, stim, phag

iPSC5 M 59 - - fib, oMG CTR RNAseq, stim, phag

iPSC6 F UK - - iPSC, fib CTR RNAseq

M Male, F Female, CSF cerebrospinal fluid, MFG medial frontal gyrus, STG superior temporal gyrus, THA thalamus, 
SVZ subventricular zone, iPSC induced pluripotent stem cell, MG microglia donor, MACS magnetic-activated cell 
sorting, fib fibroblasts, CTR control, MDD major depression disorder, BP bipolar disorder, pd parkinson’s disease, 
UK unknown, stim stimulation, phag phagocytosis, fc flow cytometry

iPSC generation and characterization. Whereas iPSC-line 1 and iPSC-line 3 have 
previously been described (Harschnitz et al. 2016), iPSC-lines 4, 5, and 6 were similarly 
generated but have not yet been published. Briefly, skin fibroblasts were transfected 
with a lentiviral vector expressing C-MYC/SOX2/NANOG/KLF4 and seeded on mouse 
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embryonic fibroblasts in hESC20 medium containing DMEM-F12 (ThermoFisher, 
11320-074), 20% KOSR (ThermoFisher, 10828028), 1% NEAA (ThermoFisher, 11140-
035), 1% L-Glutamine (ThermoFisher, 25030-024), 0.5% P/S (ThermoFisher, 15140-
122), 496 μM β-mercaptoethanol (Merck-Schuchardt, 805740), 20 ng/mL bFGF 
(ThermoFisher, AA10-155). Clones were characterized by immunocytochemistry 
with StemLight kit (Cell Signalling, 9656S) and quantitative reverse transcription PCR 
(RT-PCR) for stem cell markers (relative to hUES6 line, Harvard University, RRID:CVCL_
B194). Cells were karyotyped by G-band staining. Pluripotency was evaluated by 
embryoid body formation followed by five weeks of spontaneous differentiation in 
minimal medium DMEM-GlutaMax (ThermoFisher, 31966-021), 10% FBS (Sigma, 
F7524) and stained for markers of the three germ layers.

iPSC culture. Lines were maintained at 37 °C with 5% CO2 in feeder free conditions. 
Cells were cultured on Geltrex-coated (Thermofisher, A1413202) dishes in 
mTeSR1 medium (Stem cell Technologies, 85850), weekly passaged with Accutase 
(Thermofisher, A11105-01) and seeded in mTeSR1 supplemented with ROCK- 
inhibitor Y-27632 (4.82 μM, Axon 1683). All lines were kept in culture up to 60 
passages and frequently tested for mycoplasma infection (Lonza, LT07-318).

Organoid differentiation. Organoids were differentiated using a modified version 
of a previously published protocol (Supplementary Table 1) (Lancaster et al. 2014a). 
In short, after dissociation into single-cell suspension with Accutase, 3.5 × 106 cells 
were seeded per well in an Aggrewell800 microwell plate (StemCell Technologies, 
27865) in 2 mL of hESC4 (4 ng/mL bFGF) medium supplemented with ROCK-
inhibitor Y-27632 (48.2 μM). Approximately 11,500 cells per microwell were left to 
form embryoid bodies overnight. After 48h, embryoid bodies (EB; 325 + /- 40 μm) 
were transferred to ultra-low attachment 96-well plates (Corning, 3474). Medium 
was replaced at day four by hESC0 (hESC without bFGF) and at day six by neural 
induction medium (NIM). At day thirteen, organoids (570 +/-50 μm) were embedded 
in matrigel (Corning, 356234) and kept in organoid differentiation medium without 
retinoic acid (RA). Four days later they were transferred to spinning bioreactors on 
a magnetic platform (27.5 rpm; Pfeiffer, 183-001). No changes were made in the 
composition of the medium compared to the original protocol with exception of 
Heparin in the NIM where we used 0.1 μg/mL instead of 1 μg/mL. All organoid 
cultures were qualitatively selected according to the guidelines described previously 
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(Lancaster et al. 2014b). Seven batches were made from iPSC 1, and three batches of 
iPSC 3 and 5 (Table 1). Each batch had a minimum of 32 organoids.

Single-cell preparation from organoids. Five organoids per 60 mm dish were 
washed three times with DPBS (ThermoFisher, 14190094) and immersed in 6 mL of 
papain (18.6 U/mL, Worthington, LK003176) and DNAse 1 (337 U/mL Worthington, 
LK003170) in DMEM/F12. Mechanical dissociation using scalpels was followed 
by a 30 minutes incubation at 37 °C on a shaker. In all, 2% FBS was added to stop 
the enzymatic reaction and the resulting single-cell suspension was centrifuged 
followed by an additional incubation with DNAse 1 (337 U/mL, Roche Diagnostics, 
11284932001) in MACs buffer (PBS pH7.4 (Gibco Life technologies, MA)), 2 mM EDTA 
(Sigma-Aldrich, The Netherlands) and 1% FBS) at room temperature for 15 minutes.

Single-cell preparation from post mortem brain tissue. Dissociation of fresh post 
mortem brain tissue started within 2-24h after autopsy according to the protocol 
described before with a minor modification (Melief et al. 2016; Van Strien et al. 
2014) In short, single-cell suspension was achieved by mechanical dissociation 
followed by enzymatic digestion using either 200 μg/mL DNAse 1 (Roche Diagnostics, 
11284932001) and 3700 U/mL collagenase type 1 (Worthington, LS004196) for the 
medial frontal gyrus, superior temporal gyrus and thalamus, or DNAse 1 (Melief et 
al. 2016; Melief et al. 2012) and Trypsin for the subventricular zone (Van Strien et al. 
2014). The protocol was slightly adjusted by adding an extra DNAse 1 incubation at 
room temperature (RT) for 15 minutes after the first enzymatic digestion to improve 
the single cellularity before FACS-sorting.

Fluorescence-activated cell sorting for RNAseq. The single-cell suspension was 
incubated with an FC receptor blocking reagent (Miltenyi Biotec, 5170126102) (1:20), 
anti-CD11b (eBioscience, 12-0118-41) (1:80) and anti-CD45 (eBioscience, 11-9459) 
antibodies (1:20) at 4 °C for 15 minutes. Cells were washed twice and suspended 
in glucose-potassium-sodium buffer (GKN-BSA; 8 g/L NaCl, 0.4 g/L KCl, 1.77 g/L 
Na2HPO4.2H2O, 0.69 g/L NaH2- PO4.H2O, 6 g/L D-(1)-glucose, pH 7.4) with 0.3% BSA. 
7-AAD (BD Biosciences, 5168981E) (1 μg/mL) was added for cell death detection. 
Cells were poured over a 70 μm cell strainer before sorting. Cells were sorted/gated 
that were alive, single, and CD11b+/CD45+ with the FACSAria III (Supplementary Figure 
5a). The sorted CD11b+/CD45+ fraction was placed on ice, centrifuged at 400 rcf for 5 
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minutes, lysed in Trizol reagent (Life Technologies, 15596018). The mean percentage 
of CD11b+/CD45+ cells of iPSC donors 1, 3, and 5 was 0.83% +/- 0.3 at both time-
points for oMG (Supplementary Figure 2c). RNA was isolated with the miRNeasy mini 
kit (Qiagen, 217004) according to the manufacturer’s protocol including DNAse 1. 
Isolated RNA was eluded in 40 μL RNAse free water and concentration determined 
using VarioSkan Flash microplate reader (Thermo Scientific, MA).

RNA sequencing. Quality control of RNA samples, library preparation and 
sequencing of the oMG and adult MG1 samples was performed by the Service XS 
sequencing facility (Genome Analysis Facility, Leiden, The Netherlands). Single- end 
polyA enriched (adult MG1, oMG day 38 and oMG day 52) and paired-end rRNA 
depleted (fibroblasts, iPSCs) libraries were sequenced on the Illumina NextSeq 500 
sequencer and on the Illumina HiSeq 2500 platform (Illumina, San Diego, California), 
respectively. Reads were de-multiplexed and converted to FASTQ files using bcl2fastq 
(version 2.17; adult MG1, oMG day 38, oMG day 52) or CASAVA (fibroblasts, iPSC) 
software from Illumina. FASTQ files were mapped to the hg19/GCh37 reference 
human genome (iGenomes). For adult MG1, oMG day 38 and oMG day 52 Bowtie2 
(version 2.1.0) and TopHat2 (version 2.0.14) software was used for read alignment. 
TopHat2 (version 2.0.13) was used for alignment of fibroblast and iPSC reads. Read 
counts per transcript were determined using HTSeq software (version 0.6.1). RPKM/
FPKM (reads/fragments per kilobase of exon per million reads mapped) values were 
calculated from raw read counts using library size and transcript lengths.

Differential expression and gene ontology analyses. Read counts per transcript for 
adult MG1 (n = 3), oMG day 38 (n = 3), oMG day 52 (n = 3), fibroblasts (n = 3), and iPSC 
samples (n = 4) were analyzed within the R environment (version 3.4.3) using DESeq2 
(version 1.18.1). After normalization using DESeq2 default settings that correct for 
library size, differential gene expression was calculated between samples to identify 
common genes among samples (False discovery rate (FDR) > 0.05, sum of raw read 
counts > 0). Differential gene expression between oMG day 52 and adult MG1, and 
oMG day 52 and oMG day 38 was calculated by performing a pair-wise comparison 
using DESeq2. The analysis was corrected for sex. Significantly differentially expressed 
genes (FDR < 0.05) and common genes (FDR > 0.05, sum of raw read counts > 0) 
were identified for each comparison. Shrinkage of log2Fold changes was applied 
using the apeglm algorithm in DESeq2. To determine microglia-specific common and 
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differentially expressed genes between oMG day 52 and oMG day 38, and oMG day 
52 and adult MG1 the common genes between microglia, fibroblasts and iPSC were 
removed. Gene ontology analysis was performed to determine overrepresentation 
of the different gene sets in GO cluster biological functions (BP), using the topGO R 
package (version 2.30.1, Gene Ontology Consortium. Gene Ontology Consortium: 
going forward. Nucleic Acids Res. 2015; 43: D1049–56. doi: 10.1093/nar/gku1179). 
Fisher statistical test was performed to test for overrepresentation, with a weighted 
algorithm to correct for dependency between parent–child relations between gene 
ontology clusters. The test was performed in the context of all Ensembl IDs considered 
in the differential gene expression analysis. Annotation build of 12-July- 2018 (org.
Hs.eg.db, ID = ensemble) was used for the annotation. p-values were adjusted 
for multiple comparisons using the Bonferonni correction. Principal component 
analysis, scaling of expression values and unsupervised hierarchical cluster analysis 
were performed in R (version 3.4.3) and plots were generated using the ggplot2 
package (version 3.0.0). For spearman correlation analysis, the Harrell Miscellaneous 
(Hmisc, version 4.1-1) package was used and plots were generated using the corrplot 
package (version 0.84) in R.

Gene expression analysis with real-time PCR. RNA was isolated and cDNA prepared 
as described before (Melief et al. 2016). Primers were intron-spanning and designed 
with PrimerBLAST (NCBI). Absolute levels of expression were determined (2ΔCT) and 
normalized with the geomean of two reference genes ACTB and SDHA2 (see primer 
sequences in Supplementary Table 3). Two organoids were pooled per time-point for 
RNA isolation.

Magnetic cell sorting (MACs) of oMG and adult MG1. The CD11b+ fraction of 
organoids was enriched by MACs according to manufacturer’s protocol (Miltenyi, 
130049601). In short, single cells were incubated with the beads in MACS buffer and 
sorted using magnetic columns. The CD11b+ cells were collected in microglia culture 
medium (RPMI 1640 (Life technologies, 21875034), 10% FBS, 2 mM L- glutamine, 100 
U/mL penicillin, 100 μg/mL streptomycin (BioWhittaker, Belgium), and 100 ng/mL 
recombinant IL34 (Miltenyi, 130105780)). Eight organoids were used per digestion 
to obtain sufficient yield for experiments at day 52, 74, and 119. On average (n = 9) 
the CD11b+ cells constituted 5% +/- 2.8 of the entire single- cell suspension. Sorting 
efficiency was confirmed by assessing the expression of specific microglia- and non-
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microglia-related genes in three batches of oMG 1 and adult MG1 (Supplementary 
Figure 3b). We detected OLIG2 in the microglia-enriched fraction indicating the 
presence of a low percentage of oligodendrocytes that are known to express low 
levels of CD11b. The CD11b+ MACs enriched oMG or pMG cells were plated 1*105 
cells per well in a 96-well flat-bottom plate or 2*105 on a glass coverslip in a 24-well 
flat-bottom plate and cultured in microglia-culture medium at 37 °C in 5% CO2.

Pro- and anti-inflammatory stimulation. After one day in culture, adult MG and 
oMG were exposed to 100 ng/mL lipopolysaccharide (LPS) from Escherichia coli 
(Sigma-Aldrich, 0111:B4) or 1 μM dexamethasone (Sigma-Aldrich, D4902-25) for 6 
or 72h, respectively (n = 4). Cells were lysed in 500 μL Trizol reagent.

Preparation of iC3b-coated beads. Human iC3b (Merck Millipore, 204863) 
protein was coated on FluoSphere® (ThermoFisher, F8827) Carboxylate-Modified 
Microspheres (2.0 μm, yellow-green fluorescent (505/515), 2% solids). Twenty-five 
microliters of bead suspension was washed twice by centrifugation (400 rcf, 10 
minutes) in MES buffer (0.488 g MES hydrate (CAS # 4432-31-9 (anhydrous), Sigma- 
Aldrich, Missouri) in 50 mL MQ (50 mM), pH6.0). Fifty microliter iC3b (50 μg protein), 
or 50 μL MES buffer (for the negative control) was added to the beads and incubated 
on a shaker at RT for 15 minutes. In all, 20 μL 10 g/L freshly prepared EDAC buffer 
(Thermofisher Scientific, MA) was added to the mixture for 2h on a shaker at RT. The 
reaction was quenched with 100 mM glycine (100590, Merck Millipore, Germany) at 
RT for 30 minutes. Beads were washed three times in PBS by centrifugation (14,000 
rpm, 10 minutes), suspended in 100 μL PBS and stored at 4 °C. The concentration 
was measured with a photospectrometer (BioPhotometer, Eppendorf, Germany). 
Coating was confirmed by comparing phagocytosis of non- coated and coated beads.

Phagocytosis assay. After one week, cells, cultured on coverslips in a 24-well plate, 
were incubated with iC3b-coated beads at a concentration of 3 beads per cell at 
37 °C for 0.5 or 1h. Cells were washed three times with cold PBS, fixed with 4% 
PFA for 10 minutes at RT, and immunostained for IBA1. Imaging was performed 
with an Olympus (Tokyo, Japan) Fluoview FV1000 confocal microscope or with a 
Zeiss AxioScope A1. Bead engulfment by adult MG and oMG was analyzed on three 
randomly selected view fields per section and per condition (oMG1, for 0.5 and 1h; 
adult MG1.7, 1.8, and 1.9, for 0.5 and 1h). IBA1+ cells were categorized based on the 



123

Microglia innately develop within cerebral organoids

number of inoculated beads as follows: 0 (type 1), 1–5 (type 2), 6–15 (type 3), or > 
15 (type 4) using FIJI version 1.49 software.

Organoid fixation and immunohistochemistry. Organoids were fixed in 4% PFA 
at 4 °C for 10 minutes, washed in PBS and transferred to 30% sucrose solution over- 
night at 4 °C. Samples were embedded in tissue-tek (CellPath, KMA0100-00A) snap-
frozen on dry ice and stored at –80 °C. Twenty μm sections were obtained with a 
cryostat.

Sections were blocked for 1h in blocking solution (1% Triton-X, 3% BSA and 10% 
donkey or goat serum) at RT followed by incubation with primary antibodies in 
blocking solution overnight at 4 °C. Sections were then washed with PBS and 
incubated with secondary antibodies and Hoechst (ThermoFisher, H3569) at RT for 
2h. When Hoechst staining was not performed, samples were incubated with DAPI 
for 5 minutes before mounting. See Supplementary Table 4 for antibodies used in 
this study. Samples were mounted on glass coverslips using Fluorosave (CalBioChem, 
345789) and imaged (Olympus (Tokyo, Japan) Fluoview FV1000 confocal microscope 
or Zeiss Axio- Scope A1). In all, ≥ 3 organoids from three batches were sectioned and 
imaged.

Super-resolution STED microscopy. Dual-color gated STED (gSTED) imaging of 
day 66 organoids immunostained for IBA1 and PSD95 was performed with a Leica 
TCS SP8 STED 3X microscope using a HC PL APO 100 × / 1.4 oil immersion STED 
WHITE objective. The 590 and 647 nm wavelengths of pulsed white laser (80 MHz) 
were used to excite the Alexa594-labeled PSD-95 and the Atto647N- labeled IBA1, 
respectively. Both Alexa594 and Atto647N were depleted with the 775 nm pulsed 
depletion laser (10%–20% of maximum power) and we used an internal Leica HyD 
hybrid detector (set at 100% gain) with a time gate of 0.3 ≤ tg ≤ 6 ns. Multiple Z-stack 
were obtained at 0.18 µm interval to acquire 4.0 µm image stacks (corrected for 
refractive index mismatch between oil immersion objective and FluorSave, the 
mounting medium used) in 2D STED mode using the 100x objective with ~2x zoom 
to obtain approximately 80 nm pixel size. Raw gSTED images collected using Leica 
TCS SP8 were subjected to deconvolution as stacks using Huygens deconvolution 
software. Deconvolution of the 594 and 647 channels was performed separately 
using the CMLE deconvolution algorithm, with a maximum of 40 iterations and the 
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signal-to-noise ratio (SNR) set at seven.

Quantification of immunohistochemistry. Microglia perimeter was quantified 
using a macro in FIJI software on sections of four separate organoids per time-point. 
The macro consisted of the following steps: transformation to 8-bit; scale set to μm; 
automated default threshold applied; converted to mask (particles filtered with size 
> 40 μm; option “outline”; the outline area was summarized and averaged over total 
number of microglia in the image to obtain the perimeter/microglia cell (Figure 1f).

To determine the fraction of TUJ1 and IBA1 staining in organoid sections, two tiled 
scans per organoid of three batches from oMG1 were prepared. A macro in FIJI 
was created with the following steps: background subtraction (rollingbal set to 10 
(hoechst) or 78 (TUJ1, IBA1) pixels; contrast was automatically enhanced; automated 
default threshold applied; particles were quantified with size of > 5 (hoechst) or > 
10 (TUJ1, IBA1) pixels; positive area was summarized; TUJ1 and IBA1 was normalized 
by dividing the positive area by the hoechst positive nuclear area (Supplementary 
Figure 2a, b, d).

Pro-inflammatory stimulation cerebral organoids. Organoids were singled 
in a 24-well flat-bottom plate. After 24 and 48h, LPS (100 ng/mL) was added 
to the medium. A pilot experiment to determine the optimal timing for cytokine 
measurements, showed that 24h after LPS stimulation the cytokine response was 
significantly increased as determined with a Friedman’s ANOVA test (p = 0.03; Dunn’s 
test t = 6 versus baseline: -3 with p = 0.44; Dunn’s test t = 24 vs. baseline: -6 with p 
= 0.03) (Figure 5c). Therefore, we used 24h to measure the acute response, and 72h 
for the effect on the long-term. Medium was collected after 24 and 72h for ELISA. 
Organoids were lysed in Trizol. Two batches of organoids from oMG 1, 3, and 5 were 
used for this experiment.

Cytokine secretion. Anti-human IL6, TNFα, and IL10 ELISA Ready-Set-Go® kits 
(eBioscience, 88706688, 88734688 and 88734688, respectively) were used 
according to manufacturer’s protocol. Samples were analyzed in a Varioskan™ 
Flash (ThermoFisher Scientific, MA) with an optical density (OD) of 450 nm. Blank 
subtraction was performed and the value of the samples was based on the standard 
curve.
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Primer panels for microglia characterization. A panel of microglia markers was 
selected based on literature (Butovsky et al. 2014; Satoh et al. 2016; Lucin & Wyss-
Coray, 2009; Brown & Neher, 2014) (Supplementary Table 3). In addition, general 
markers for astrocytes, neurons, and oligodendrocytes were selected to determine 
enrichment of the microglia population after CD11b+ sorting.

Protein expression analysis. In all, 8*105 single cells from fresh human brain material 
and cerebral organoids were stained in a 96-well V-bottom plate using the following 
antibodies from Ebioscience (San Diego, CA): CD45 (#119459), CD11b (#12011841), 
CD14 (clone 61D3, #90170149025), CD11c (clone 3.9, #11011641), HLA-DR (clone 
LN3, #17995641), CX3CR1 (clone eB149/10H5, #17609941), IgG1 (#114714 and 
#17471441), IgG2b (#17403181); antibodies from BD Bioscience: CD206 (#561763); 
antibodies from BioLegend IgG2b (#400319). Protein expression was quantified 
on a FACSCanto II (BD Biosciences) and analyzed with FACSDiva software (Version 
8.0.1, BD Biosciences). Protein expression was measured in cells that were gated 
to be alive, single, and CD11b+ (Supplementary Figure 5b). The geoMFI mean was 
subtracted from the geoMFI of the corresponding isotype control.

Electrophysiology. Organoids were cut in two and continuously perfused with 
artificial cerebrospinal fluid at 32 °C ± 1, containing 120 mM NaCl, 3.5 mM KCl, 
1.3 mM MgSO4, 1.25 mM  NaH2PO4,  2.5 mM  CaCl2,  10 mM  D-glucose,  and 25 
mM NaHCO3, and 5% CO2, pH 7.4. Patch pipettes for recording were produced 
from borosilicate glass (1.5 mm outer diameter, 0.86 mm inner diameter; Harvard 
Apparatus Limited, Holliston, Massachusetts, USA; pipette resistance ~4–5 MΩ) on 
a P-97 Flaming/Brown micropipette puller (Sutter Instruments, USA) and filled with 
pipette solution containing (in mM): 120 Cs methane sulfonate, 17.5 CsCl, 10 Hepes, 
2 MgATP, 0.1 NaGTP, 5 BAPTA; pH was 7.4, adjusted with CsOH. Whole cell voltage 
clamp recordings were performed using an Axopatch 200B (Molecular Devices, 
Sunnyvale, California, USA) amplifier. Responses were filtered at 5 kHz and digitized 
at 10 kHz using Digidata 1322 A (Axon Instruments, USA). Data was analyzed using 
pClamp 9.0 and Clampfit 9.2 (Axon Instruments). Recordings with a series resistance 
of less than 2.5 times the pipette resistance were accepted for analysis. The holding 
potential for spontaneous excitatory postsynaptic currents was kept at –65 mV. The 
voltagedependent sodium currents were activated with depolarizing voltage steps 
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with duration of 100 ms starting from –60 mV with increments of 10 mV to + 40 mV 
(Supplementary Figure S2e). Series resistance was compensated for approximately 
70%. Due to the very small voltage-dependent potassium and calcium currents, it 
was not necessary to block these currents.

Statistics. Statistical comparisons were performed with Friedman’s ANOVA, two- 
tailed Mann–Whitney (non-paired data) and Wilcoxon matched-pairs signed rank 
(paired data) tests by using GraphPad Prism software version 6 (Graphpad Software, 
CA), as normality assumptions were not met. R version 3.0.2 software (CRAN:https://
www.r-project.org) was used for RNA sequencing data analysis. Immunofluorescent 
images were analyzed and quantified by using FIJI version 1.49 software (NIH, 
Bethesda, MD). A significance level of p < 0.05 was used.

Data availability. All relevant data is available from the authors. RNAseq data is 
submitted to the NCBI database with the record number GSE102335.
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RESULTS

Cerebral organoids contain progenitors from all germ layers. Cerebral 
organoids were generated from human iPSCs according to the protocol described 
by Lancaster et al. (Lancaster et al. 2014b) with some minor modifications (Figure 
1a and Supplementary Table 1). Two of the three iPSC lines used for the organoid 
cultures have previously been described by us (iPSC 1, 3) (Harschnitz et al. 2016) 
and iPSC 5 was similarly generated and characterized (Supplementary Figure 1a–
h; Table 1). Ectodermal (PAX6), mesodermal (brachyury), and endodermal (AFP) 
progenitors were present at an early stage of organoid development (day 17; Figure 
1b). The presence of neuronal architecture and of astrocytes was confirmed by 
using a range of markers at day 31 (Supplementary Figure 1i–p). Cleaved-caspase 3 
immunostaining at several time-points and batches (iPSC 1, 3, and 5; at day 17, 38, 
52, and 66) showed constant sparse cell death in the organoids.

Mesodermal progenitors develop into microglia-like cells. Next, temporal 
expression of the mesodermal marker brachyury and the classical microglia marker 
IBA1 was examined to assess if the mesodermal cells differentiate into microglia. 
Brachyury+ cells were present on day 17, 24, and no longer detected at day 52. IBA1+ 
cells were detectable in low numbers on day 24 and had populated the organoids 
at day 52 (Figure 1c). This transition took place around day 24, as at this time-point 
a population of cells co-expressed both IBA1 and brachyury (Figure 1d). IBA1+ cells 
were initially present in clusters distributed at specific sites in the organoid (day 31; 
Figure 1e), but at later stages were found throughout the organoid (day 52; Figure 1e). 
The fraction IBA1+ cells within organoids showed limited variation between batches, 
time-points, and donors (Supplementary Figure 2a–c), and microglia quantity was 
positively correlated with TUJ1 expression (Supplementary Figure 2d). Furthermore, 
microglia-containing organoids demonstrated proper neuronal development and 
cortical layer organization, based on expression of NEUN, PAX6, CTIP2, and TBR1 
(Supplementary Figure 2e). In rodents, microglia have a rounded morphology 
(amoeboid) at the moment they invade the brain parenchyma. At later stages, these 
cells develop characteristic ramifications. This process of differentiation is mirrored 
in the human organoids. IBA1+ cells had a round morphology up to day 31, and 
showed a significant increase (Mann–Whitney   U = 0, p = 0.03) in ramifications by 
day 52, here shown by an increase in perimeter (Figure 1f, g). Microglial complexity 
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progressed in time as IBA1+ cells showed further ramification at day 66 (Figure 1h).
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Figure 1. Mesodermal progenitors develop into microglia-like cells within cerebral organoids. 
a) Schematic overview of the cerebral organoid protocol depicting the essential steps in the 
differentiation process. Embryoid bodies are formed (day 1–6) after which neuroectoderm is 
induced (day 6–13). Matrigel embedment provides an extracellular matrix to further grow and 
develop. Four days later they are transferred to a spinning bioreactor. Before matrigel embedment 
they have a smooth surface (i), which changes into a surface showing typical budding of the 
organoid 4 days after matrigel embedment (ii). Scale bar 100 µm. See also Supplementary Figure 
1, 2, and Supplementary Table 1. b) AFP, PAX6, and brachyury immunostainings, which are markers 
for the germ layers endoderm ectoderm and mesoderm, respectively. Representative pictures of 
cerebral organoids are shown at an early stage of organoid development (day 17). Scale bar 40 µm. 
c, d) Brachyury and IBA1 immunostainings in cerebral organoids at 17 days (c), 24 days (c, d) and 52 
days (c) in culture. Co-expression of IBA1 and brachyury was visible at day 24. Scale bars 100 (c) and 
40 µm (d). e) IBA1 immunostainings show distribution of microglia-like cells in cerebral organoids 
at day 31 and day 52 in culture. Scale bar 40 µm. f, g) The perimeter of microglia at day 31 and 
day 52 quantified (f) with an automated approach by FIJI of IBA1+ immunostainings of cerebral 
organoids (g). n = 4 images of organoids quantified per time-point, Mann–Whitney test U = 0, p = 
0.029. Data is represented as median. Scale bars 40 µm. (close-up and perimeter are shown) (*p 
< 0.05). h) Morphology of microglia-like cells illustrated by IBA1+ immunostainings after 66 days in 
culture. Scale bar 40 µm. (close-up and perimeter are shown) Representative pictures of cerebral 
organoids from iPSC 1 are shown

Microglia-specific molecular signature in cerebral organoids. To determine 
whether the microglia within cerebral organoids developed in analogy to microglia 
in vivo, we assessed the expression of genes crucial for microglia development and 
function. RUNX1, a transcription factor involved in microglial development (Huang 
et al. 2008), was first expressed at an early stage of organoid development around 
the time of matrigel embedment (day 13), as were factors known to drive microglia 
development in vivo (IL34, CSF1, and TGFB1) (Figure 2a). RUNX1 regulates the 
microglia development genes SPI1 (PU.1) and CSF1R (Huang et al. 2008), which 
we found expressed at day 24 (Figure 2a). At this time-point a clear increase in 
expression of other classical microglia markers was observed, i.e., AIF1/IBA1, CD68, 
ITGAM/CD11b (Figure 2a), IRF8, TGFBR1, TGFBR2,  TREM2,  CX3CR1,  HLADRA,  C1QA,  
and  PTPRC/CD45 (Lucin & Wyss-Coray, 2009; Brown & Neher, 2014; Kettenman et 
al. 2011)  (Supplementary Figure 3a). Microglial identity was further supported by 
complete co-expression of IBA1 with the nuclear marker PU.1 (Figure 2b) and major 
overlap with the expression of the microglia/macrophage marker CD68 (Figure 2c) 
at day 52.
 
Taken together our results suggest that mesodermal progenitors within the cerebral 
organoids can develop into cells with a microglial phenotype, here referred to as 
organoid-grown microglia (oMG).
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Figure 2. Microglia-specific gene and protein expression. a) Time course of mRNA expression levels 
of early microglia markers and factors involved in microglia development in organoids assessed 
by RT-PCR and normalized to the geomean of the reference genes SDHA2 and ACTB. Data points 
represent the mean of four batches of two organoids per batch per time-point. All batches 
consisted of organoids derived from iPSC 1. Error bars represent the standard error of the mean 
(SEM). See also Supplementary Figure 3a. b, c) Double immunostainings of IBA1 combined with 
nuclear PU.1 (b) and CD68 (c) at day 52. Representative pictures of cerebral organoids from iPSC 1 
are shown. Scale bars 40 µm



131

Microglia innately develop within cerebral organoids

The transcriptomes of oMG and adult microglia are similar. To further validate 
the microglia phenotype of oMG, we performed RNAseq transcriptomic profiling of 
oMG isolated from three independent organoid donors (oMG1, 3 and 5) at day 38 
and day 52. Inter-donor variability was small (oMG ρ = 0.91 ± 0.001) when examined 
with Spearman correlation coefficients (Supplementary Figure 4a). Unsupervised 
hierarchical clustering shows that oMG clustered separately from adult microglia 
(adult MG1) (Supplementary Figure 4b). When comparing the data with the 
original iPSC lines and fibroblasts from the same donors, unsupervised hierarchical 
clustering, Spearman correlation coefficients, and principal component analyses 
(PCA) (Figure 3a, b; Supplementary Figure 4c) showed that both at day 38 and day 52 
oMG closely resemble adult MG1. Further analysis revealed that oMG at both time-
points express well-established microglia markers (i.e., AIF1, SPI1, ITGAM, RUNX1, 
TLR4, CSF1R, IRF8) (Figure 3c). We found that expression of part of these genes, like 
AIF1 and RUNX1, is comparable between oMG and MG1, but for some the levels 
are threefold (PTPRC or CX3CR1) or even 10–100-fold different (TREM2, P2RY12, 
TMEM119) (Figure 3d). To analyze whether microglia continued to mature within the 
organoid, we also analyzed the expression of these markers at 119 days in culture. 
Microglia from iPSC donors 1, 3, and 5 at day 119 vs. day 52 showed an increase in 
expression of all these selected typical microglia genes AIF1, RUNX1, PTPRC, CX3CR1, 
TREM2, P2RY12, and TMEM119 (Figure 3e).

The effect of the organoid CNS microenvironment on the development and 
differentiation of oMG was further evaluated by comparing the transcriptional 
landscape of these cells to previously published microglia datasets. For this 
purpose, transcriptomic data from fetal microglia (fetal MG), a 2-dimensional 
(2D) iPSC-microglia model (iPSC MG 1) (Muffat et al. 2016), and data from other 
acutely isolated adult microglia (adult MG 2) (Zhang et al. 2016) was included. The 
transcriptomes were compared for all available transcriptome data, but also using a 
panel of transcription factors that are expressed by microglia in vivo (Gosselin et al. 
2017). The study by Gosselin et al. describes that in the absence of other CNS cell 
types, microglia lose expression of these adult microglia-related transcription factor 
families (Gosselin et al. 2017). Unsupervised hierarchical clustering of all available 
transcriptome data revealed that both day 38 and day 52 oMG cluster with adult 
MG1 and previously published adult MG2, whereas iPSC MG clustered with fetal 
MG (Figure 3f). Interestingly, iPSC MG and fetal MG first clustered with iPSC and 
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fibroblasts prior to clustering with the oMG and adult MG 1 and 2 (Figure 3f). Despite 
this clustering, Spearman correlation coefficients showed that the transcriptomic 
profiles of all microglia and microglia-like cells were relatively similar (ρ = 0.7 ± 0.07) 
(Supplementary Figure 4d). The Spearman correlation analyses of the transcriptomes 
of oMG day 52, adult MG1, iPSC MG and fetal MG by using microglia-specific 
transcription factors (Gosselin et al. 2017) (Supplementary Table 2) showed a strong 
correlation between iPSC MG and fetal MG (ρ = 0.96), whereas transcription factor 
profiles of oMG correlated most with those of adult MG1 (ρ = 0.8). The correlation 
between adult MG1 and fetal MG was low (ρ = 0.37) in this analysis (Supplementary 
Figure 4e).
 Taken together, transcriptome comparisons showed that oMG strongly 
correlate with adult MG1 and 2, whereas the 2D iPSC MG model highly correlate 
with fetal MG.
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Figure 3. oMG microglia gene expression profile is highly comparable to microglia(-like) cells. a) 
Unsupervised hierarchical cluster analysis on DESeq2 rlog transformed raw counts of oMG day 
38, oMG day 52, adult MG1, iPSC, and fibroblasts based on all genes after removal of common 
genes (FDR > 0.05, sum of raw read counts > 0) between samples. b) Spearman correlation matrix 
for the correlations between oMG day 38, oMG day 52, adult MG1, iPSC and fibroblast DESeq2 
rlog transformed raw counts of genes used in Figure 3a. Median rlog gene counts of the biological 
replicates were used as input. The size and color of circles show the strength and direction of the 
correlation, respectively. c) Heatplot representation of DESeq2 normalized expression levels for 
several microglia markers (Kettenmann et al. 2011; Muffat et al. 2016; Butovsky et al. 2014) in iPSCs 
fibroblasts, oMG day 38, oMG day 52, and adult MG1. d) Plotted DESeq2 normalized expression 
of a selection of microglia typical genes in oMG at day 52 and adult MG1. e) Temporal mRNA 
expression of characteristic microglia markers. Microglia were enriched with CD11b-MACs from 
organoids after 52 or 119 days in culture. mRNA levels were assessed by RT-PCR and normalized 
to the geomean of the reference genes SDHA2 and ACTB. Data points represent mRNA levels of 
oMG 1, 3, and 5. f) Unsupervised hierarchical cluster analysis on log transformed FPKM values 
for all available gene expression data of oMG day 38 and 52, adult MG1, fetal MG, another iPSC-
derived microglia model (iPSC MG; GSE85839) and additional primary adult microglia (adult MG2; 
GSE73721) (Muffat et al. 2016; Zhang et al. 2016). Prior to hierarchical clustering, log transformed 
FPKM values were scaled for each sample. See also Supplementary Figure 4, and Supplementary 
Data 1 and 2

To further analyze differences in gene expression between oMG and adult 
MG, we analyzed transcriptomic differences between day oMG and adult MG1 
(Supplementary Figure 4f–h). Sample variability and size resulted in high Log2fold 
changes and therefore shrinkage correction was performed. 1220 genes remained 
that were significantly upregulated in oMG day 52 and 1271 genes in MG1 (FDR < 
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0.05) whereas 2400 genes were significantly upregulated in oMG at day 38 and 2070 
in adult MG1 (Supplementary Figure 4i, j). Top 100 upregulated genes in oMG day 52 
included FN1, CDH4, COL1A2, and COL3A1 for oMG and, CDHR1, CXCR1, and ACKR2 
for adult MG1 (Supplementary Data 1). Functional gene classification with Panther 
GO-Slim (Mi et al. 2013) on the top 100 upregulated genes in both day 52 oMG and 
adult MG showed that the significantly upregulated genes in both samples belong 
to similar biological processes suggesting only subtle differences between oMG and 
adult MG. GO-pathway analysis on all DEGs did not show any significantly enriched 
pathways in adult MG1 vs. oMG, whereas oMG showed enrichment for “collagen 
catabolic process”, “extracellular matrix organization”, “negative chemotaxis”, 
“positive regulation of synapse assembly”, and “endodermal cell differentiation” 
compared to adult MG1 (Supplementary Data 2). Myeloid function- related terms 
were detected by GO-pathway analysis of common genes (between adult MG1 and 
day 52 oMG), such as “nervous system development”, “interleukin-12-mediated 
signaling pathway”, and “neutrophil degranulation” (Supplementary Data 2).
 Thus, both at the whole transcriptome level and when comparing microglia-
specific factors and biological pathways, oMG are very similar to adult MG.

To investigate a potential developmental effect on gene expression between day 38 
and day 52 oMG, differentially and commonly expressed genes and pathways were 
assessed. The transcriptomes of day 38 and day 52 oMG were most similar with 2160 
differentially expressed genes (Supplementary Figure 4k, FDR < 0.05). Due to this 
lower number, no significantly enriched pathways were detected when comparing 
day 38 and day 52 oMG. Several development-related terms were shared between 
day 38 and day 52 oMG, such as “nervous system development”, “neutrophil 
degranulation”, “cell adhesion”, and “receptor internalization” (Supplementary Data 
2). The top 100 significantly enriched genes in day 38 and day 52 oMG are depicted 
in Supplementary Data 1.

oMG functionally resemble adult microglia. For further characterization of oMG, 
single-cell suspensions were prepared from organoids at day 52 and compared to 
adult MG. The classical microglia cell surface markers CD45, CD11c, CD14, HLA-DR, 
CX3CR1, CD206 were all present in oMG and displayed an expression profile similar 
to that found in adult MG 1, as measured by flow cytometry (Figure 4a).
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Figure 4. oMG expressed microglia-characteristic cell surface markers and showed similar 
functional immune and phagocytic properties as adult MG. a) Flow cytometric analyses of the 
expression pattern of microglial extracellular markers on CD11b+-gated oMG (oMG 1, 3, and 
5) compared to adult MG derived from three separate brain regions from adult MG1.1. (eight 
organoids were pooled per donor (oMG 1, 3, and 5) after 52 days in culture). b) Morphology of 
magnetic automated cell sorted CD11b+ oMG 1 and adult MG in bright field microscope after 1 
week in culture. Scale bar 40 μm. c) mRNA expression, determined by RT-PCR, of pro-inflammatory 
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cytokines IL6 and IL1B after 6h stimulation with LPS was significantly higher in oMG compared to 
adult MG (Mann–Whitney test IL6 and IL1B: U = 0, n = 4, p = 0.03). LPS-stimulated response relative 
to control condition without LPS. (n = 4 experiments, eight organoids pooled per experiment; 
adult MG1.1) (*p < 0.05). d) Anti-inflammatory response of oMG and adult MG was compared 
by RT-PCR for expression of anti-inflammatory genes CD163 and MRC1 upon 72h stimulation 
with dexamethasone. Dexamethasone-stimulated response relative to control condition without 
dexamethasone. (oMG, n = 3 separate experiments in which oMG were isolated from > 4 pooled 
cerebral organoids from iPSC 1 per experiment; adult MG, n = 4). e) Phagocytosis capacity was 
tested oMG 1 and adult MG by performing a phagocytosis assay with iC3b-coated green-yellow 
fluorescent beads. Phagocytosis was analyzed by confocal microscopy. Maximum intensity 
projection and orthogonal views are depicted. One experiment per donor. Scale bars 40 μm. f) 
Quantification of iC3b beads engulfment by oMG and adult MG after 0.5 and 1h exposure to the 
beads. Three randomly selected view fields per condition were manually quantified (oMG 1, for 
0.5 and 1h; adult MG1.7, 1.8, and 1.9, for 0.5 and 1h). IBA1+ cells were categorized based on the 
number of inoculated beads as follows: 0 (type 1), 1–5 (type 2), 6–15 (type 3), or > 15 (type 4)

For cell culture purposes, oMG were enriched using CD11b-coated beads and 
magnetic cell sorting (MACS) on whole organoid cell suspensions. MACS-sorted 
oMG and adult MG were cultured for > seven days, and displayed a highly similar 
morphology (Figure 4b). To assess if oMG and adult MG responded similar to 
inflammatory triggers, E. Coli-derived lipopolysaccharide (LPS; pro-inflammatory) 
and dexamethasone (anti-inflammatory) were added to the culture medium 24h after 
plating the cells. Their immune response was evaluated by RT-PCR after stimulation 
with LPS and dexamethasone for 6 and 72h, respectively. Similar to adult MG, 
mRNA expression of IL6 and IL1B was significantly increased in oMG (day 52) after 
exposure to LPS (Figure 4c). This inflammatory response of oMG was significantly 
increased compared to adult MG (IL6 and IL1B: U = 0, n = 4, p < 0.05). Treatment 
with dexamethasone induced the expected increase in mRNA expression of CD163 
and MRC1 with a similar increase in fold change in oMG and adult MG (Figure 4d). 
To test phagocytic capacity, we exposed oMG day 79 and adult MG to iC3b-coated 
beads for 0.5 and 1h. Beads were detected in adult MG and oMG and as expected 
the number of phagocytosed beads increased in time (Figure 4e, f). This suggests 
that phagocytosis regulated via the C3 receptor is functional in oMG.
 Thus, oMG and adult MG display functional inflammatory and phagocytic 
responses, in line with the similarity in their transcriptomes.

oMG surround neurons and elicit immune response in organoids. Microglia 
mediate inflammatory responses in the CNS, but are also known to directly affect 
neurons, and vice versa, in the developing human as well as rodent CNS (Miyamoto 
et al. 2013; Cunningham et al. 2013; Paolicelli et al. 2011; Tremblay et al. 2010). 
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Figure 5. oMG form functional interactions with neurons and respond to inflammatory stimuli in 
situ. a) Microglia (IBA1)–neuron (TUJ1) interaction at an early (day 31) and late (day 52) time-point 
was visualized by immunostainings. Representative pictures of cerebral organoids from iPSC 1 are 
shown. Scale bars 40 μm. b) gSTED microscopy showing synaptic content inside microglial processes 
visualized by immunohistochemistry for IBA1 and PSD-95 on day 66 organoids. Maximum intensity 
projection of the entire cell (scale bar 10 μm), and close-up of region of interest (box in dashed 
line) with maximum intensity projection (scale bar 1 μm) and orthogonal view (voxel size 0.18 μm). 
c) Pilot experiment in which the IL6 inflammatory response was measured in organoids in situ. The 
cytokine response was significantly increased after 24h, as determined with a Friedman’s ANOVA 
test (p = 0.03; Dunn’s test t = 6 vs. baseline: -3 with p = 0.44; Dunn’s test t = 24 vs. baseline: -6 with 
p = 0.03). N = 3 iPSC 1 organoids per group. Error bars indicate standard deviation. d) Inflammatory 
response in situ was measured in whole organoids upon 24 and 72h of LPS stimulation by ELISA for 
cytokine release (IL6, TNFα, and IL10; both time-points) and transcript fold change by RT-PCR (after 
72h) for mRNA levels (IL6, TNF, IL10) in day 52 organoids. Secretion of both IL6 and TNFα, but not 
IL10, was significantly increased after 24 and 72h, as analyzed with Wilcoxon matched-pairs signed 
rank test (IL6 and TNFα: W = 21, p = 0.03). Similarly, mRNA levels of IL6 and TNF, but not IL10, were 
increased after 72h stimulation (IL6: W = 21, p = 0.03; TNF: W = 19, p = 0.06). mRNA levels were 
determined by RT-PCR and normalized to the geomean of the reference genes SDHA2 and ACTB. 
Two batches of cerebral organoids from iPSC 1, 3, and 5 were used (n = 6). IL10 levels were below 
detection level for the second batch of organoids. (*p < 0.05)

Recently, it has been established that microglia can initiate synaptogenesis, but 
also eliminate synapses during development and in disease (Miyamoto et al. 2016; 
Stephan et al. 2012; Tremblay et al. 2010). Here, we began to probe the applicability 
of cerebral organoids for studying the interplay between human microglia and 
neurons, and for studying microglia-mediated inflammatory responses in situ.

Immunohistochemistry for IBA1 and TUJ1 followed by epifluorescent microscopy 
showed that although during early development (day 31) oMG were still in an 
amoeboid state these cells were already located in close proximity to neurites (TUJ1) 
(Figure 5a). Upon further ramification, these oMG and their processes became 
more intertwined with neuronal processes (day 52, Figure 5a). As microglia have 
been reported to regulate synaptic morphology and function we tested whether 
functional synapses are present in the organoids. Indeed, postsynaptic responses 
to presynaptic release of glutamate were detected at day 52 as evidenced by 
spontaneous excitatory postsynaptic currents (sEPSCs) (Supplementary Figure 1q). 
Further, voltage-dependent sodium channels were present as inward currents were 
registered in response to evoked increases in membrane potential (Supplementary 
Figure 1r, s). These data suggest that cerebral organoids contain functional synapses 
and could be used for studying the potential effect of microglia on synapse function. 
But can oMG processes be found in close proximity to neuronal synaptic structures? 
To address this question, we applied super- resolution stimulated emission depletion 
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(STED) microscopy to study the distribution of microglia (IBA1) in relation to the 
postsynaptic marker PSD-95 in cerebral organoids. High- resolution images from 
the STED experiment showed significant overlap between IBA1 and PSD-95 signals, 
with PSD-95 material either inside IBA1+ oMG processes or being in contact with or 
partially engulfed by oMG ramifications (Figure 5b).

To further probe the potential use of the oMG-organoid model, we assessed whether 
or not the organoids responded to inflammatory compounds in situ by exposing 
complete organoids to LPS at day 52. We found that an acute cytokine response can 
be assessed 24h after LPS stimulation (Figure 5c). Release of IL6, TNFα, but not IL10, 
was significantly increased after 24h (IL6 and TNFα: W = 21, p = 0.03) and 72h (IL6 and 
TNFα: W = 21, p = 0.03) of LPS stimulation, as measured by enzyme-linked immune 
assays (ELISA) indicating an acute and long-term effect (Figure 5d). Increased mRNA 
levels of IL6 and TNF, but not of IL10, were detected after 72h of LPS stimulation 
(IL6: W = 21, p = 0.03; TNF: W = 19, p = 0.06) (Figure 5d). The cytokine response to 
LPS detected in the medium was low as compared to assays performed with isolated 
oMG. However, this is expected considering that only ~1% of all cells of an organoid 
are microglia (~10,000 cells) and that 100,000 cells were used in the 2D experiments.
 Overall, these data support the idea that the organoid model described in 
this study represents a valuable tool to facilitate research into the interaction of 
different cell types in the human brain and the role of microglia during human CNS 
inflammation.
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DISCUSSION

The current consensus is that cerebral organoids mainly consist of differentiated 
cells from the neuroectodermal lineage. This is a commonly mentioned drawback 
of this otherwise innovative model as cells derived from other lineages, such as 
microglia, play a crucial role in brain development, physiology, and pathology 
(Dutta et al. 2017; Fatehullah et al. 2016). Our data refutes this assumption, as 
we show that microglia can innately develop within cerebral organoids. Single-cell 
RNAseq analyses of cerebral organoids by Quadrato et al. did show the presence 
of mesodermal progenitors in cerebral organoids, but these did not display signs 
of microglial differentiation (Quadrato et al. 2017). In our study, instead of adding 
extra BDNF to the differentiation cocktail, like Quadrato et al., we reduced levels 
of the neuroectoderm stimulant heparin and delayed matrigel embedment of 
the organoids. Although we also detected oMG following the original protocol of 
Lancaster et al. (Lancaster et al. 2014b), we found that this adaptation improved the 
yield of microglia. These oMG display a characteristic ramified morphology, express 
microglia-specific markers, mediate inflammatory responses, and have phagocytotic 
capacity.

The development of in vitro models to study human microglia has been a major 
challenge in the field. Primary microglia can be isolated from fresh human brain 
tissue (Melief et al. 2016; Galatro et al. 2017) and microglia can be derived from 
iPSCs (Muffat et al. 2016; Abud et al. 2017; Pandya et al. 2017), but both methods 
have their own specific limitations. For example, acutely isolated microglia from post 
mortem brain or surgery tissue yields a limited number of cells. Another confounding 
factor is the quality of the post mortem tissue, and phenotypic changes induced by 2D 
in vitro culture (Gosselin et al. 2017). Several recently published human iPSC-derived 
microglia differentiation protocols (Muffat et al. 2016; Abud et al. 2017; Pandya 
et al. 2017) partly circumvent these limitations. However, although these studies 
represent great advances in the field, they still do not provide for the 3D interaction 
of microglia throughout brain development with neurons and astrocytes in a human 
physiological setting. To generate microglia from iPSCs, protein cocktails are used 
that are known to drive microglia development in rodents, such as CSF1, IL34, and 
TGFβ (Dutta et al. 2017; Kierdorf et al. 2013; Butovsky et al. 2014). Interestingly, 
these factors are innately expressed by cerebral organoids as shown in the present 
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study. It is thought that these previously identified factors act in concert with other 
yet undefined factors secreted or expressed by neurons and astrocytes to induce 
microglia differentiation and regulate microglia phenotype. This idea is supported 
by a recent paper describing that co-culture of iPSC-derived microglia with neurons 
changes the phenotype of microglia into a more homeostatic one (Haenseler et al. 
2017). Therefore, although every method to isolate or generate human microglia 
will have its own limitations, the advantage of oMG may be that these cells develop 
simultaneously with other cell types that provide for essential molecular factors in a 
3D brain environment.

To validate the microglia identity of oMG, cells were phenotypically and functionally 
characterized and compared to adult MG. At a cellular level, oMG resembled adult 
MG in several ways. For example, when comparing the expression levels of extra- 
cellular surface markers, the response of oMG and adult MG to inflammatory stimuli, 
and the phagocytic response to iC3b-coated-particles. Functional synapses were 
detected in the organoids and microscopy-based approaches detected microglial 
ramifications in close proximity to neuronal processes and synaptic material. Different 
mechanisms of synaptic pruning have been described, including synaptic stripping, 
phagocytosis, and trogocytosis (Tremblay et al. 2010; Weinhard et al. 2018). Our 
super-resolution microscopy data detected postsynaptic material inside and in close 
proximity to oMG, suggesting these different mechanisms may be at play as has been 
reported for MG. Future studies are needed to dissect these mechanisms for oMG 
in cerebral organoids, but our data further identify the organoid model as a valuable 
tool for studying human microglia-neuron interactions in 3D brain tissue.

At the transcriptome level, comparison between oMG and adult MG1, showed that 
oMG expressed key microglia markers (e.g., SPI1, AIF1, CSF1R, TLR4) at similar levels 
to MG found in human post mortem samples. Some key genes like P2RY12, TREM2, 
and TMEM119 that were lowly expressed in oMG cultured for 52 days compared 
to adult MG, increased when oMG were held in culture longer (119 days). Whole 
transcriptome comparison with other datasets, including adult MG from this study, 
and previously published datasets of adult MG, fetal MG and iPSC MG, consistently 
validated the microglial identity of oMG. Our data replicated the finding of Muffat 
et al. that iPSC MG cluster with fetal MG rather than adult MG (Muffat et al. 2016). 
When comparing a selection of transcription factors that are important for microglia 
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in vivo (Gosselin et al. 2017), adult MG had the lowest correlation with fetal MG, 
which could reflect a maturation effect. Simultaneously, oMG strongly correlated with 
adult MG, whereas fetal MG correlated with iPSC MG. Still, comparisons between 
multiple available datasets, including the ones in this study, have inherent limitations 
due to differences in sample processing of the different resources. Nevertheless, it 
is tempting to speculate that the mature phenotype of oMG may result from their 
interaction with other cell types in 3D, interactions during differentiation not present 
in recently published iPSC MG studies.

Our finding that microglia are present in cerebral organoids provides novel 
opportunities for studying the human brain. First, this model can be used to study 
the development of human microglia in association with other developing human 
brain cells. Gene editing of the iPSCs can be used to study the role of specific factors 
that mediate the interaction between neurons and glia. Second, this model will 
be useful to investigate how microglia are involved in the development of human 
neurons and astrocytes, including processes such as neurogenesis, synaptogenesis, 
and synaptic pruning (Stevens et al. 2007; Miyamoto et al. 2013; Miyamoto et al. 
2016). Third, this human cell model can be used to study the pathogenesis of brain 
infections by viruses such as Zika virus and HIV-1. Microglia are considered to be an 
important target for these viruses and their immune reaction is likely to play a role 
in the brain pathology caused by these pathogens (Dutta & Clevers, 2017). Fourth, 
this model can be used to understand the role of microglia, macroglia and neurons in 
neurodevelopmental diseases, especially diseases with a clear genetic component, 
such as autism and schizophrenia. Fifth, it opens new avenues to study diseases such 
as Alzheimer’s disease and ALS in which a role for microglia and their interaction with 
astrocytes and neurons is increasingly recognized (Orre et al. 2014).

Although the organoid model presented here is the first method to develop iPSC-
derived human microglia in a 3D neuronal niche, it has a number of limitations 
(Lancaster et al. 2014b). An important limitation is the fact that organoids are still 
far from representing the human brain as they, for example, lack vasculature and 
crosstalk with other tissues in the developing embryo (Lancaster et al. 2014b). 
Another limitation is that the heterogeneity of cell types in cerebral organoids, due to 
the absence of SMAD inhibition, co-occurs with an increase in organoid-to-organoid 
variability. Although microglia where detected in all organoids generated in our study, 
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their distribution was variable. A promising application to limit variability instigated 
by the use of multiple iPSC donors is the use of isogenic controls to study the role of 
specific proteins or genetic risk variants on microglia development, phenotype and 
function. In addition, although it is important to study microglia in the 3D context, 
there are inherent technical challenges as compared to studying these cells in 2D 
cultures. Fortunately, many tools have been developed in the past decade to study 
specific cell types in complete tissue, such as tissue clearing (Ertürk et al. 2012), 
cell-type specific expression of fluorescent reporters, and advanced microscopic 
techniques, including light sheet, super-resolution, and live-cell imaging (Tremblay 
et al. 2010). Similar approaches can be employed to study microglia in the organoid 
in situ, but these will need further optimization.

In conclusion, here we report a method to develop iPSC-derived microglia in a 3D 
neuronal niche. The potential to study neuron/microglia interactions within human 
brain tissue will significantly further our knowledge of the structural, functional, and 
molecular mechanisms underlying microglia (dys)function in the intact and diseased 
human brain.
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1.  iPSC5 characterization and neuronal identity in organoids
a to c- Stem cell markers NANOG and TRA1-81 (a), SOX2 and TRA1-60 (b), 
and OCT4 and SSEA4 (c) expression in iPSC5 line. Scale bar 200 mm. 
d- Karyogram of iPSC 5.
e to g- Pluripotency potential was evaluated by spontaneous differentiation assay followed 
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by immunohistochemistry for smooth muscle actin (SMA, e), β-III Tubulin (TUJ1, f), and 
α-fetoprotein (AFP, g). Scale bar 200 μm. 
h- mRNA expression of stem cell markers by RT-PCR (normalized to ACTB) with a commercial 
embryonic stem cell line (HUES6). mRNA expression of iPSC 5 relative to HUES6.
i- Dorsal forebrain identity of organoids assessed by FOXG1 and PAX6 immunostainings at day 31. 
Representative pictures of organoids from iPSC 1 are shown. (right panel is a close-up of the left 
panel) Scale bars 200 μm. 
j- Neuronal features of the organoids was evaluated by immunohistochemistry for progenitor 
marker SOX2 and pan-neuronal marker TUJ1 at day 31. Representative pictures of organoids 
derived from iPSC 1 are shown. (right panel is a close-up of the left panel) Scale bars 200 μm. 
k, l and m- Presence of TBR2+ progenitors (k), cortical deep layer neurons expressing CTIP2 (l) and 
TBR1 (m), and mature neurons MAP2 (m) in cerebral organoids at day 31. Representative pictures 
of organoids from iPSC 1 are shown. Scale bars 200 μm. 
n, o and p- Superficial layers were assessed by SATB2 expression at day 31 (n) and presence of 
astrocytes evaluated by expression of GFAP (o) and S100β (p) at day 52. Representative pictures of 
cerebral organoids from iPSC 1 are shown. Scale bars 200 μm. 
q, r, s- Glutamatergic spontaneous excitatory postsynaptic potentials (sEPSCs) detected at a 
holding potential of -65 mV. Voltage dependent sodium currents, necessary for the generations of 
spikes, could be elicited (q). Example of a single sodium current evoked at -10 mV is shown (r). IV 
plot depicting the typical course of the voltage dependency of the sodium currents is shown (s). 
Cerebral organoids from iPSC 1 were used for the electrophysiology.
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Supplementary Figure 2. The quantity of microglia is similar between batches, donors, and time-
points in culture and co-mature with neurons
a- Mask images created by an automated macro in FIJI to quantify the fraction of nuclei, IBA1, 
and TUJ1 positive area of a tiled image of a fluorescent staining. The fluorescent channels were 
split and a separate threshold was applied to enable further analyses. Representative pictures of 
cerebral organoids from iPSC 1 are shown. Scale bar 500 μm.
b- Quantification of IBA1/nuclei ratio from tiled fluorescent images of 2 sections per organoid. The 
variation between batches is similar to the variation between organoids of the same batch ranging 
from 0.05-0.2. 
c- Percentage of CD11b+ cells in organoid single cell suspension when sorted with flow cytometry. 
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Organoids from three donors were used for this experiment (iPSC 1, 3, and 5) at two time-points 
(38 and 52 days in vitro). The mean percentage of CD11b+/CD45+ cells of donors iPSC 1, 3, and 5 
was 0.83% +/- 0.3 (SD) at both time-points for oMG (n = 6)
d- The increase of IBA1+ is positively correlated with TUJ1. Each data-point reflects the IBA1  and 
TUJ1 fraction, normalized to nuclei, of one tiled image of organoids from three separate batches.
e- Neuronal identity and cyto-architecture is maintained in organoids containing microglia as 
shown in tiled pictures from sections of one organoid after 66 days in culture. Co-staining for: 
microglia (IBA1) and mature neurons (NEUN) (* indicates NEUN+ cells in close proximity with IBA1+ 
cells, left panel); radial glia (PAX6) and a pan-neuronal marker (TUJ1, middle panel); and for a deep 
cortical layer marker (CTIP2) and a post-mitotic projection neuron marker (TBR1, right panel). Scale 
bar 500 μm.
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Supplementary Figure 3. oMG express microglia-specific genes that could be measured in the 
whole organoid but also when the microglia population is enriched 
a- Graphs depicting mRNA expression levels of microglia-specific genes in organoids. mRNA levels 
were determined by RT-PCR and normalized to the geomean of the reference genes SDHA2 and 
ACTB. Data represent the mean of four batches consisting of two organoids per batch per time-
point. All batches consisted of organoids derived from iPSC 1. Error bars represent the standard 
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error of the mean (SEM).
b- Magnetic automated cell sorting validation in oMG (upper panel) and adult MG (lower panel) by 
RT-PCR by using a panel of classical microglia genes but also genes that should not be expressed 
by microglia (GFAP, TUBB3, MAP2, and OLIG2). mRNA levels were compared with the flow through 
fraction (oMG flow through and adult MG flow through). Data was log transformed and scaled 
for each sample to visualize the expression pattern. mRNA levels were determined by RT-PCR and 
normalized to the geomean of the reference genes SDHA2 and ACTB. n = 3 separate experiments 
in which oMG were isolated with CD11b+ magnetic cell sorting from 8 organoids per experiment 
and also an n = 3 separate experiments to enrich adult MG with CD11b+ magnetic cell sorting from 
fresh human brain tissue. (*p < 0.05)
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Supplementary Figure 4. Correlation among microglia-like cells
a- Spearman correlation analysis between oMG day 38, oMG day 52, adult MG 1, iPSC and 
fibroblast samples. DESeq2 rlog transformed raw gene counts of all genes annotated after removal 
of common genes (FDR > 0.05, sum of raw read counts > 0) between the samples were used as 
input. Size and color of circles indicate the strength and direction of the correlation, respectively. 
b- Unsupervised hierarchical cluster analysis on DESeq2 rlog transformed raw counts of oMG day 
38, oMG day 52, and adult MG1 based on all genes after removal of common genes (FDR > 0.05, 
sum of raw read counts > 0) between samples.
c- Principal component analysis on DESeq2 rlog transformed raw counts of oMG day 38, 52, adult 
MG, iPSC and fibroblasts.
d- Spearman correlation analysis between oMG day 38, 52, adult MG1, fetal MG, iPSC MG and 
adult MG2 scaled log transformed FPKM values of genes used in Figure 3f. Median log transformed 
FPKM values for biological replicates were used as input for the correlation analysis.   
e- Spearman correlation analysis between oMG day 52, adult MG, fetal MG, and iPSC MG scaled 
log2 FPKM values of a panel of transcription factor families that recognize microglia-related motifs. 
Median log transformed FPKM values for biological replicates were used as input for the correlation 
analysis.
f, g, and h- Volcano plots show differentially expressed genes (FDR < 0.05 in red) between day 38 
oMG vs adult MG1 (f), day 52 vs day 38 oMG (g), and day 52 oMG vs adult MG1 (h).
i, j, and k- Venn diagrams show common expressed (FDR > 0.5, sum of raw read counts > 0) and 
differentially expressed genes (FDR < 0.05, enriched genes in sample/total amount of differentially 
expressed genes) between day 52 oMG vs adult MG1 (i), day 38 oMG vs adult MG1 (j), and day 
38 vs day 52 oMG (k) after shrinkage correction of the log2Fold change and removal of identified 
common genes between iPSC, fibroblasts, oMG and adult MG1.
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Supplementary Figure 5. Flow cytometry gating strategies used for cell sorting and protein 
expression quantification
a- Gating strategy to sort CD11b+CD45+ single living cells from the organoid/brain single cell 
suspensions. Representative gates of oMG enrichment of iPSC 3 are shown.
b- Gating strategy to quantify protein expression of CD11b+ cells gated from organoid/brain single 
cell suspension. Isotype controls of respective antibodies were used to accurately determine the 
protein expression. Representative gates of CD11b+ stained cells of iPSC 1 are shown. 
Abbreviations: SSC-A = sideward scatter area; FSC-A = foreward scatter area; FSC-W = foreward 
scatter width.
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Supplementary Table 1. Comparative overview of adaptations in the organoid differentiation 
protocol used in this study and the original protocol of Lancaster et al. 2014

Description Criteria Ormel et al. 2018 Lancaster et al. 2014

Embryoid bodies 
generation

medium hES4 (-P/S; +FBS); Y27 (1:100) hES4 (-P/S; +FBS); Y27 (1:100)

plates AggreWell 800, (300 microwells/well) V- bottom ULS 96 well plate

Volume 2 mL (1.75*106 cells per mL) 150 μL (6*104 cells/mL)

cells per EB Approx. 11500 cells 9000 cells

Germ layer 
differentiation I

timing up to day 4 up to day 4

medium hESC4 ; Y27 (1:100) hESC4 ; Y27 (1:100)

plates flat bottom ULA 96 well plate V- bottom ULA 96 well plate

EB size 320 (+/- 40) μm > 350-400 μm

Germ layer 
differentiation II

timing Days 4 to 6 Days 4 to 6

medium hES0 hES0 

plates flat bottom ULA 96 well plate V- bottom ULA 96 well plate

EB size 330 (+/- 37) μm 350-600 μm

Induction of 
neural ectoderm

timing days 6 to 12 days 6 to 9

medium NIM with 0.1 μg/mL Heparin NIM with 1 μg/mL Heparin

plates flat bottom ULA 96 well plate flat bottom ULA 24 well plate

EB size 330-570 μm 500-600 μm

Transfer to 
Matrigel

timing Day 13 Day 11

medium Differentiation medium without RA Differentiation medium without 
RA

plates 60 mm petri dish 60 mm tissue culture dish

Transfer 
bioreactor

timing Day 17 Day 15

medium Differentiation medium with RA Differentiation medium with RA

platform Spinning bioreactor Spinning bioreactor

speed 27.5 rpm 25 rpm

EB embryoid body, rpm rounds per minute
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Supplementary Table 2. Gene panels consisting of transcription factor genes important for 
microglia functioning in vivo 

Transcription family Transcription factors important for microglia functioning in vivo

PU.1 SPI1

CTCF CTCF

IRF IRF1, IRF2, IRF3, IRF8, IRF9

RUNX RUNX1, RUNX2

AP-1 JUN, JUNB, JUND, FOS, FOSB, FOSL2, ATF4, BATF, BATF2, BATF 3

C/EBP CEBPA, CEBPB, CEBPG

MEF2 MEF2A, MEF2B, MEF2C, MEF2D

SMAD SMAD3

MAF MAF, MAF1, MAFB, MAFF, MAFG, MAFK

Supplementary Table 3.  Primer sequences used for RT-PCR experiments (part 1/2)
Gene 5’-Forward primer-3’ 5’-Reverse primer-3’

ACTB GCTCCTCCTGAGCGCAAG CATCTGCTGGAAGGTGGACA

GAPDH TGTTCGACAGTCAGCCGCATCTTC CAGAGTTAAAAGCAGCCCTGGTGA

SOX2 endo CGAGGGAAATGGGAGGGGTGC TGCAGCTGTCATTTGCTGTGGGT

SOX2 viral GCATGACCAGCAGCCAGACCTA TCTTGACCACGCTGCCCATGCT

NANOG endo GCCTGTGATTTGTGGGCCTGA GTGGAAGAATCAGGGCTGTCCTG

OCT4 endo TGTCTCCGTCACCACTCTGGGC CCCAAAAACCCTGGCACAAACTCC

OCT4 viral AACCCCGAGGAAAGCCAGGACA ACAGCACGCCCAGTGTCAGT 

C-MYC endo GCGGGCACTTTGCACTGGAACT TTTCAGAGAAGCGGGTCCTGGCA 

C-MYC viral TACGCCCTGTTGAAGCTGGCTG TGCACCGAGTCGTAGTCGAGGT

C-MYC total ACCGAAAATGCACCAGCCCCA CGATCTGGTCACGCAGGGCAAA

KLF4 endo TCCCGCCGCTCCATTACCAA TTTTGCCGCAGCCCGCGTAA 

KLF4 viral TGGAAGTTCGCCAGAAGCGACG TTCATGTGCAGAGCCAGGTGGT

dTOMATO TGAAGATGCGCGGCACCAACT TGGTGGATCTCGCCCTTCAGCA

SDHA2 GAAGCCCTTTGAGGAGCACT GTTTTGTCGATCACGGGTCT

AIF1 AGACGTTCAGCTACCCTGACTT GGCCTGTTGGCTTTTCCTTTTCTC

PTPRC GCAGCTAGCAAGTGGTTTGTTC AAACAGCATGCGTCCTTTCTC

CD68 CTTCTCTCATTCCCCTATGGACA GAAGGACACATTGTACTCCACC

ITGAM TGCTTCCTGTTTGGATCCAACCTA AGAAGGCAATGTCACTATCCTCTTGA

CX3CR1 CTTACGATGGCACCCAGTGA CAAGGCAGTCCAGGAGAGTT

TREM2 TCAGGAAGGTCCTGGTGGA GGGTGGGAAGGGGATTTCTC

TYROPB TACGGCCTCTGTGTGTTGAG CGGAAACAGCGTATCACTGAG

P2RY12 TTTGTGTGTCAAGTTACCTCCG CTGGTGGTCTTCTGGTAGCG
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Supplementary Table 3.  Primer sequences used for RT-PCR experiments (part 2/2)
Gene 5’-Forward primer-3’ 5’-Reverse primer-3’

GPR34 CCTGATGTCCAGTAACATTCGC CATGCAGGGAGTATCCTGGT

PROS1 TTGCACTTGTAAACCAGGTTGG CAGGAACAGTGGTAACTTCCAG

MERTK CTCTGGCGTAGAGCTATCACT AGGCTGGGTTGGTGAAAACA

GAS6 CTCTCTCTGTGGCACTGGTA CCTTGATCTCCATTAGGGCCAA

HLADRA CCCAGGGAAGACCACCTTT CACCCTGCAGTCGTAAACGT

TLR2 ATCCTCCAATCAGGCTTCTCT GGACAGGTCAAGGCTTTTTACA

TLR3 CAAACACAAGCATTCGGAATCTG AAGGAATCGTTACCAACCACATT

TLR4 AGTTGATCTACCAAGCCTTGAGT GCTGGTTGTCCCAAAATCACTTT

TMEM119 CTTCCTGGATGGGATAGTGGAC GCACAGACGATGAACATCAGC

GFAP AGGTCCATGTGGAGCTTGAC GCCATTGCCTCATACTGCGT

TUBB3 GGCCTTTGGACATCTCTTC CTCCGTGTAGTGACCCTTG

MAP2 CTCAGCACCGCTAACAGAGG CATTGGCGCTTCGGACAAG

OLIG2 AGGACAAGAAGCAAATGACAG TCCATGGCGATGTTGAGG

IL6 TGCAATAACCACCCCTGACC TGCGCAGAATGAGATGAGTTG

IL1B TTTGAGTCTGCCCAGTTCCC TCAGTTATATCCTGGCCGCC 

CD163 TTTGTCAACTTGAGTCCCTTCAC TCCCGCTACACTTGTTTTCAC

MRC1 TGCAGAAGCAAACCAAACCTGTAA CAGGCCTTAAGCCAACGAAACT

TNF TGGAGAAGGGTGACCGACTC TCACAGGGCAATGATCCCAA

RUNX1 AAGACCCTGCCCATCGCTTT CATCATTGCCAGCCATCACAG

SPI1 GTGCAAAATGGAAGGGTTTCCC TACTCGTGCGTTTGGCGTTG

CSF1R ATCAGCATCCGGCTGAAAGT CTCGAATCCGCACCAGCTCT

IL34 TGCACTGTCACGGGTTTTCT CCCTCGTAAGGCACACTGAT

CSF1 GCAGGAGTATCACCGAGGAG CACGAGGTCTCCATCTGACTG

TGFB1 CAATTCCTGGCGATACCTCAG GCACAACTCCGTGACATCAA

IRF8 ATCAAAAGGAGCCCTTCCCC ATCAAAAGGAGCCCTTCCCC

TGFBR1 TCCAAACCACAGAGTGGGAAC TCCAAACCACAGAGTGGGAAC

TGFBR2 GTATCGCCAGCACGATCCCA GAAACTTGACTGCACCGTTGTT

C1QA GAGCACCAGACGGGAAGAAA TAAGGCCTTGGATGCCTGTC
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Supplementary Table 4. Antibodies used in this study for immune histo/cytochemistry

Antigen/target Host species Dilutions Provider, article number

SMA Mouse 1:100 Sigma, A2547

AFP Rabbit 1:50 Quartett, 2011200530

Brachyury Goat 1:1000 R&D systems, AF2085-SP

PAX6 Mouse 1:200 DSHB, Pax6-s

NEUN Mouse 1:300 Abcam, AB104224

TUJ1 Rabbit 1:1000 Sigma, T2200

TUJ1 Mouse 1:1000 Covance, MMS-435P

IBA1 Rabbit 1:1000 Wakko, 019-19741

IBA1 Goat 1:1000 Abcam, AB5076

FOXG1 Rabbit 1:100 Abcam, AB18259

CD68 Rabbit 1:100 Invitrogen, MA5-13324

CTIP2 Rat 1:100 Abcam, AB18465

TBR1 Rabbit 1:100 Gift from Robert Hevner

S100b Rabbit 1:600 Dako, Z0311

GFAP-pan Rabbit 1:1000 Dako, Z0334

PSD-95 Mouse 1:300 NeuroMab, 75028

MAP2 Mouse 1:300 Biolegend, SMI-52p

PU.1 Rabbit 1:100 Invitrogen, A13971

SATB2 Rabbit 1:300 Abcam, AB34735

NANOG Rabbit 1:200

STEMLight iPSC
characterization Kit, Cell
Signalling, 9656S

OCT4 Rabbit 1:200

SSEA4 Mouse 1:200

TRA1-60 Mouse 1:200

TRA1-81 Mouse 1:200

SOX2 Rabbit 1:200

Mouse, 568 Donkey 1:1000 ThermoFisher, A10037

Mouse, 555 Donkey 1:1000 ThermoFisher, A31570

Mouse, 488 Donkey 1:1000 ThermoFisher, A21202

Rabbit, 568 Donkey 1:1000 ThermoFisher, A10042

Rabbit, 488 Donkey 1:1000 ThermoFisher, A21206

Goat, 488 Donkey 1:1000 ThermoFisher, A11055

Rat, 488 Donkey 1:1000 ThermoFisher, A21208

Rabbit, Atto647N Goat 1:200 Sigma Aldrich, 40839

Rabbit, 488 Goat 1:200 ThermoFisher, A11034

Mouse, 594 Goat 1:200 ThermoFisher, A11032
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ABSTRACT

Maternal immune activation (MIA) during pregnancy is a risk factor for developing 
schizophrenia and autism spectrum disorder in the offspring. In rodents, MIA-progeny 
has been shown to develop changes in behavior and cognition. However, it is also 
clear that MIA in humans most often does not induce a neurodevelopmental disorder. 
To investigate possible resilience to prenatal inflammation in brain development of 
non-psychiatric individuals, in the current study induced pluripotent stem cell (iPSC)-
derived cerebral organoids from non-psychiatric individuals were challenged with 
lipopolysaccharide (LPS) during an early developmental stage reflecting the end of 
the 1st trimester. Acute and long-term effects of LPS on immune-activation, microglia 
and astrocytic phenotypes, together with alterations in neuronal development were 
assessed. Acute effects included increased gene expression of immune-activation 
markers (IL6, IL1B, TNF), and decreased expression of neuronal markers important 
in neuronal development (RELN and EOMES/TBR2) after LPS stimulation. Also, an 
increase in microglia and astrocytic protein expression was detected (IBA1, GFAP). 
Long-term effects solely consisted of a decrease in immune activation markers (IL1B, 
TNF). The acute effects replicate findings observed in MIA studies, although long-
term effects were not replicated. These preliminary results suggest that immune-
activation leads to transient changes, but also to compensatory mechanisms in 
immune pathways, which may protect the developing brain from long-term structural 
changes. Since most maternal infections do indeed not result in neurodevelopmental 
disorders, we hypothesize that compensatory mechanisms that make the human 
brain resilient against prenatal inflammation may be affected in individuals genetically 
at risk for developing psychiatric illnesses.
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INTRODUCTION

Epidemiological studies have shown that prenatal inflammation is a risk factor for 
schizophrenia, autism spectrum disorder, and bipolar disorder (Scola & Duong, 
2017). Infections and increased levels of pro-inflammatory cytokines during the first 
or second trimester increase the risk for developing schizophrenia and autism in 
offspring 2- to 5-fold and 1.1-fold, respectively (Brown, 2012; Khandakar et al. 2013; 
Sorenson 2009; Atladottir et al. 2010). A 4-fold increase has been described for bipolar 
disorder in which the timing of inflammation was not an identified determining 
factor (Parboosing et al. 2013). It remains difficult to comprehend how an incident 
during early-development unfolds into a psychiatric illness years later (Allswede & 
Cannon, 2018). It is hypothesized that increased levels of cytokines, chemokines, 
and other inflammatory factors during an infection in the mother, are partly 
transferred across the placenta. These factors are hypothesized to either directly 
affect brain development in the fetus (Allswede & Cannon, 2018), or lead to long-
term dysfunctional changes in microglia, the immune cells of the brain. IL6 and IL17 
have gotten extra attention for a potential detrimental role in the cascade initiated 
by the infection being able to directly affect brain development (Allswede & Cannon, 
2018; Choi et al. 2016). The pathogenic trajectory from MIA to neurodevelopmental 
disorders is difficult to investigate in human subjects. Animal models have therefore 
been used to study the impact of prenatal inflammation on the offspring brain.

The rodent maternal immune activation (MIA) model has been used most 
extensively to study the induction of long-term abnormalities in the brain due to 
prenatal infection (Bergdolt & Dunaevsky, 2018). Generally two procedures are used 
to evoke MIA: an intraperitoneal injection of the pregnant mouse with a bacterial 
(lipopolysaccharide/LPS) or viral (polyinosinic:polycytidylic acid/PIC) agent. The 
timing differs per study, some studies induce MIA at embryonic day 9 (E9) before 
the fetal blood brain barrier closes, but most induce MIA at E12. Hereby simulating 
an infection during a gestation stage that correlates to late first trimester in humans 
that is most highly linked to increased risk of schizophrenia and autism, but not 
necessarily bipolar disorder (Clancy et al. 2007; Atladottir et al. 2010; Parboosing 
et al. 2013; Brown, 2012). This time-point is just after microglia settle in the brain 
parenchyma (E8.5) (Ginhoux et al. 2010). 
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Several important biological concepts were deduced from the MIA studies. First, an 
infection in the mother is able to cross the placenta-fetus barrier where it evokes 
an inflammation wave that travels through the fetal bloodstream and then crosses 
the blood-brain-barrier of the fetus in case of MIA induction at E12. Elevated 
cytokine levels (such as IL6) and STAT3 phosphorylation can be detected in the 
fetal brain within three hours or twenty-four hours after stimulation with PIC or 
LPS, respectively (Wu et al. 2017; Hsueh et al., 2018; Bergdolt & Dunaevsky, 2018). 
Second, MIA induces long-term changes in cytokine levels in the brain of the MIA 
offspring (Bergdolt & Dunaevsky, 2018). Third, prenatal inflammation can induce 
long-term changes in behavior and cognition in offspring (Meyer, 2014). This includes 
impaired sensorimotor gating, social, and exploratory behavior. Fourth, MIA affect 
neurodevelopment, as shown by reductions in brain volume, defects in neuronal 
migration and maturation (Pendyala et al. 2017; Corradini et al. 2018). Intervention in 
the immune wave in the fetal brain was effective in preventing the MIA phenotype, as 
shown by inhibiting IL17a and IL1 receptor type 1 knock out studies (Choi et al. 2016; 
Corradini et al. 2018). Corradini et al. further correlated the state of inflammation 
in the fetal brain to delayed neurodevelopment (Corradini et al. 2018), that might 
underlie the behavioral changes. It is important to note that although most MIA 
studies show short- and long-term effects, the observed changes are largely variable. 
Including behavioral symptoms, but also effects on the immune system and neuronal 
development. Disparity can be largely explained by the choice of immunogen, 
timing of MIA induction, animal strain, and single or multiple challenges (Bergdolt 
& Dunaevsky, 2019; Meyer, 2014). It also remains unclear how all these findings 
translate to humans. Especially considering that the MIA animal model has a high 
penetrant effect inducing a severe phenotype in the offspring, whereas only a small 
percentage of pregnant women with prenatal infection deliver children that develop 
schizophrenia or another major psychiatric illness (Khandakar et al. 2013; Cannon et 
al 2002). We therefore hypothesize that the human brain has a level of resilience to 
immune-stressors that need interaction with other genetic and environmental risk 
factors to induce long-term defects. Until recently, models that mimic human brain 
development were absent. 

Advances in iPSC technology have unfolded new opportunities to investigate the 
translation of findings from rodent MIA models to humans. In 2014 there was 
a breakthrough in iPSC-research due to the publication of a protocol for (human) 
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cerebral organoids (Lancaster et al. 2014). The protocol is widely used to study 
effects of, for example, Zika infection on brain development (Jansens et al. 2018; 
Qian et al 2017; Dang et al. 2016). The trajectory of neuronal development in these 
organoids closely mimics fetal human brain development, including apical and basal 
neuronal stages, till cortical plate neurons (Camp et al. 2015; Lullo & Kriegstein, 
2017). An adaptation to the cerebral organoid protocol showed innate development 
of microglia in the organoids (Ormel et al. 2018). This is an important addition as 
these cells, together with astrocytes, are presumed to play an important role in 
proliferation of the immune effects in the brain in case of MIA. Furthermore, they are 
intertwined with the development and maintenance of other brain cells (Tremblay et 
al. 2010; Stevens et al. 2007; Miyamoto et al. 2016; Cunningham et al. 2013) through 
which they can affect developing neurons. In MIA models, inflammation is induced 
just after microglia enter the brain, therefore involvement in the MIA-induced 
phenotype is assumed and confirmed by long-term changes in the phenotype and 
density of microglia (O’Loughlin et al.2017; Zhang et al. 2018). 

The aim of this study was to delineate acute and long-term consequences of an 
infection during early stages of human brain development, in analogy to the MIA 
model. By using non-psychiatric donors we were able to investigate resilience of 
human brain development against environmental stressors. We grew iPSC-derived 
organoids and triggered immune-activation with an LPS challenge just after microglia 
developed within the model. We determined acute and long-term effects on glial 
phenotype and changes in neurodevelopment by assessing gene expression changes 
that characterize different steps in neurodevelopment that could explain rise of 
psychiatric problems later in life.
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METHODS

Research subjects. iPSC line generation was approved by the Medical Ethical 
Committee of the University Medical Center Utrecht. Written consent was provided 
by the non-psychiatric subjects. 

iPSC lines generation and maintenance. Generation and characterization, including 
karyotyping and pluripotency testing, of both iPSC-line 1 (male, 65 years old) and 
2 (male, 66 years old) have been described before (Harschnitz et al. 2016). iPSC-
lines were feeder-free cultured on Geltrex-coated (Thermofisher, A1413202) dishes 
in mTeSR1 medium at 37 °C with 5% CO2. Cells were passaged once a week by first 
washing the cells with distilled phosphate buffered saline (DPBS) followed by 2 
minutes incubation with EDTA (5 μM). EDTA was removed and cell aggregates were 
loosened from the plate by rinsing the plate with mTeSR1 and were transferred to 
a fresh plate. The first 24h after passage they were cultured with ROCK-inhibitor 
Y-27632 (4.82 μM, Axon 1683). Both lines were frequently tested for mycoplasma 
infection (Lonza, LT07-318) and kept in culture up to 60 passages. 

Organoid differentiation. Organoids were differentiated as described previously 
(Ormel et al. 2018). In short, iPSCs were grown till they reached ~90% confluency. 
They were detached with Accutase (Thermofisher, A11105-01), counted and plated 
at a density of 3.5*106 cells per well in an aggrewell800 microwell plate (StemCell 
Technologies, 27865 in 2 mL hESC4 (DMEM-F12 (ThermoFisher, 11320-074), 
20% KOSR (ThermoFisher, 10828028), 1% NEAA (ThermoFisher, 11140-035), 1% 
L-Glutamine (ThermoFisher, 25030-024), 3% FBS (SigmaAldrich, F7524), 496 μM 
β-mercaptoethanol (Merck-Schuchardt, 805740), and 4 ng/mL bFGF (ThermoFisher, 
AA10-155)) supplemented with ROCK-inhibitor Y-27632 (48.2 μM). Medium was 
refreshed on day 1. On day 2 healthy looking embryoid bodies were selected and 
transferred to an ultra-low attachment 96-well plate at a density of one organoid per 
well (Corning, 3474). The hES4 was replaced by hES0 (without ROCK-inhibitor and 
bFGF) on day 4. On day 6, 8, 10, and 12 of the protocol, medium was replaced by neural 
induction medium (DMEM-F12, 1% N2 (ThermoFisher, 17502048), 1% L-Glutamine, 1% 
NEAA, 0.1 μg/mL heparin (Sigma Aldrich, H3149-10KU)). Organoids were embedded 
in 30 μL Matrigel (Corning, 356234) on day 13 and transferred to 60 mm dishes (16 
organoids / dish). They were cultured in cerebral organoid differentiation medium 
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without vitamin A for four days, refreshing the medium on day 15 (DMEM-F12 
1:1 with neurobasal medium (ThermoFisher, 21103049), 1% L-Glutamine, 1% P/S, 
0.025% insulin (Sigma Aldrich, I9278), 3.5 μL/L 2-mercaptoethanol, 1% NEAA, 1:100 
B27 supplement without vitamin A (Sigma Aldrich, 12587010)). On day 17 of the 
protocol the medium was replaced by cerebral organoid differentiation medium 
with vitamin A (DMEM-F12 1:1 with neurobasal medium, 1% L-Glutamine, 1% P/S, 
0.025% insulin, 3.5 μL/L 2-mercaptoethanol, 1% NEAA, 1:100 B27 supplement with 
vitamin A (Sigma Aldrich, 17504044)) and the organoids were transferred to a belly 
dancer shaker 220 V (IBI scientific, USA, BDRLS0004) set to speed 3. Organoids where 
removed from the culture when they did not fulfill the criteria for healthy developing 
organoids as postulated by Lancaster & Knoblich (2014) (Lancaster & Knoblich, 2014). 
Two batches were grown from iPSC1 (iPSC1a and iPSC1b), and one from iPSC2. Each 
batch had a minimum of 96 organoids. 

Lipopolysaccharide stimulation. On day 38 in culture, we divided organoids over 
four 60 mm dishes at a density of 16 organoids / dish. Two dishes were subsequently 
stimulated with 100 ng/mL LPS from Escherichia coli (Sigma-Aldrich, 0111:B4). 
On day DIV39 (acute effect: time-point 1) and DIV66 (chronic effect: time-point 
2) organoids from one dish per condition were harvested. Three organoids were 
separately collected in Trizol reagent (Life Technologies, 15596018) for subsequent 
RNA isolation. Three organoids were washed with PBS, fixed in 4% PFA for 24h, 
washed again with PBS and transferred to a sucrose solution (30% sucrose in PBS) 
over night at 4 °C. They were snap-frozen in isopenthane on dry ice after embedment 
in tissue-tek (CellPath, KMA0100-00A). Frozen organoids were stored at -80 °C for 
subsequent sectioning. For protein enrichment, three organoids were separately 
collected, washed with PBS, mechanically lysed in protease & phosphatase inhibitor, 
SDS, 2H-DTT and suspension buffer and stored at -80 °C. 

Immunofluorescent stainings. Organoids were sectioned (20 μM per section) with 
a cryostat and stored at -80 °C. Sections were thawed and washed with PBS- 0.05% 
tween20. Sections were immersed in blocking solution at RT for 1h (0.05% Tween 
20, 3% BSA, 1% Triton-X, and 10% donkey serum) followed by the primary antibody 
incubation in the blocking solution at 4 °C overnight. After washing twice with PBS, 
the sections were incubated with secondary antibody solution and nuclear staining 
(hoechst, ThermoFisher, H3569) at RT for 2h. Samples were mounted using Fluorsave 
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reagent (Merck Millipore, 345789) and imaged with Zeiss Axio- Scope A1.  See Table 
1 for the antibodies used.

Table 1. Antibodies used in this study for immunohistochemistry and western blot

Antigen/target Experiment Host species Dilution Provider Article number

GFAP-pan IHC/WB Rabbit 1:1000 DAKO Z0334

IBA1 IHC/WB Goat 1:500 Abcam AB5076

NEUN IHC/WB Mouse 1:500 Abcam AB104224

TUJ1 IHC Mouse 1:1000 Covance MMS-435P

S100b IHC Rabbit 1:300 Dako Z0311

HLA-DR IHC/WB Mouse 1:500 eBioscience 14-9956-80

pSTAT3 WB Rabbit Cell signaling 9145

PU.1 IHC Rabbit 1:300 Invitrogen A13971

Mouse 555 IHC Donkey 1:1000 Thermo Fisher A31570

Mouse 488 IHC Donkey 1:1000 Thermo Fisher A21202

Rabbit 555 IHC Donkey 1:1000 Abcam 150074

Rabbit 488 IHC Donkey 1:1000 Thermo Fisher A21206

Rat 488 IHC Donkey 1:1000 Thermo Fisher A21208

Goat 555 IHC Donkey 1:1000 Thermo Fisher

GAPDH WB Mouse 1:1000 Chemicon MAB374

Rabbit IR800 WB Donkey 1:1000 Li-Cor biosciences 926-32211

Mouse IR800 WB Donkey 1:1000 Li-Cor biosciences 926-32210

Rabbit 647 WB Donkey 1:1000 Jackson immuno research 711-606-152

Mouse 647 WB Donkey 1:1000 Jackson immuno research 715-606-150

Western blot. For protein isolation, cerebral organoids were collected individually 
in suspension buffer composed of 0.1 M NaCl, 0.01 M Tris-HCL (pH 7.6, 1 mM 
EDTA, complete EDTA-free protease inhibitor cocktail (Roche, 11697498001), and 
phosphatase inhibitor cocktail (Sigma Aldrich, P5726). The samples were lysed using 
the Ultra Turrax Homogenizer (IKA, 0003737000). 2x SDS loading buffer (100 mM 
Tris pH 6.8, 4% SDS, 20% glycerol, DTT (Cleland’s reagent, 10708984001)) was added 
and samples were pre-heated at 95 °C for 5 minutes. DNA fractions were broken 
up by running the lysates through a 25-gauge needle. Proteins were separated by 
SDS-PAGE gel electrophoresis on 7.5%, 10%, or 15% gels, and blotted on a 0.45 μM 
pore size nitrocellulose membrane (GE Healthcare, A20485269) using wet blotting. 
Blots were incubated in blocking buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0,25 (w/v) 
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gelatin, and 0.5% triton X-100) and incubated in primary antibody in blocking buffer 
over night at 4 °C. Blots were washed in TBS-T (100 mM Tris-HCL pH 7.4, 150 mM 
NaCl and 0.2% Tween-20) and incubated in secondary antibody in blocking buffer 
for 1h at RT. Blots were washed in TBS-T and rinsed with DEMI-H2O before scanning. 
Both scanning and analysis were performed using the Odyssey CLx Western Blot 
Detection System (LI-COR biosciences, Lincoln, NE, USA). 

RNA isolation and RT-PCR. RNA was isolated using the miRNeasy mini kit (Qiagen, 
217004) according to manufacturer’s protocol. Genomic DNA was removed 
by including the Supplementary DNAse step (Qiagen, 79254). The VarioSkan 
Flash microplate reader (ThermoScientific, MA) was used to measure the RNA 
concentration. Conversion to cDNA was achieved by using the Quantitect 
transcriptase kit (Qiagen, 205311) according to manufacturer’s protocol and using 
the biokrom thermalcycler for the PCR step. Primers for RT-PCR were intron-spanning 
as designed with PrimerBLAST (NCBI). Absolute levels were calculated (2DCT) and 
subsequently normalized with the geomean of reference genes GAPDH and ACTB 
(see Supplementary Table 2 for primer sequences). 

Primer panel. The primer panel used in this study consisted of 4 sub panels: Pro-
inflammatory cytokine genes related to immune-activation in MIA studies (IL6, IL1B, 
and TNF) (O’Loughlin et al. 2017), microglial (AIF1, SPI1, ITGAM, PTPRC, HLADRA, 
and C1QA), astrocytic (GLT1, S100B, and NESTIN/also neuronal stem cell marker), 
and neuronal markers (RELN, PAX6, EOMES/TBR2, TBR1, MAP2, TUBB3, and RBFOX3/
NEUN). The neuronal panel was composed to reflect different maturation stages 
in neuronal development, including early markers PAX6, RELN important for the 
orchestration of development, intermediate neuronal progenitor- (EOMES/TBR2), 
and postmitotic neuronal markers (TBR1, RBFOX3/NEUN, MAP2). 

Statistics. R (version 3.5.3) software was used for statistical analyses (CRAN:https://
www.r-project.org) in the Rstudio environment. Type three (unbalanced) repeated 
measures two-way ANOVA was used to compare the LPS-stimulated with the control 
values per time-point. The unbalanced method was used to deal with unbalanced 
number of values per group. Plots were generated using R packages pheatmap 
(version 1.0.12), ggplot2 (version 3.1.1.), and RColorBrewer (version 1.1.2). 
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Table 2. Primer sequences used for RT-PCR 

Gene 5’-Forward primer-3’ 5’-Reverse primer-3’

GAPDH TGTTCGACAGTCAGCCGCATCTTC CAGAGTTAAAAGCAGCCCTGGTGA

ACTB GCTCCTCCTGAGCGCAAG CATCTGCTGGAAGGTGGACA

CD14 ACAGGGCGTTCTTGGCTCGC CGGGAAGGCGCGAACCTGTT

TLR4 AGTTGATCTACCAAGCCTTGAGT GCTGGTTGTCCCAAAATCACTTT

IL6 TGCAATAACCACCCCTGACC TGCGCAGAATGAGATGAGTTG

TNF TGGAGAAGGGTGACCGACTC TCACAGGGCAATGATCCCAA

IL1B TTTGAGTCTGCCCAGTTCCC TCAGTTATATCCTGGCCGCC 

C1QA GAGCACCAGACGGGAAGAAA TAAGGCCTTGGATGCCTGTC

HLADRA CCCAGGGAAGACCACCTTT CACCCTGCAGTCGTAAACGT

AIF1 AGACGTTCAGCTACCCTGACTT GGCCTGTTGGCTTTTCCTTTTCTC

SPI1 GTGCAAAATGGAAGGGTTTCCC TACTCGTGCGTTTGGCGTTG

ITGAM TGCTTCCTGTTTGGATCCAACCTA AGAAGGCAATGTCACTATCCTCTTGA

PTPRC GCAGCTAGCAAGTGGTTTGTTC AAACAGCATGCGTCCTTTCTC

GLT1 GCCAACAGAGGACATCAGCC ATCCCAGCCCCAAAAGAGTC

S100B TGGAAAAAGCAACTCCATCAGAA GAATCGCATGGGTCACGG

NESTIN GGTGTCTGCAAGCGAGAGTT TCCCTTAGTCTGGAAGTGGCTA

PAX6 CCTATGCCCAGCTTCACCAT GGCAGCATGCAGGAGTATGA

EOMES CGGCCTCTGTGGCTCAAAT TAGTGGGCAGTGGGATTGAGT

TBR1 GTCACCGCCTACCAGAACAC GCCGGTGTAGATCGTGTCATA

MAP2 CTCAGCACCGCTAACAGAGG CATTGGCGCTTCGGACAAG

TUBB3 GGCCTTTGGACATCTCTTC CTCCGTGTAGTGACCCTTG

RBFOX3 TTACGGAGCGGTCGTGTATC CGGGCTGAGCGTATCTGTAG

RELN GCTTTGGACCATGTGGAGGT TGTCTGAGCCCATGTTGTCG
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RESULTS

Study design and organoid characterization. Organoids were grown from two 
different donors with two batches from one of the donors (iPSC2, iPSC1a, and 
iPSC1b). After 38 days in culture (days in vitro (DIV)) organoids were split and one of 
the two groups was stimulated twice with LPS (once at DIV38, and again at DIV45). 
Half of the organoids were harvested one day after the first stimulation (DIV39) 
and the remainder was harvested at DIV66 (Figure 1a). To predict responsiveness 
of organoids to LPS, we used RT-PCR data from Ormel et al. (2018). In that study, 
organoid-grown microglia (oMG) were enriched from whole organoids using 
CD11b+ magnetic cell sorting (Ormel et al. 2018). RT-PCR was performed to validate 
enrichment of the oMG. Using this data, statistical analyses showed a typical microglia 
profile comprising significantly enriched expression of AIF1/IBA1 and PTPRC/CD45 
compared to the other cells (flow through / FT) performing a paired T-test using 
data from three different donors and several batches from one donor (Figure 1b) 
(paired T-test: AIF1: t(8.2), p < 0.001; PTPRC: t(6.93), p < 0.001). In the brain toll-like 
receptor 4 (TLR4) and CD14 are expressed that can bind LPS particles (Zanoni et 
al. 2011). Similar to human brain tissue (Zhang et al. 2016; Darmanis et al. 2015), 
CD14 and TLR4 expression in organoids was highly enriched in microglia compared 
to other cells (Figure 1b) (paired T-test: CD14: t(7.9), p = 0.02; TLR4: t(6.07), p < 
0.001). Immunostainings confirmed presence of IBA1 and HLADR protein expressing 
in oMG at DIV39 with an amoeboid morphology, as previously described in Ormel 
et al. (2018) (Figure 1c). oMG had a ramified appearance at DIV66 as shown with a 
HLADR immunostaining and they all expressed the nuclear microglia-transcription 
factor PU.1 (Figure 1d). Proliferative zones were visible in the organoids as shown 
by neuronal progenitor marker PAX6 and general neuronal marker TUJ1 (Figure 1e, 
f). Mature neurons expressing neuronal-markers SATB2 and nuclear-NEUN were 
detected (Figure 1g, h). S100B and GFAP staining also showed the presence of 
astrocytes at DIV66 (Figure 1i, j). Organoids often develop optic cups that can be 
seen in the S100B staining indicated with a red dashed line (Figure 1h). 
 Thus, organoids showed characteristic expression of microglial, astrocytic, 
and neuronal proteins. 

Acute response to LPS stimulation. To study the acute response to LPS, we analyzed 
organoids one day after exposure and compared them to non-stimulated controls 



Chapter 5 

172



173

Brain development resilient to inflammation? Immune activation evaluated in cerebral 
organoids

Figure 1. Study design and confirmation of cerebral organoid phenotype
a- Illustration of study design indicating timing of LPS stimulation (DIV37, DIV44) and moments of 
harvest to compare the acute (DIV39) and chronic (DIV66) effects of LPS versus non-stimulated 
organoids.
b- Boxplots showing significant increased expression of mRNA of classical microglia-markers (AIF1, 
PTPRC) and LPS receptors (TLR4, CD14) in CD11b+ magnetic cell sorted organoid-grown microglia 
fraction versus the CD11b- fraction of the organoids (paired T-test: AIF1: t(8.2), p < 0.001; PTPRC: 
t(6.93), p < 0.001; CD14: t(7.9), p = 0.02; TLR4: t(6.07), p < 0.001). Colors of dots corresponds to 
distinct donors. For CD14 only data from three different batches of one donor was available. *=p 
value < 0.05, ***=p value < 0.001
c- Immunostaining of microglia-markers IBA1 and HLA-DR showing amoeboid organoid-grown 
microglia (oMG) within the organoid at DIV39. 
d- Colocalization of HLA-DR and PU.1 as assessed with immunostaining in oMG that displayed a 
ramified morphology at DIV66. 
e, f- Immunostainings with neuronal progenitor marker PAX6 (e) and general neuronal marker TUJ1 
(f) show presence of neuronal progenitor zones at DIV66.
g, h- Post-mitotic marker SATB2 (g) and mature neuronal marker NEUN (h) expressing neurons 
were present within organoids at DIV66. 
i, j- Astrocytic markers S100b and GFAP were present in the organoid and the formation of an optic 
cup that often develop in cerebral organoids is visible in f (indicated with a red dashed line). Scale 
bars in all panels indicate 40 μm. Representative images of iPSC1a, iPSC1b, or iPSC2 are shown.

(Figure 2a). We used a panel of immune-activation, microglia, astrocyte, and neuronal 
markers to investigate the effect induced by LPS (Figure 2b). In line with other 
cerebral organoid studies (Quadrato et al. 2016) we observed heterogeneity inter- 
and intra-donor organoids. Still we observed several acute effects of LPS stimulation, 
including significant upregulation of IL6, TNF, and IL1B (repeated measures (RM) 
two-way ANOVA: IL6: F(1, 14) = 8.9, p < 0.01; TNF:  F(1, 14) = 15.8, p < 0.01; IL1B:  F(1, 
14) = 10.2, p < 0.01) (Figure 2b, c). HLADRA was also significantly upregulated in the 
LPS-organoids (RM two-way ANOVA:  F(1, 14) = 6.4, p = 0.02). The other microglial 
and astrocyte markers were all unaffected (Figure 2b, d, e). Neuronal markers RELN 
and EOMES were significantly downregulated or showed a trend of downregulation, 
respectively (RM two-way ANOVA: RELN: F(1 , 14) = 5.5, p = 0.03; EOMES:  F(1, 14) = 
3.3, p = 0.09). Other neuronal markers, such as PAX6 and TBR1, remained unaffected 
(Figure 2b, f). Both the proteins GFAP and IBA1, markers for astrocytes and microglia 
respectively, were significantly higher expressed after LPS stimulation (RM two-way 
ANOVA: GFAP: F(1 , 14) = 15.4, p < 0.01; IBA1:  F(1, 14) = 6.1, p = 0.03), whereas 
phosphorylated STAT3 was unaffected (Figure 2g, h).

In sum, LPS exposure of organoids induced expression of microglia- and astrocyte-
specific genes and proteins. Neuronal markers RELN and EOMES, both important for 
neurodevelopment, were acutely decreased or showed a trend towards a decrease 
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after stimulation with LPS, respectively.

Figure 2. Acute effect of LPS on immune-activation status, microglia, astrocyte, and neuron 
phenotype
a- Illustration depicting a zoom in on the acute part the study design that is elaborated on in this 
Figure.
b- Heatmap showing fold changes of the median expression values of a gene panel of LPS-stimulated 
organoids versus its non-stimulated controls. The gene panel comprised of inflammation, 
microglia, astrocyte, and neuronal markers. Prior to fold change calculation, mRNA levels were first 
normalized to the geomean of reference genes ACTB and GAPDH. Gene names are depicted in red 
or blue of they were significantly up or downregulated after LPS stimulation, respectively. If a trend 
was visible the respective gene name is depicted in orange. 
c- Dotplots visualizing the significant increased mRNA expression of inflammation markers IL6, 
TNF, and IL1B in stimulated versus non-stimulated organoids at DIV39 (repeated measures (RM) 
two-way ANOVA: IL6: F(1, 14) = 8.9, p < 0.01; TNF:  F(1, 14) = 15.8, p < 0.01; IL1B:  F(1, 14) = 10.2, 
p < 0.01).
d- Dotplots visualizing mRNA expression upregulation of HLADRA, but not AIF1 or C1QA in LPS-
stimulated versus non-stimulated organoids (RM two-way ANOVA:  HLADRA: F(1, 14) = 6.4, p = 
0.02).
e, f- Dotplots showing astrocytic markers (GLT1 and NESTIN) and neuronal markers (RELN, PAX6, 
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EOMES, and TBR1) mRNA levels of which RELN was significantly decreased and EOMES showed a 
trend towards deviance (RM two-way ANOVA: RELN: F(1 , 14) = 5.5, p = 0.03; EOMES:  F(1, 14) = 
3.3, p = 0.09).
g, h- Protein analyses (visualized in a dotplot (g) with western blot (h) showed a significant increased 
expression of GFAP and IBA1, but not pSTAT3, in LPS-stimulated versus non-stimulated organoids 
(RM two-way ANOVA: GFAP: F(1 , 14) = 15.4, p < 0.01; IBA1:  F(1, 14) = 6.1, p = 0.03). *=pvalue < 
0.05, **=pvalue < 0.01

Long-term effect of LPS stimulation. Organoids harvested on DIV66 were analyzed 
for long-term effects of immune-activation on microglial, astrocytic, and neuronal 
markers (Figure 3a). We used a similar gene panel as used to assess the acute 
effects of LPS on immune-activation, microglia, astrocyte, and neuronal markers 
(Figure 3b). The effect of LPS exposure on the developing organoid was illustrated 
by displaying the fold changes of stimulated and non-stimulated organoids at DIV66 
versus the expression in non-stimulated organoids at DIV39 in a heatmap (Figure 
3b). In general, as expected, complement 3 receptor gene (ITGAM/CD11b) increased 
during development of the organoid and mature astrocyte marker GLT1 was also 
more expressed at DIV66. Similarly, neurons were maturing as RELN, a marker 
important for early neuronal development was decreased, whereas more mature 
marker TBR1 increased in expression at DIV66, although some variation between 
donors was visible. When comparing stimulated versus unstimulated organoids at 
DIV66, we observed that both TNF and IL1B showed a reduction in expression in the 
LPS group (RM two-way ANOVA: TNF: F(1, 14) = 5.4, p = 0.04; IL1B:  F(1, 14) = 5.6, p 
< 0.03), whereas no effect could be detected on IL6 expression (Figure 3c). Microglia 
genes were unaffected, similar to the astrocyte genes except for GLT1 where the LPS 
group showed a trend towards upregulation (RM two-way ANOVA: F(1, 14) = 3.5, p 
= 0.08) (Figure 3d, e). No long-term alterations were detected in neuronal-marker 
gene expression nor alterations in expression of the proteins IBA1, GFAP, or pSTAT3 
(Figure 3f, g).
 Thus, immune-activation markers were decreased in expression on the long-
term, but other markers were unaffected.
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Figure 3. Long-term effect of LPS on immune-activation status, and development of microglia, 
astrocyte, and neuron
a- Illustration depicting a zoom in on the chronic part the study design that is elaborated on in this 
Figure.
b- Heatmap showing fold changes of the median expression values of a gene panel of LPS-stimulated 
and non-stimulated controls at DIV66 versus non-stimulated controls at DIV39 illustrating deviations 
in maturation. The gene panel comprised of inflammation, microglia, astrocyte, and neuronal 
markers. Prior to fold change calculation, mRNA levels were first normalized to the geomean of 
reference genes ACTB and GAPDH. Gene names are depicted in blue if they were significantly 
downregulated in the LPS-stimulated organoids versus non-stimulated organoids at DIV66. If a 
trend was visible the respective gene name is depicted in orange. 
c- Dotplots visualizing the significant decreased mRNA expression of inflammation markers TNF, 
IL1B, but not IL6 in stimulated versus non-stimulated organoids at DIV66 (repeated measures (RM) 
two-way ANOVA: TNF: F(1, 14) = 5.4, p = 0.04; IL1B:  F(1, 14) = 5.6, p < 0.03).
d, e, and f- Dotplots showing microglial (AIF1, HLADRA, and C1QA) astrocytic (GLT1 and NESTIN) 
and neuronal markers (RELN, PAX6, EOMES, and TBR1) mRNA expression of which only GLT1 
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showed a trend towards deviance (RM two-way ANOVA: GLT1: F(1, 14) = 3.5, p = 0.08).
g- Protein analyses of IBA1, GFAP, and pSTAT3 visualized in a dotplot did not show differences in 
expression between LPS-stimulated and non-stimulated organoids at DIV66. *=p-value < 0.05
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DISCUSSION

In this study we mimicked the MIA rodent model in cerebral organoids thereby 
investigating the effect of prenatal inflammation on brain development in a human 
in vitro model. Immune activation was induced as confirmed by the expression of 
immune-activation markers IL6, TNF, and IL1B, and increased protein expression of 
glial markers IBA1 and GFAP. LPS exposure also acutely affected neurons as expression 
of neuronal markers RELN and EOMES was reduced one day after stimulation. On 
the long-term this effect vanished. Exposure to LPS reduced expression of immune-
activation markers at DIV66. 

The acute effects detected in our study showed similarities with the acute effect 
initiated in LPS-MIA models (O’Loughlin et al. 2017; Ghiani et al. 2011). In the study 
of O’Loughlin et al. (2017) they used similar read-out parameters in the fetal mouse 
brain just after MIA induction with LPS. They detected increased IBA1 expression 
and 1.5-, 2.5-, and 5-fold acutely increased mRNA levels of IL6, TNF, and IL1b, 
respectively (O’Loughlin et al. 2017), which corresponds with our results. Ghiani 
et al. (2011), performed a similar experiment in rats and described besides similar 
effects, also acute increased GFAP expression, as also described in our study. Some, 
however, reported a more transient effect in gene expression alleviating already 6h 
post MIA, but still inducing long-term effects (Wu et al. 2016). They also describe 
acute increased pSTAT3 expression, which we could not replicate. Possibly the levels 
of IL6 reached in our study do not meet the levels of this study that were needed 
to induce the phosphorylation of STAT3. They do note that pSTAT3 expression was 
regional-specific and it is possible that the variation in brain regions inter-organoids 
have filtered out this effect.

The reduced expression of RELN and EOMES measured one day after LPS-
challenge of the organoids indicate an immediate effect on neuronal development. 
Interestingly, specifically acute effects on Reelin have been described before in MIA 
models (Ghiani et al. 2011; Fatemi et al. 1999). Both Fatemi et al. and Ghiani et al. 
showed a reduction in RELN expression with similar effect sizes as we had within 
days after viral or bacterial challenge (Ghiani et al. 2011; Fatemi et al. 1999). Nouel 
et al. also described a reduction in Reelin-positive neurons in several brain regions 
in the offspring of MIA rats postnatally (Nouel et al. 2012). They assessed Reelin 
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neurons at two time-points, detected a reduction at the earlier time-point (postnatal 
day 14) which disappeared at the later time-point (postnatal day 28). As Reelin is 
important for proper development of cortical neurons (Lui et al. 2011), it is possible 
that changes in expression of Reelin induce long-term effects. 

MIA in rodents has shown to lead to several long-term biological aberrations in the 
offspring such as prolonged elevated cytokine levels, and deviations in neuronal 
structure and functioning. These include a decrease in brain volume, delayed 
interneuron maturation, reduced synaptic organization, and migration deficits of 
pyramidal neurons (reviewed by Bergdolt and Dunaevsky, 2018). As neuronal deficits 
could be caused by a defect in neuronal development prohibiting or limiting the 
migration and generation of mature neurons, LPS exposure of organoids could also 
lead to similar long-term changes in neurons. However, even though we stimulated 
organoids twice with LPS, the challenges did not result in prolonged immune 
activation that therefore might explain the absence of long-term neuronal defects 
in our organoids. In the rodent model, the mother is exposed to LPS which leads to 
an inflammatory response that partly passes on to the fetus. It is not known which 
factors are driving neuronal abnormalities in the offspring. It is however thought that 
LPS is not transferred over the placenta, but induces other factors that do. IL6 has 
been shown to correlate between the mother’ circulation and the fetal circulation 
as well as brain and abrogation of specifically the IL6 flux removed the long-term 
MIA phenotype (reviewed by Bergdolt & Dunaevsky, 2019; Wu et al. 2017). We 
hypothesize that the induction of IL6 in the LPS-exposed organoids may be lower 
than in the MIA model and therefore less detrimental. This is supported by the 
lack of phosphorylation of STAT3 after the challenge in the organoids. Zuiki et al. 
2017 showed that administering an IL6 challenge to human iPSC-derived neural 
aggregates that were composed of neurons and astrocytes resulted in astrogliosis 
after nine days in culture. This affected several neuronal subtypes including reduction 
of TBR1 and CTIP2 expression (Zuiki et al. 2017). Opposed to our study where we 
used LPS that induced IL6 production, they exposed the neural aggregates directly 
with high concentrations of IL6 that induced a strong(er) effect. Possibly the timing 
of assessment also contributed to the disparity in results as we assessed acute and 
long-term effects one day and 29 days after stimulation, respectively, whereas they 
assessed the response after nine days. Effects might have alleviated in their model 
after 29 days of culture. An important disadvantage of their model is the absence of 
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microglia, that probably play an important role in the immune response and might 
also explain the deviance in results in our studies. Especially since they can also 
counter immune-activity and therefore might be involved in restoring the immune-
balance.

Interestingly, on the long-term, inflammation markers TNF and IL1B were significantly 
lower expressed in the LPS-stimulated organoids versus the control organoids. 
Possibly indicating an immune-restoring mechanism. In some MIA studies a similar 
effect was detected. In a MIA study in mice they detected significant lower levels of 
TNFα and IL6 in blood of MIA offspring (Pacheco-Lopez 2011). In another study they 
investigated the inflammatory capacity later in life, and reported a reduced TNFα and 
IL6 response upon LPS-challenge compared to control rats (Clark et al. 2018). Other 
studies however detected a normal immune response upon a re-challenge in MIA 
offspring (Hsueh et al. 2018). Clark et al. attributed the blunted immune response to 
the MIA that induced long-term dysfunction of microglia (Clark et al. 2018). In our 
model we did not re-challenge the organoids at DIV66. Further studies are necessary 
to decipher the exact immune-profile.

The cerebral organoid protocol opened up a lot of research possibilities. A model that 
can be used to study human brain development as shown by Camp et al. and even 
evolutionary differences with other species (Camp et al. 2015; Pollen et al 2019). 
In only a few years it became a well-established model to study brain development 
in detail. Therefore, it also has a lot of potential for research into prenatal infection 
and its effect on brain development. An important limitation of its use however is 
that the organoid only models the fetal brain stadia (Kelava and Lancaster, 2016), 
and therefore mainly susceptibility for neurodevelopmental psychiatric illnesses 
such as schizophrenia can be investigated. Another limitation is the variability 
between donors and between organoids. In our study design in which we challenged 
organoids with LPS, which is known to induce a strong phenotype, organoids were 
a safe choice. When expecting more subtle differences, large sample sizes will be 
necessary as also in our study design substantial variation intra- and inter donors was 
visible. The young research field of cerebral organoids requires more studies in order 
to do proper assessment of experiment sizes by using power calculations.  

Although a status of immune-activation was achieved and an acute effect in neurons 
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was also detected replicating MIA studies, on the long run the neuronal population 
was not affected. There are two main explanations not discussed yet that could be 
responsible for this lack of effect and could be studied in the future: 1. We needed a 
higher resolution to assess composition changes in neuronal development for which 
single cell RNAseq could have been useful (Camp et al 2015; Pollen et al. 2019). 2. 
We used iPSC-lines from non-psychiatric individuals. Especially considering that not 
all offspring of pregnant women that have an infection during pregnancy develop 
psychiatric diseases (Khandakar et al. 2013), as expected it is possible that the human 
brain is resilient for prenatal inflammation except in case of a genetic predisposition 
for psychiatric disease. This is corroborated by a possible immune-restoring effect 
indicated by the reduced expression at DIV66 of immune-activation markers in the 
LPS group. This advocates the use of lines from individuals with established genetic 
susceptibility to study a link with schizophrenia. For example, the 1.5-3 million base 
pair hemizygous deletion on the 22nd chromosome that induces the 22q11.2 deletion 
syndrome that is known to increase risk for schizophrenia with 25-fold (Jonas et al. 
2013). 

In conclusion, in this study we set out to investigate acute and long-term effects of 
immune-activation on human brain development using an in vitro model. Thereby 
investigating comparisons with findings in MIA rodent models and trying to understand 
the disparity in MIA induced effects in rodents versus often lack of long-term effects 
in humans. Acute MIA observed in rodents could be replicated in which not only the 
glial population, but also neurons were affected. Our first explorative analyses did 
not show long-term neuronal abnormalities, suggesting a level of resilience of the 
human brain to immune activation. Further research is necessary using lines from 
individuals with genetic susceptibility, exploring other options for immune activation 
such as IL6, and using single-cell technologies to increase resolution on altered 
developmental processes.
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The immune system is in service of the organism to protect against threats. When this 
powerful defense mechanism is out of control, it becomes a threat itself. A textbook 
example is the autoimmune disorder multiple sclerosis where the immune system 
targets endemic myelin, thereby severely damaging the nervous system. For years 
it was thought that schizophrenia was the result of dysregulated neurotransmitter 
levels and/or shortcomings of neurons (literally) in specifically temporal or frontal 
cortical regions of the brain (Stepnicki et al. 2018; Feinberg et al. 1982; Glausier & 
Lewis, 2013). It was however also observed that schizophrenia had an unexplainable 
association with autoimmune disorders and infections early in development (Benros 
et al. 2014; Allswede et al. 2018; Khandaker et al. 2013; Brown & Derkits, 2010). 
New insights into the role of immune cells in the brain in the late 00’s increased 
the interest into this cell population (Stevens et al. 2007; Tremblay et al. 2010). It 
seemed that microglia, that make up the major immune cell population of the brain, 
are involved in several important stadia of neuronal development. Besides secreting 
neuronal growth factors, they showed physical involvement in neurodevelopment 
by phagocytosing damaged or surplus neuronal progenitor cells, and induction of 
filopodia growth necessary for synapse formation (Cunningham et al. 2013; Miyamoto 
et al. 2016). Of special interest is the active involvement of microglia in removal of 
inactive neuronal connections. This process of synaptic pruning is hypothesized and 
repeatedly described defective in schizophrenia, but was previously mainly attributed 
to neurons themselves (Stevens et al. 2007; Schafer et al. 2012; Tremblay et al. 2010; 
Paolicelli et al. 2011). Considering the influential role in brain development and 
functioning, the value and interest in normal functioning immune cells in the brain 
increased.  Alterations of the immune system in schizophrenia could hypothetically 
be linked to defective brain functioning and therefore possibly causative in its 
pathogenesis and symptomatology. Genome-wide association studies (GWAS) and 
transcriptome analyses cultivated the immune perspective on the disease. Besides 
neuron-related genetic variants, also alterations in immune-related genes had been 
detected (Ripke et al. 2014). Although some question the attribution of defective 

Illumination of the immune
perspective in schizophrenia

Vigilante on the loose? 
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SNPs to immune dysfunction in GWAS studies, it is a recurrent finding that fits with 
epidemiological observations indicating higher prevalence of immune dysfunction in 
schizophrenia (Benros et a. 2014; Allswede et al. 2018; Pouget et al. 2016). This was 
further supported by Sekar et al. when they pinpointed a GWAS risk locus to a CNV 
in a gene coding for complement factor 4. This factor is known to be involved in the 
interaction between neurons and microglia in the synaptic pruning process (Sekar et 
al. 2016).

Altogether this led to the overarching hypothesis of this thesis that myeloid cells 
have a disease-phenotype caused by the combination of genetic predisposition 
and an environmental stressor, such as prenatal infection. The CNS-myeloid cell 
called microglia that normally safeguards the brain, might therefore abandon its 
post and affect healthy neuronal connections. We focused on the identification of 
a schizophrenia immune-profile in myeloid cells attempting to unravel a defective 
biological mechanism in microglia. As it is difficult to obtain microglia from brains of 
patients with schizophrenia, we turned to the potential offered by in vitro research. 
We used existing methods and set up novel approaches to model microglia-like cells 
in order to study this cell-type in the disease context. We used these models to 
investigate a disease-phenotype in cells derived from patients in a cross-sectional 
study. Additionally, we studied the induction of a disease phenotype, thereby 
investigating a causal link attributable to microglial cells. In sum, there are three 
topics that will be discussed in the general evaluation of the findings described in this 
thesis: 1) Model considerations; 2) Do myeloid cells have a schizophrenia profile?; 3) 
Investigating brain development for a schizophrenia-microglia fingerprint. 
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Animal models have had an essential contribution to the knowledge gathered on 
microglia. However, as described in the introduction of this thesis, we focussed 
on human microglia models for our research due to several reasons. In short, 
schizophrenia occurrence is not described in rodents and it is difficult to assess 
schizophrenia-like symptoms. Additionally, although many similarities are present 
in both phenotype and function, several important genes have no homologues 
in microglia from rodents. They, for example, lack a homologue for SIGLEC11. A 
gene that translates to a protein involved in microglia-neuron interaction (Smith & 
Dragunow, 2014). Therefore, we turned to possibilities offered by the abstract world 
of in vitro cell culture research in order to study the phenotype of human microglia. 
I use the word abstract in this context as in in vitro research, you pull something out 
of its biological context to microscopically investigate its phenotype and function. 
Thereby creating artificial, controllable, clean, but also unnatural circumstances. It 
is important to keep in mind that you are working with a model and therefore direct 
translation remains difficult. Looking for in vitro options, you need to pick the model 
that best reflects the biological mechanism of interest. When modeling a cell-type 
in vitro, criteria can be set to test representability. Criteria that are unofficially used 
in cell model characterization include: resemblances with the in vivo counterpart on 
the 1. morphological, 2. transcriptome, 3. proteome, and 4. functional levels. We 
used these to make up guidelines for microglia modeling (Table 1), but also assessed 
strengths and weaknesses including costs, possibilities for gene manipulation, and 
variability of the model. It is important to mention that just as others, we used freshly 
isolated ex vivo human microglia as gold standard to evaluate microglia-resemblance 
of our in vitro cell models (Muffat et al. 2016; Abud et al. 2017; Melief et al. 2016). 
The problem is that freshly isolated ex vivo microglia of autopsy material are not 
necessarily perfect resemblances of in vivo microglia themselves. Considering the 
degree of phenotypic changes induced by culturing microglia (Gosselin et al. 2017) 
it is probable that the phenotype already changed before the ex vivo microglia as 
gold standard was harvested. Being a highly responsive immune cell, gene and 

1. Model considerations

Mirror mirror on the wall, which model to 
pick, after all?
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protein expression will be altered due to the time spend in a brain of a deceased 
individual, together with the enrichment procedure. As this is still the best way to 
identify a microglia-phenotype, we incorporated comparisons with ex vivo and in 
vitro microglia in our guidelines to assess validity (Table 1). 

Table 1. Validation criteria for human microglia in vitro cell models

Validation criteria Human microglia characteristics

1. Morphology
Ramified appearance and amoeboid when not matured or immune-activated, similarities 
with in vitro and in situ microglia

2. Gene expression Similarities with freshly isolated ex vivo microglia

3. Protein expression Similarities with freshly isolated ex vivo microglia

4. Function
Immune responsive; phagocytosis; interaction with neurons/neuronal particles, 
similarities with in vitro and in situ microglia

Monocyte-derived models. In this thesis we worked with two distinct approaches to 
model microglia, the myeloid cell of the brain: starting with iPSC or with monocytes. 
I will first evaluate the monocytes-derived models. Microglia are derived from the 
myeloid lineage. Therefore, we decided to use a cell that shares this lineage and is 
easily obtainable: the monocyte. The monocyte is a peripheral blood mononuclear cell 
and can therefore easily be enriched from a blood sample. We induced a macrophage 
phenotype in monocytes for chapter 2, as microglia are the macrophages of the 
brain. Monocyte-derived macrophages can be used to study immune response and 
cytokine production, but they do not fulfill the morphology criterion, as a microglia-
characteristic morphology is lacking. Furthermore, although myeloid-related genes 
are expressed, there are clear differences in gene expression when comparing them 
to ex vivo microglia (Melief et al. 2016) (Table 2). In chapter 3 we used a different 
approach and set up a protocol in which we induced a microglia-phenotype in 
monocytes. Hereby trying to better replicate microglia on the morphological but 
also transcriptome level. This model was human serum-free thereby more closely 
simulating CNS conditions, whereas it was necessary for macrophage induction. The 
novel protocol used in chapter 3 was based on other studies showing the ability 
to induce a microglia-like phenotype in monocytes (Leone et al. 2006; Etemad et 
al. 2012; Ohgidani et al. 2014; Sellgren et al. 2016). Prior to developing our own 
differentiation protocol, we first compared the monocyte-derived microglia cultured 
according to the protocols of Leone et al. (2006), Etemad et al. (2012), and Ohgidani 
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et al. (2014), to freshly isolated human microglia (MG) (Melief et al. 2016). The 
microglia-like cells showed similarities with MG, like GAS6 (protocol of Etemad et 
al. 2012) and CD11c (Ohgidani et al. 2014) expression. Many genes of the panel 
tested were however differently expressed compared to MG. We therefore made 
some adjustments to the existing protocols to improve the microglia-phenotype (see 
chapter 3). Our monocyte-derived microglia-like cells (MoGli) showed resemblance 
in morphology and microglia-related proteins were expressed, although not 
all microglia-proteins were high expressed as determined with single-cell mass 
cytometry (chapter 3). We thoroughly compared the MoGli cell transcriptome with 
monocytes and MG. We included a dataset from a study by Gosselin et al. (2017) 
including transcriptome data of monocytes, MG, but also MG that were cultured 
in vitro for 7-10 days (Gosselin et al. 2017). We knew from our own experience and 
from the study by Gosselin et al. that the MG phenotype changes when in vitro, 
probably due to the lack of interaction with other cells in the brain. Therefore, we 
hypothesized that our MoGli would be most similar to MG that were also cultured in 
vitro. This was confirmed by the data showing clustering of MoGli with in vitro MG 
based on a panel of ~300 microglia-related genes. 

Although the many similarities between MoGli and MG on the morphological, protein, 
functional, and transcriptome level (Table 2), a disparity in phenotype was visible. 
Overall, there are two important fundamental differences between freshly isolated 
MG and MoGli that could explain the disparity detected in phenotype: 1) although 
they are both mesodermal-myeloid cells, MG are derived from the first “primitive” 
hematopoiesis, whereas MoGli / monocytes are derived from the second “definitive” 
hematopoietic wave (as elaborated on in the introduction). Thereby following a 
largely different developmental path (Ginhoux et al. 2010). 2) MoGli have been in a 
homogenous cell-culture environment lacking in vivo physical interaction with CNS 
cells. The phenotypic change induced by culture conditions included downregulation 
of microglia genes, including P2RY12 and CX3CR1 in both in vitro MG and MoGli. This 
is a common hurdle in monocyte-derived microglia protocols (Melief et al. 2016). 
In a protocol where they used extracellular matrix derived from astrocyte cultures 
to culture their monocytes, they claim a similar expression of CX3CR1 and P2RY12 
to human microglia (Sellgren et al. 2016). However, the expression of their cells 
clustered with fetal microglia instead of with adult microglia, possibly still missing the 
physical interaction with astrocytes and neurons. Others have attempted to induce 
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microglia-like phenotype culturing monocytes on a monolayer of astrocytes (Noto 
et al. 2014; Sievers et al. 1994). Assessing the microglia-like morphology, gene, and 
protein expression they achieved using their co-culture, their model does not seem to 
surpass our MoGli model (Noto et al. 2014), although they did not assess expression 
of P2RY12 or CX3CR1. Probably besides astrocytes, neurons are also essential for the 
microglia-phenotype. These culture options are interesting to explore in the future 
to improve the protocol for microglia-phenotype induction starting with monocytes. 

In sum, despite reduced expression of a selection of microglia markers, the overall 
similarities and low invasiveness of monocyte harvest from individuals make the 
MoGli a suitable model to use in large cohort studies including assessment of a disease 
phenotype on the functional level. Furthermore, the additional value of MoGli above 
monocytes is shown by a higher resemblance with cultured isolated adult human 
microglia. The higher resemblance can partly be contributed to increased expression 
of complement genes known to be important for microglia-neuron interaction in 
health and disease (Sekar et al. 2016; Stephan et al. 2012). 

Table 2. Quality assessment patient-derived in vitro microglia models indicated with - (low) to 
+++ (high) based on comparison with ex vivo freshly isolated microglia (e), in vitro cultured 
microglia (i), or in situ microglia (s).

Cell models
Morphology 
compared to MG

Gene expression 
compared to 
MG

Protein 
expression

function
Study describing 
comparison

Monocyte-
derived 

macrophages
- (e, i, s) + (e) Not tested

+ (i), but 
not directly 
compared

Melief et al. 2016; 
Ormel et al. 2017/ 
chapter 2

Monocyte-
derived 

microglia
++ (e, i, s)

+ (e), 
++ (i)

+ (e, s)
++ (i), but 
not directly 
compared

Chapter 3

Organoid-
grown 

microglia
+++ (e, i, s) +++ (e, i) ++ (e, s) +++ (i, s)

Ormel et al. 2018 / 
chapter 4 / 
chapter 6

iPSC-derived. Development of the iPSC technology in 2006 in rodents and 2007 in 
humans gave an impulse to in vitro research (Takahashi et al. 2006; Takahashi et 
al. 2007). It unlocked possibilities to generate patient stem cell lines from which 
a diveristy of cell-types could be differentiated. However, for a while researchers 
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were struggling with setting up a protocol for iPSC-microglia, due to the multi-step 
development. In short, microglia start as mesodermal progenitor cells that develop 
in blood islands in the yolk sac where they progress into primitive macrophages that 
then travel through the blood, enter the brain parenchyma and further develop into 
the microglia phenotype induced by the CNS environment (Ginhoux et al. 2010). 
Therefore, it took 10 years before the first iPSC-microglia protocol was published 
(Muffat et al. 2016), rapidly followed by others (Pandya et al. 2017; Abud et al. 2017; 
Douvaras et al. 2017). All protocols simulated the multi-step developmental path: 
first differentiating iPSC into primitive macrophages, followed by induction of the 
microglia phenotype by exposing them to factors that are very similar to factors used 
to induce monocyte-derived microglia (including IL34, reviewed by Timmerman et 
al. 2018). At the transcriptome level the iPSC-MG more closely resembled with fetal 
than with mature microglia. Possibly due to a similar problem as we were struggling 
with for the MoGli model: the absence of physical interaction with other CNS cells. 
Abud et al. came with a solution by co-culturing iPSC-MG with cerebral organoids. 
Surprisingly, within 72h these iPSC-MG invaded the cerebral organoids and were 
maturing, displaying a more ramified morphology (Abud et al. 2017). A co-culture of 
cerebral organoids with iPSC-MG was also investigated due to the assumption that 
this iPSC-organoid model lacked the intrinsic ability to develop microglia (Dutta & 
Clevers, 2017; Fatehullah et al. 2016). Cerebral organoids have also been implanted 
in brains of rodents to solve this shortcoming. Thereby enabling blood vessels and 
microglia to invade the organoid tissue (Mansour et al. 2018).

Before iPSC-MG models were published we were also testing co-culture setups. As 
monocytes were used previously to study myeloid cell-neuron interaction (Linnartz-
Gerlach et al. 2016), we injected monocytes in organoids (Figure 1a). To our 
amazement besides our injected monocytes, other IBA1+ cells were detected within 
these organoids with a recognizable microglia morphology (Figure 1b, c) (chapter 
4). Probably minor adaptions made to the cerebral organoid protocol of Lancaster et 
al. (2013) generated a stimulating environment for microglia development (chapter 
4) (Lancaster et al. 2013). In several brain organoid models, SMAD inhibition is used 
to inhibit mesoderm and endoderm differentiation. In the model of Lancaster et al. 
they used neural induction instead (Lancaster et al. 2013; Chambers et al. 2009; 
Bershteyn & Kriegstein, 2013), thereby enabling mesodermal progenitors that form 
in embryoid bodies during the first step of the differentiation to survive and thrive.  
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Figure 1. Cerebral organoids have the intrinsic capacity to develop microglia, thereby contradicting 
the general opinion. a) Attempt to inject monocyte-derived microglia-like cells in organoid (a). 
Picture was taken with iPhone 6 through a phase-contrast microscope. When performing 
immunostaining on these organoids we detected other IBA1+ cells (magenta) in close proximity 
to neurons (green) (b) with typical microglia morphology (c) as imaged with Zeiss Axio- Scope A1 
microscope (b). Scale bar in Figures is 40 mm

Figure 2. Theory behind organoid development. a) Organoid development starts with dissociated 
cells that cluster together. Cell surface adhesion proteins force cells to migrate to cells that display 
similar proteins thereby enabling spatially restricted lineage commitment according to the principle 
of self-organization (b). Development of an organoid starts with chaos, goes through a stadium of 
spatial order to then result in the typical organized structure. d) comparing the transcriptome 
profile of organoids with human brains through development showed that organoids do not 
develop further than a prenatal stage. Figure adapted from Lancaster & Knoblich (2014), Science; 
and Kelava et al. (2016), Developmental biology.
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Mesodermal precursor cells had been detected before by Quadrato et al. (2016)
who performed single-cell RNAseq on cerebral organoids (Quadrato et al. 2016). 
They made adaptations to the original protocol which probably led to inhibition of 
further growth and development of the mesodermal precursor cells, as detected 
in our study. Lancaster et al. assumed that the mesodermal progenitors that form 
in embryoid bodies would die or migrate out of the induced neuroectodermal 
environment. This assumption relied on the principle of self-organization in organ 
development (Lancaster & Knoblich, 2014) (Figure 2a-c). According to this theory, 
cell-type specific cell surface adhesion proteins drive cell migration and dynamics 
necessary for spatially restricted lineage commitment (Figure 2a-c). Once the cells 
are positioned they can further mature and develop (Figure 2a-c). This principle 
is visible in early time-points in the organoid in which neuronal and mesodermal 
progenitor zones develop separately (Figure 1b, chapter 4-Figure 1e), although 
at later time-points microglia and neurons were intertwined reflecting the in vivo 
situation (chapter 4-Figure 5a, b).

Thus, the first stages of development occur separately, after which microglia are 
attracted by the neuroectodermal identity of the tissue inducing inter-lineage 
interaction. The attraction is probably induced by expression of molecules known 
important for microglia development. In iPSC-microglia protocols these factors 
need to be added artificially to induce a microglia phenotype in the iPSC-microglia 
protocols, such as IL34 and CSF1 (chapter 4- Figure 3a). Probably there are many 
more factors secreted in the CNS environment that influence microglia development 
that are also present in cerebral organoids, but are not yet identified. Cell-cell contact 
in the co-developmental environment within the developing cerebral organoid was 
likely responsible for the more adult-phenotype of the organoid-grown microglia 
(oMG) than the microglia-profile obtained by an earlier published iPSC-MG protocol 
(chapter 4- Figure 4) (Muffat et al. 2016). In addition, unidentified secreted factors 
could have played a role. Still there are numerous differences with the in vivo 
situation that will be difficult to replicate in vitro, such as absence of influences of 
other organs and blood, and naturally occurring environmental challenges including 
aging. Studies in which they compared the transcriptome of the developing organoid 
with the developing human brain showed that organoids are not able to age further 
than a prenatal stage thereby limiting research possibilities (Figure 2d) (Kelava et al. 
2016). 
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MoGli vs oMG. Both the MoGli and the oMG proved valuable as model for human 
microglia (MG) as they largely complied with the criteria postulated, including 
resemblances on the morphological, functional, transcriptome and protein level 
(chapter 3, chapter 4) (Table 2). In this thesis we performed RNA sequencing on 
MoGli, MG, monocytes, and oMG which enables the comparison of these models at 
the level of the transcriptome. As described above, the MoGli transcriptome turned 
out to be more similar to MG that were cultured in vitro than to freshly isolated 
MG, or monocytes (chapter 3). oMG, however, showed large similarities with 
freshly isolated MG (chapter 4). When adding the oMG samples to the principal 
component analysis (PCA) performed in chapter 3 it becomes clear that oMG cluster 
more closely to the freshly isolated MG and in vitro MG than MoGli or monocytes 
(Figure 3). Thus, oMG are most similar to the gold standard: freshly isolated MG 
(Table 2). Furthermore, oMG develop in a co-culture comprising multiple other CNS 
cells, which makes the culture condition more similar to the in vivo situation and 
enables research into inter-cellular communication. As the oMG are derived from 
iPSC, this also enables gene manipulation with CRISPR-Cas9 technology with which 
schizophrenia susceptibility genes could be manipulated. In contrast to the MoGli 
model, for which gene manipulation is limited to using small interfence RNAs (siRNA) 
(Table 3). 

Figure 3. Principal component analysis (PCA) on three datasets: 1) Monocytes, MoGli, and freshly 
isolated microglia (MG) from medial frontal gyrus or superior temporal gyrus tissue - chapter 3, 2) 
Monocytes, freshly isolated (ex vivo) MG, and (in vitro) MG that have been cultured for 7-10 days 
with or without additional growth factors from a study by Gosselin et al. (2017) - chapter 3; 3) 
Organoid-grown microglia (oMG) isolated from organoids that were in culture for 38 and 52 days, 
and freshly isolated adult MG - chapter 4.  
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However, cerebral organoids come with hurdles that are important to take into 
consideration when choosing for one of the two models.  Firstly, the length of the 
protocol. Once somatic cells are harvested from individuals, induction of pluripotency 
is a laborious and costly process taking up to four months. Followed by extensive 
quality control to prove pluripotency and absence of chromosomal deviations due to 
the reprogramming. After obtaining pluripotency, it will take approximately 52 days 
to differentiate microglia to a mature phenotype. In sum, it takes about six months 
before you have oMG to use for experimentation. It is however worth mentioning 
that the reprogramming is only necessary once per donor. Once you have the 
pluripotent cells you can expand these cultures and store them in liquid nitrogen. If 
that is the case it will only take the 52 days of organoid culture to obtain the oMG. 
Thus, even in case you already have iPSC, it will still take 42 days longer to generate 
oMG than generating MoGli (Table 3).

Table 3. Strengths and weaknesses of patient-derived in vitro microglia models

Cell models

Similarity with 
in vivo growth 
conditions 
microglia 

Possibility 
for gene 
expression 
manipulation

variability 
between 
donors/
batches

Costs

Epigenetic 
assessment 
disease 
profile

Culture 
duration

Ethical 
concerns

Monocyte-
derived 

macrophages
no yes (siRNA) limited low possible 7 days low

Monocyte-
derived 

microglia
intermediate yes (siRNA) limited

inter-
mediate

possible 10 days low

Organoid-
grown 

microglia
high

yes (siRNA, 
CRISPR-Cas9)

yes high
not 
possible

2 
months

inter-
mediate

siRNA small interference RNA: molecules that can be used to break down mRNA molecules preventing translation; 
CRISPR-Cas9: technique to remove, alter, add fragments of the DNA for which cell-division is necessary

Secondly, due to the lack of SMAD inhibition in the cerebral organoid protocol and 
dependence on self-organization, the organoids show high inter-organoid variability 
(Quadrato et al. 2016). This in contrast to the MoGli protocol, as also visible in the 
more tightly clustered MoGli in Figure 3 compared to the oMG. Also, unique MoGli 
cell clusters identified with the single-cell mass cytometry approach described in 
chapter 3 were robustly detected in all schizophrenia samples compared to healthy 
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controls. The low variation inter-MoGli samples makes it possible to detect these 
subtle effects, whereas the inter-organoid variability could hamper identification 
of subtle disease effects. Thirdly, during the dedifferentiation of somatic cells, 
epigenetic information is largely removed (Brix et al. 2015). It is possible that 
epigenetic information essential for the disease phenotype is therefore missing in 
the differentiated organoid. This could be important in schizophrenia research as it 
is hypothesized that an environmental stressor could trigger the disease onset. On 
the other hand, it is possible that a disease effect detected in monocytes is caused 
by an confounder in that blood that affected the epigenetic-profile, such as high 
cholesterol. Lastly, in biomedical research ethics play a vital role in the choice for 
a model-system, so also in case of MoGli and oMG. Similar to advances in in vitro 
research like CRISPR-cas9 in which mutations can be induced/recovered in the 
genome, also organoid research in which “mini brains” are created in a dish elicits 
ethical discussions concerning its use.

In sum, although oMG score higher on the criteria for cell modeling postulated in 
this discussion, there are (still) many obstacles in organoid-research that need to 
be taken into consideration when planning to use this model. Especially the ethical 
discussion that could be initiated by these recent advances in organoid-technology 
might form an obstacle in the future (Table 3). 

Ethical considerations. As the complexity of organisms is not (yet) fully captured 
to solely use in silico approaches, biomedical research is necessarily performed in 
model organisms in vivo or in vitro. Thereby using (cells from) humans, non-human 
primates, rodents, or even axolotls. Application of these model systems is regulated 
by ethical discussions that logically accompanies the use of living organisms or post 
mortem samples. Specifically, the use of organisms that lack the ability to give consent, 
including animals and human embryos, is continuously the center of intense debate 
and regulation. The rise of the organoid in vitro model has the ability to challenge 
the necessity of animal and human embryonic usage for research (Bredenoord et al. 
2017). Instead of evaluating the impact cerebral organoids can have on this sensitive 
discussion, we want to zoom in on the ethical dilemma elicited for researchers that 
want to use the technique. Especially since this ethical discussion could result in 
regulation changes that potentially have large implications in the daily work of an 
organoid researcher.



Chapter 6

200

Normally with in vitro cell research, ethics are limited to informed consent of the 
individual to use his/her cells and pseudo-anonymization of the patient’ samples 
to prevent the possibility of back-tracing of the samples and thereby protecting the 
patient’ privacy. Once you have patient’ cells in culture you do not need to stick 
to predetermined protocols nor humane endpoints that are obligatory in animal 
experiments to limit distress of the animals. Patients do however need to give 
consent if you want to generate cell lines (such as iPSC) that in theory can be used 
endlessly. The terminology is also different in in vitro research that illustrates the 
distinctive nature. Cells are not killed for an experiment, but harvested. Making 
them more similar to plants than to humans/animals where they are derived from. 
If we decide to starve cells before we harvest(kill) them, we can do that without any 
consent or bad feelings. Considering that these are “just” some immune cells that 
do not think, can be afraid, or feel pain, it seems indeed appropriate to not handle 
and regulate them similarly as living humans or animals. Although Sato et al. started 
growing intestinal organ-like structures since 2009, the ethical discussion concerning 
organoids started once a different organ-like structure was grown in a dish that is in 
vivo involved in personality, and consciousness: the cerebral organoid (Lancaster et 
al. 2013; Sato et al. 2009).

The cerebral organoid growing in vitro is not merely developing morphologically 
similar structures as the human brain, like hippocampal tissue and optical cups, 
the neuronal networks are also functional as they are firing action potentials. 
In chapter 4 we showed that neurons are actively secreting neurotransmitters 
inducing measurable excitatory postsynaptic potentials. Furthermore, ion fluxes can 
be induced that are the backbone of brain functioning (chapter 4- Supplementary 
Figure 1q, r, s). In the study of Quadrato et al. they assessed the functionality of 
the retinal-tissue that often form on organoids. They successfully evoked neuronal 
activity by illuminating the organoids (Quadrato et al. 2016). Thus, we can conclude 
that cerebral organoids derived from human individuals consist of functional brain 
cells and circuits. But does this mean that we have pieces of tissue in a dish that can 
think and have consciousness? 

EXPLAINED| consciousness of organoids
Generating brain tissue in a dish gives you plenty of time for your mind to drift away. Often my 
thoughts went to the story of Roald Dahl called “William and Mary”. In short (doing no respect to 
the beauty of the story), William who is terminally ill is approached by a former colleague from 
Oxford university who gives him the opportunity to sign in for a scientific experiment. The moment 
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he will die the scientist will hook up his brain and senses to a machine that will keep his mind 
alive. The experiment went south and instead of all his senses, only his brain and one eye were 
kept alive. An eye he cannot close. His wife, burdened by their unhappy marriage, unaware of this 
experiment, and as when he was alive he was awful to her and forbade her to smoke, she made a 
decision. She visited him daily (the brain and eye in a jar) and smoked in front of his never closing 
eye. Frustrated as he was, he could not say a word.. (Roald Dahl - William and Mary, 1966)

These stories could hunt you as organoid researcher. However, luckily this story is the product of 
the creative mind of Roald Dahl as the brain structures in a dish that we are working with is far from 
a functional human brain. For one, the brain structure has a diameter of 4 mm. Furthermore, in 
my opinion, a brain needs input from peripheral senses to understand the world and have a sense 
of being. 

Lavazza & Massimini described that brain activity is not the same as having 
consciousness (Lavazza & Massimini, 2018). They made a parallel with brain injured 
comatose individuals. Consciousness of these patients can be assessed by using the 
“Perturbational Complexity Index” (Casali et al. 2013). This metric is based on the 
principle that integration and differentiation of neuronal activity takes place in neural 
circuits, also called the integrated information theory (IIT). They assess the degree 
of complexity on brain activity evoked by transcranial magnetic stimulation. Thereby 
analyzing whether stimulation results in a simple wave of activity that slowly fades 
away, or that it is integrated into a complex network of activity that continues for 
a prolonged period that would be required for consciousness to occur (Lavazza & 
Massimini, 2018). They suggested using a miniature version of this machine that 
has proven its value in assessment of complexity of neuronal activity in mouse-
derived organotypic brain slices (D’Andola et al. 2017).  By using this device, you 
could theoretically measure if complex brain activity is present in cerebral organoids 
that might indicate cognitive potential of organoids. Considering that indeed parts of 
organoids mimic brain morphology within the human brain, but overall everything is 
randomly connected, we hypothesize that the complexity will be disappointing (or a 
relieve actually). This besides other differences with in vivo brain tissue, such as the 
absence of peripheral neuronal innervation, and linkage to other organs. Still, it is 
necessary to fully investigate the degree of complexity of brain activity established 
to understand the level of cognitive potential created in a dish.

Thus, the ethical dilemma of developing brain material in a dish from a patient 
cannot and should not be ignored. An ethical discussion should take place to better 
understand what we are working with and how we should handle this new avenue in 
science in which we are able to develop the most mysterious and complex organ of 
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the human body: the brain.

Concluding remarks part 1: Which model to pick to investigate 
the microglia phenotype?
In this thesis we were interested in microglia and specifically its role in schizophrenia. 
As microglia from patients with schizophrenia are difficult to obtain, we set up 
several in vitro models to be able to study its disease-phenotype in patient-derived 
samples. We used two distinct approaches: starting with monocytes or with induced 
pluripotent stem cells. For both approaches we set up novel models and thoroughly 
characterized them by making comparisons with freshly isolated microglia from 
human post mortem brain tissue, cultured in vitro microglia, or with in situ microglia 
(Table 2). They largely complied to the criteria postulated, demanding resemblances 
on the level of morphology, transcriptome, proteome, and function (Table 2). When, 
however, comparing the two approaches, we can conclude that they both have their 
own additional strengths and weaknesses (Table 3). Growth conditions of oMG most 
resembled the in vivo development of microglia. On the other hand, MoGli also 
displayed similarities with in vitro microglia, and is a less laborious and costly protocol 
to perform. Moreover, variability is a burdensome limitation of the organoid model. 
Still the organoid model offers a lot of research possibilities that are impossible with 
the MoGli model, like investigation of interaction with other CNS cell-types shown in 
chapter 4. Additionally, gene manipulation with CRISPR-Cas9 would be possible with 
which susceptibility genes could be thoroughly investigated. Organoid research does 
come with an ethical discussion that is still ongoing. Where MoGli models would be 
most useful in large cohort studies to study changes in myeloid cells and epigenetic 
profiling in schizophrenia, oMG could be used to study defects in intercellular 
communication and thereby possible detrimental effect on other CNS-cells.
Therefore, both models have their own potential and showed usefulness in this 
thesis. It will depend on the research question and available means which model 
would be the best fit. 
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In the last decades a shift has taken place in research into neurological and psychiatric 
diseases. Where usually neurons where the focus of the search for pathology, 
microglia have gained attention. A role for microglia is now suggested for Parkinson’s 
disease, amyotrophic lateral sclerosis (ALS), traumatic brain injury and Alzheimer’s 
disease (AD) (reviewed in Perry & Holmes, 2014). In for example AD research, the 
focus originally laid on amyloid plaque formation and intra-neuronal accumulation 
of tau protein that causes neuronal degeneration. The last decade microglia are 
hypothesized to contribute or even stimulate/induce (amyloid) pathology (Philippens 
et al. 2017; Efthymiou & Goate, 2017). A pathological role of microglia in AD is further 
supported by genetic studies, revealing enrichment of immune pathways and SNPs 
linked to typical microglia genes SPI1, CR1, and TREM2 (see review by Efthymiou & 
Goate, 2017). In another study they identified a microglia population with a unique 
AD-disease-profile that could be linked to AD (Keren-Shaul et al. 2017). 

Many studies looked for similar immune (microglia)-specific disease characteristics 
in schizophrenia, as seen in neurological disorders. Analyses of blood samples, 
leukocytes, CSF, and PET scans showed a tendency towards an immune-activated state 
(Goldsmith et al. 2016; De Picker et al. 2017; Marques et al. 2018). Although there 
were many conflicting findings looking for a disease-signature in microglia, meta-
analyses of microglia assessments in post mortem studies suggested upregulation 
of several inflammatory markers and activation of microglia (Van Kesteren et al. 
2018; Trepanier et al. 2016; De Picker et al. 2017). We performed two studies in 
this thesis (chapter 2, 3) that focused on the delineation of a disease-phenotype in 
samples from schizophrenia patients versus control. Based on previous studies, we 
hypothesized that the immune system is affected in schizophrenia, albeit it might 
not merely be a state of inflammation but rather a deviation in another function of 
immune cells: interaction with neurons. We therefore investigated in chapter 2 if we 
could replicate this immune-activated state together with alterations in molecules 
known to be involved in synapse refinement. 

2. Do myeloid cells have a 
schizophrenia immune profile?
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Thus, we performed hypothesis-driven real-time PCR (RT-PCR) and enzyme-linked 
immune assays (ELISA) aimed at answering two questions. We assessed indications 
for an altered immune status and response in monocyte-derived macrophages 
from schizophrenia patients and/or alterations in expression of synapse refinement 
molecules before or after various challenges. We did not replicate immune alterations 
in our samples or changes in immune response upon a bacterial (lipopolysaccharide), 
viral (R848), corticosteroid (dexamethasone) or anti-inflammatory (interleukin-4) 
challenge. Both on gene expression and cytokine secretion no differences were 
observed. Inspecting synaptic refinement related genes ITGAM, TREM2, and P2RX7, 
we observed large overall changes in expression upon a challenge, but limited 
differences between patients with schizophrenia and controls. The only significant 
effect discovered was a weakened increase in P2RX7 expression upon LPS challenge 
in patients with schizophrenia versus controls. Possibly, macrophages from patients 
with schizophrenia are less receptive for ATP signals from damaged neurons in case 
of inflammation. P2RX7 is an interesting gene in schizophrenia, considering the 
interaction with a schizophrenia susceptibility gene detected in a schizophrenia 
rodent model where they generated a P2RX7-/- (Kovanyi et al. 2016). The presumption 
is however that this gene is upregulated in schizophrenia (Huang et al. 2019), 
whereas we did not see differences in unstimulated state and a reduction that was 
only exposed upon LPS stimulation. This study in monocyte-derived macrophages 
challenged the view that myeloid cells in schizophrenia are affected. However, this 
study was underpowered for detecting small effect sizes, changes in subgroups and 
with this hypothesis-driven results we could have overlooked changes. 

In the second study (chapter 3) we therefore changed gear and went for an 
explorative instead of a hypothesis-driven approach. We also changed cell-model as 
we switched the human serum to induce a macrophage phenotype, to an artificial 
CNS-like environment with factors important for microglia phenotype and function (as 
discussed in more detail in part 1 of the discussion). Together with these monocyte-
derived microglia-like cells (MoGli), we incorporated its precursor the monocyte in 
the analyses. Furthermore, we challenged MoGli with a bacterial stimulus to assess 
possible disease-related functional defects. These three myeloid cell-subtypes were 
thoroughly investigated for a schizophrenia profile on the transcriptome and single-
cell protein expression level as assessed with RNA sequencing and mass cytometry. 
We also increased sample sizes from 15 to 20 samples per group compared to the 
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previous study. We assessed not only differential gene expression (DGE) but also 
differential transcript/isoform expression (DTE), based on the most recent findings in 
post mortem brain tissue (Gandal et al. 2018). On the single-cell level we identified 
an increase in intercellular disparity in MoGli compared to monocytes. Two clusters 
of MoGli had a higher abundance in patients with schizophrenia than in controls. In 
one of the clusters higher expression of microglia-related markers such as ApoE and 
P2Y12 was detected. However, also a clear increase in immune-activation markers 
CD68 and HLA-DR were detected in this cluster. Thereby indicating a more immune-
activated state in a rare sub-cluster, showing similarities with the unique microglia 
cluster detected in Alzheimer’s disease as discussed above (Keren-Shaul et al. 2017). 
Further research is necessary including single-cell protein/RNA approaches of brain 
lysates to delineate a similar pattern in microglia. 

On the transcriptome level we identified various DGE and DTE in schizophrenia versus 
control. Several of the upregulated DGE and DTE clustered in inflammation pathways, 
although an immune-activated state including upregulated expression of IL6, TNF, 
and IL1B was absent. Both in monocytes, MoGli, and stimulated MoGli we picked 
up genes that implicated the NF-κB pathway. Upregulated NF-κB hits in monocytes 
and MoGli were involved in pathway inhibition, whereas downregulated NF-κB hits 
were pathway inducers. Hereby indicating an altered activation state of the NF-κB 
pathway. After immune-activation of MoGli, significantly downregulated TIFAB was 
detected in patients with schizophrenia both as DGE and DTE. TIFAB is involved in 
the negative feedback loop of bacterial induced upregulation of the NF-κB response, 
that might reflect a dysfunctional dampening mechanism of the NF-κB pathway. This 
showed the value of functional assessment of cells to comprehend a better picture 
of a disease-phenotype, as we would not have found this aberrancy without the LPS 
challenge. Interestingly, upregulation of a NF-κB-related cluster without overt signs 
of inflammation was also identified in post mortem cortex by Gandal et al. (2018). 

A role of the NF-κB pathway is supported by the functional study of Sellgren et 
al. They detected altered phagocytosis of synaptosomes (isolated living pre- and 
post-synaptic particles) by monocyte-derived microglia-like cells of patients with 
schizophrenia (Sellgren et al. 2018). Once they administered minocycline, they were 
able to alleviate this effect. Minocycline is known to, just like another antibiotic 
doxycycline, affect microglia functioning through inhibition of the NF-κB pathway 
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(Nikodemova et al. 2006; Santa-Cecilia et al. 2016). 

EXPLAINED| NF-κB pathway
Myeloid cells have a collection of receptors with which they can respond upon activating signals 
coming from other immune cells, TNFα and IL1β. Furthermore, they are geared up with receptors 
for pathogens such as toll-like receptors that recognize bacterial (TLR4) or viral components 
(TLR7, 8). Once the molecules bind the corresponding receptor, a signaling cascade is initiated. 
As part of the cascade eventually the serine/threonine kinase IκB kinase (IKK) complex forms that 
phosphorylates IκB and induces ubiquitination, causing removal and subsequent destruction of IkB 
from the NF-κB molecule (a heterodimer of Rel family proteins). Thereby it releases NF-κB from 
its firm grip that prevented its migration towards the nucleus. Once in the nucleus the “Nuclear 
Factor kappa-light-chain-enhancer of activated B cells”/ NF-κB molecule binds the respective 
promotor regions, initiating transcription of several inflammation-related cytokines including IL1β. 
Aside from inflammation-related cytokines, NF-κB pathway activation also induces a negative 
feedback loop dampening its own activity through proteins such as NFKBIZ and TIFAB. Dampening 
is necessary as an overflow of pro-inflammatory activation can be damaging for healthy tissue. 
(Janeway’s Immunobiology 8th edition, Murphy) 

 
In sum, our studies challenge the view of an increased immune-activated state of 
the myeloid immune system in schizophrenia. However, we did detect alterations 
in the myeloid population in NF-κB related genes which are part of an important 
immune-related pathway. Our results in monocytes and MoGli replicated findings 
of Gandal et al. (2018) and others (Volk et al. 2019; Roussos et al. 2013) on post 
mortem brain tissue. This suggests that these NF-κB changes are not only caused 
by changes in schizophrenia brain tissue, but are a general feature found in myeloid 
cells in schizophrenia. Although it is too early to conclude that NF-κB changes are 
not a consequence but also involved in causing the disease, our results indicate that 
further research into the role of NF-κB and the potential of NF-κB intervention should 
be explored. Important to mention is that NF-κB is not only expressed by microglia 
in the brain. In neurons this pathway plays an important role in neurite outgrowth, 
and activity-dependent plasticity. Possibly the schizophrenia outcome is the result 
of deregulated NF-κB in not (only) microglia, but also neurons and other glial cells 
(Roussos et al. 2013; Zhang et al. 2016). This advocates for a broader search in the 
effect of aberrancies in the NF-κB pathway in schizophrenia in which all cell-types of 
the brain are included.
  
Concluding remarks part 2: Do myeloid cells have a 
schizophrenia profile?
In this part we discussed the presence of a schizophrenia immune-profile in myeloid 
cells. We thoroughly looked at changes in gene and protein expression of several 
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myeloid cell-subtypes (chapter 2, 3). Hypothesis-driven approaches such as applied 
in chapter 2 have the power to very selectively look for a defect without losing the 
ability to detect small effects as a result of the multiple testing correction hampering 
explorative studies. On the other hand, the explorative design applied in chapter 
3 had the power to detect new leads for schizophrenia research. We specifically 
detected several alterations in the NF-κB pathway and detected a unique cluster of 
myeloid cells in schizophrenia, but did not find evidence for an immune-activated 
profile as described before. 

Comparing microglia-related findings in schizophrenia to the established role 
of microglia in AD pathology, several remarks can be made. First, genetic studies 
identified immune-alterations in both diseases. However, for AD these genetic 
variants can be linked to well-known microglia genes, such as TREM2 and SPI1. For 
schizophrenia, most genetic variants are related to neuronal genes and only a few 
to the immune system. Second, a small but unique microglia population is detected 
in AD brains, referred to as disease-associated microglia (Keren-Shaul et al. 2017). In 
our analysis of MoGli cells we also observed a striking appearance of a subpopulation 
of MoGli cells in schizophrenia. Future studies need to be performed with brain 
tissue of patients with schizophrenia to confirm this phenotype in microglia. Lastly, 
for both disorders, phagocytosis-related mechanisms have been suggested to play 
role. In AD, microglia dysfunction and specifically TREM2 dysfunction could alter its 
ability to clear the brain from toxic amyloid particles (Griciuc et al. 2013; Lue et al. 
2015), and in schizophrenia an altered phenotype of microglia could contribute to 
the dendritic spine pathology (Stephan et al. 2012; Sekar et al. 2016; Sellgren et al. 
2019). Overall similarities are present, but in AD more direct evidence points in the 
direction of microglia. 

Thus, although we identified a schizophrenia immune profile in myeloid cells, it 
does not give indications for an immune-activated phenotype. It is important to 
keep in mind that schizophrenia is a disease with challenges that are irrevocably 
connected to psychiatric research: intra-patient variability and inter-diagnosis 
similarities in symptomatology and genetics together with a lack of knowledge of 
pathology (Anttila et al. 2018). Studies encompassing larger cohorts of patients could 
enable identification and investigation of subgroups with similar underlying defects 
explaining the disease. Furthermore, single-cell approaches should be applied using 
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brain tissue of schizophrenia patient in order to detect the possibility of a disease-
associated population of microglia. Furthermore, possibly this complex disease is 
the result of a diversity of defects in multiple cell-types in the brain as corroborated 
with GWAS analyses describing not only SNPs in immune- but also synapse-related 
genes. Therefore, the disease might be a consequence of a defective interplay of 
mechanisms in multiple cell-types. in vitro co-culture approaches encompassing 
multiple CNS cell-types could be useful in elucidating defects in inter-cellular 
communication besides harboring potential to investigate causality, as shown in the 
study of Sellgren et al. (2018).
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Dementia praecox, early onset dementia, was the diagnosis Kraepelin gave to 
patients demonstrating symptoms that would nowadays result in a schizophrenia 
diagnosis. Dementia is an umbrella term covering many sub-diagnoses that have 
neurodegeneration as commonality, implying degeneration of neurons. This view has 
changed in time as schizophrenia is increasingly considered a neurodevelopmental 
disorder instead, as elaborated on in the introduction of this thesis. In short, 
preclinical (cognitive) symptoms start years before diagnosis with schizophrenia at 
early-adolescence (Forsyth and Lewis, 2017); genes linked to an increase in risk for 
schizophrenia development are most expressed prenatally (Jaffe et al. 2018; Clifton 
et al. 2019); incidents occurring in development, specifically prenatally, have been 
linked to increased risk for schizophrenia development (Allswede et al. 2018). How 
prenatal events, specifically infections, contribute to the onset of schizophrenia later-
on remains unclear, although a role for the immune system is hypothesized. Immune-
activation of microglia early in brain development due to prenatal infection could 
harm CNS-cells in a vulnerable period causing long-term effects on brain development 
as a whole, considering their role in neurodevelopment. Research into this stage of 
brain development is difficult in humans, so most research is performed in rodent 
models. In the maternal immune activation (MIA) rodent model, inflammation 
is induced during pregnancy after which the offspring is investigated. However, in 
contrast to the 2- till 5-fold higher risk for schizophrenia in humans when a prenatal 
infection occurred (Brown, 2012), in rodents behavioural alterations in MIA-offspring 
are highly penetrant and elaborate (Meyer, 2014). Thus, how well do findings in the 
MIA model translate to the human situation? In chapter 4 we described a cerebral 
organoid protocol that showed the capacity to intrinsically develop microglia (as 
discussed in more detail in the section above). This new protocol opened up research 
possibilities to study immune involvement in brain development in the context of 
schizophrenia. We applied this model in chapter 5 to investigate the acute and long-
term effects of immune activation on the glial and neuronal population, thereby also 

3. Investigating brain 
development for a microglia 
schizophrenia-fingerprint
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studying translatability of MIA findings.

By inducing immune-activation with a bacterial challenge as also used in the MIA 
paradigm, we replicated the acute response also detected in rodents (chapter 5). 
An immune-response was triggered, and the microglia and astrocyte population 
responded. We also replicated an effect on RELN expression that could potentially 
affect proper neurodevelopment. Interestingly the effect we found did not result 
in long-term changes in neuronal development in the organoids. Possibly in the 
absence of genetic susceptibility for psychiatric disease, human brain development 
is resilient for a prenatal stressor. Therefore, we hypothesized that a similar study 
design incorporating a context of genetic susceptibility for schizophrenia would 
improve the schizophrenia model accuracy and be useful in understanding the 
pathogenesis. 

The power of a genetic susceptibility model. We suggest using lines from individuals 
that have a known predisposition for schizophrenia such as individuals born with a 
22q11.2 deletion syndrome (22q11.2ds). The 1.5-3 million base-pair micro-deletion on 
the 22nd chromosome leads to a 25-times increase in susceptibility for schizophrenia. 
Thereby the deletion is the largest risk factor next to being a monozygotic twin of 
somebody with schizophrenia (Jonas et al. 2013). Prof. dr. Herbert Lachman and Erika 
Pedrosa from the Einstein Institute in New York, USA, shared their iPSC lines with us 
from a 22q11.2ds patient that developed a schizophrenia-spectrum disorder together 
with non-psychiatric controls (Lin et al. 2016). We started a pilot study to assess a 
phenotype in organoids generated from these lines. Although 22q11.2ds patients 
have several comorbidities, including other psychiatric illnesses, cardiac defects, low 
IQ, and cognitive defects (Jonas et al. 2013), this study had the potential to show 
what kind of brain aberration could increase the risk for schizophrenia development. 
In our pilot study we investigated differences in neuronal differentiation, and glial 
development between 22q11.2ds organoids and controls and saw some interesting 
effects. Firstly, proper organoid development required for an organoid study was 
confirmed, as visualized by the expression of neuronal progenitor marker (PAX6) and  
frontal brain identity as shown by FOXG1 expression (Figure 4a). The hemizygous 
deletion on the 22nd chromosome was also first verified by RT-PCR analyses of gene 
expression of various genes located in the deleted region, that additionally have 
been linked to the increase in schizophrenia prevalence (CDC45L, DGCR8) (Figure 
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b) (Fenelon et al. 2011; Lin et al. 2011).  Progenitor zones were longer preserved in 
22q, and especially EOMES/TBR2 showed a delay in expression compared to controls 
(Figure 4 c, d). GFAP was delayed in expression in 22q compared to controls (Figure 
4e). These results indicate a delay in neurodevelopment, although a larger sample 
size is necessary to make statistical analysis and interpretation possible. 

Figure 4. Cerebral organoids from a 22q11.2ds patient with schizophrenia spectrum disorder gave 
indications for a delay in brain development compared to non-psychiatric controls. a) The organoids 
showed proper organoid formation with frontal brain identity (FOXG1) and neuronal progenitor 
cells (PAX6). b) The hemizygous 22q11.2 deletion was verified by a reduction of expression of genes 
from this region (CDC45L, DGCR8). c) Progenitor zones were longer preserved in the 22q11.2ds 
patient, which fits with the delay in expression of EOMES (d) and GFAP (e). Dilara Ilhan performed 
these experiments under supervision of Amber Berdenis van Berlekom & Paul R. Ormel.

Figure 5. iDISCO technology optimized for usage on cerebral organoids. a) Organoids were first 
immunostained with antibody cocktails prior to the clearing process that made the entire organoid 
transparent. b) With light sheet microscopy 3D images can be reconstructed showing spatial 
distribution of PAX6, CTIP2 (b), and GFAP (c) staining. Staining protocols were optimized for staining 
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proliferating zones (Ki67, d), frontal brain identity (FOXG1, e), deep cortical layer neurons (CTIP2, 
f), and superficial neuronal layers (SATB2, g). Dilara Ilhan together with Nathasia Muwanigwa 
performed the optimization of this protocol under supervision of Renata Vieira de Sá, Amber 
Berdenis van Berlekom, & Paul R. Ormel.

In future studies our design of chapter 5 could be combined with our pilot study setup 
described here as possibly a synergistic effect could be observed when challenging 
organoid with genetic susceptibility for schizophrenia with an inflammatory stimulus. 
By incorporating more thorough analyses, differences in neuronal or microglia 
subpopulations could be identified to monitor alterations in brain development. 
Especially since both in the preliminary data and chapter 5 changes were identified 
that could indicate alterations in neurodevelopment (EOMES and RELN). To increase 
resolution for this approach, single-cell transcriptome analysis should be applied, 
as shown valuable in the comparison between neuronal development in organoids 
versus fetal human brain (Camp et al. 2015; Pollen et al. 2019). Furthermore, inter-
cellular interaction during development could also be assessed in 3D in the organoid 
model. Using novel imaging strategies such as super-resolution stimulated emission 
depletion (STED) microscopy as shown in chapter 4-Figure 5b, and also the novel 
iDISCO technique that is setup for use on organoids (Figure 5a-g) (Maglione & Sigrist, 
2013; Renier et al. 2013). By using this approach, the potential of the organoid 
model could be used to investigate the effect of an environmental stressor (LPS) in 
the context of genetic susceptibility (22q11.2ds) on the molecular level. By using 
the cellular complexity, disturbed inter-cellular communication between microglia 
and neurons (assessed by iDISCO and STED) could be assessed that might underlie 
defects (affected neuronal development assessed by single-cell RNAseq) that induce 
schizophrenia later on (Figure 6). 

Concluding remarks part 3: Investigating brain development 
for a microglia schizophrenia-fingerprint
The development of novel in vitro approaches to model human brain development 
(chapter 4) open up research possibilities to closely monitor changes induced by 
environmental stressors or genetic aberrations. We showed that we were able to 
replicate acute effects of immune activation on the brain as described in the MIA 
rodent paradigm (chapter 5). As expected due to the low penetrant effect of prenatal 
infection in humans versus the high penetrant effect seen in rodents, we did not detect 
long-term neuronal defects caused by the early immune activation. We hypothesized 
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that a genetic predisposition is necessary in humans for prenatal infections to induce 
long-term defects that can be linked to schizophrenia susceptibility. We showed the 
value of using genetic predisposition lines for organoid research and applicability of 
recent technological advances to identify alterations within the organoid. Besides 
using patient-derived iPSC-lines for organoid generation, knowledge of genetic risk 
factors in schizophrenia can be used to generate organoids from knock-out lines 
using CRISPR-Cas9 technology. This approach has the potential to CNS-cell broad 
determine the effect of single genes on brain development.

The end?

The goal of this thesis was two-fold: Generate in vitro microglia models and 
illumination of the immune perspective in schizophrenia using the developed 
models. The immune perspective focusses on a causative role of the immune 
system in schizophrenia pathogenesis. Evidence for immune involvement has 
been accumulating in this complex disease on the epidemiological, genetic, and 
transcriptome level (Ripke et al. 2014; Sekar et al. 2016; Gandal et al. 2018). What 
the contribution of this involvement is on schizophrenia pathogenesis remains 
unclear. Although occurrence of peripheral immune events has been linked to the 
brain disease, such as autoimmune diseases or infections, we focused on the cell-
type that could directly affect brain functioning: The Microglia. We successfully set 
up in vitro cell models that displayed similarities with this vigilante of the brain. 
Ever since this cell-type was first described by Pio del Rio-Hortega in 1919, it kept 
the scientific community busy (translated in Sierra et al. 2016). It took about 90 
years before the complex developmental path was deciphered that identified the 
immigrant cell-status. In the neuron-centered neuroscientist community it was 
difficult to comprehend that this immune cell, together with its companion glial 
cell the astrocyte, are actively involved in neuronal development and function. 
Thus, these cells appeared to do more than gluing the brain together as their name 
implies (glia = glue).  Many studied the biology of this cell in rodents, but how well 
these findings translate to humans is not certain. Especially since differences are 
identified between rodent and human microglia. In chapter 3 a human microglia 
model is described starting with monocytes. This model demonstrated similarities 
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with cultured primary microglia. Using the potential of this model in a large cross-
sectional study a schizophrenia-phenotype of myeloid cells was uncovered that 
could be narrowed down to alterations in the NF-κB pathway. However, both the 
hypothesis- and explorative-designs used in chapter 2 and 3 did not provide evidence 
for immune-activated phenotype of myeloid cells in schizophrenia, in contrast to 
previous studies. A causal contribution of immune processes in brain alterations 
that has been linked to schizophrenia could be investigated with the microglia 
model described in chapter 4. The development of the organoid model that has the 
intrinsic capacity to develop microglia described in chapter 4, opened up research 
possibilities to further unravel human microglial development and functioning. For 
example, investigation of prenatal infection on brain development as performed in 
chapter 5 in which we identified a transient effect of immune activation on RELN 
expression possibly affecting brain development. This set-up could be combined 
with the approach applied in the pilot study performed in 22q11.2ds as reported 
in this chapter. Hereby studying the overarching postulated hypothesis in the 
introduction that genetic predisposition together with an environmental stressor 
leads to disturbed interaction between microglia and neurons that could underlie 
schizophrenia pathogenesis (Figure 6). Using novel techniques such as iDISCO, single 
cell RNA-seq, and single-cell mass cytometry, resolution on inter-cellular gene and 
protein expression differences, and communication can be increased thereby using 
the full potential of the organoid model (Camp et al. 2015). Future studies should 
also focus on unraveling the implications and intervention possibilities of the NF-κB 
pathway and to decipher presence of a unique microglia population in the brain of 
schizophrenia patients. 

With this thesis we tried to shed light on the complex world of schizophrenia by trying 
to decipher the disease-profile of the immune system. It remains a difficult research 
field hampered by the broad spectrum of symptoms and seemingly complex genetics 
and pathology. Hopefully the future will bring a better understanding and improved 
treatment strategies to help people such as Steven (chapter 1- box1).  Although 
at the end of a project you would like to round off, in the curious world of science, 
answers are the seeds for new questions. 
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Main conclusions of this thesis
- MoGli and oMG can be used to study microglia phenotype and function
- Strengths and weaknesses of microglia models need to be assessed to pick the right model for     
  the research question
- Myeloid cells show a disease-phenotype in schizophrenia
- Differential expression in myeloid cells in schizophrenia clustered in NF-κB dysregulation
- A unique schizophrenia-MoGli population was identified
- Human brain development assessed in organoids is resilient to prenatal inflammation

Figure 6. Illustration of the overarching hypothesis of this thesis in which major findings of this 
thesis are incorporated. We modeled microglia in vitro with which we illuminated the immune 
perspective in schizophrenia. We detected alterations in the NF-κB pathway in a cross-sectional 
study (chapter 3) and detected an acute, but transient, effect on neurons of an early life 
environmental stressor by inducing immune activation in developing brain tissue (chapter 5). 
The hypothesis is still standing and needs further research to decipher the link between genetic 
predisposition, early-life environmental stressor, microglia contribution, and neuronal pathology 
in schizophrenia. 
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Het immuunsysteem is het leger van je lichaam. Het beschermt 
tegen kwalijke stoffen die je lichaam kunnen binnendringen. 
Daarnaast valt het eigen cellen aan die ongewenst gedrag 
vertonen. Het immuunsysteem bestaat uit een verscheidenheid 
aan cellen met uiteenlopende taken. Er zijn cellen die aan de 
frontlinie staan, maar ook cellen die pas later worden ingezet 
en zorgen dat er een “mugshot” wordt gemaakt van het gevaar 
zodat er bij een volgende ontmoeting sneller kan worden 
gehandeld: het immuun-geheugen. Het immuunsysteem is 
overal in het lichaam aanwezig. Het is vertegenwoordigd in elk 
orgaan en patrouilleert actief door middel van immuuncellen 
die in het bloed door het lichaam reizen. Het immuunsysteem 
van de hersenen is echter een klasse apart. In tegenstelling tot 
de rest van het lichaam is het geen deel van de Schengenzone. 
Vrij reizen is niet toegestaan door de zogenaamde bloed-
hersen barrière. Met deze barrière wordt ook de neutraliteit 
gewaarborgd. Niet alleen vijanden, maar ook conflicten 
worden buiten de deur gehouden om de hersenen te kunnen 
beschermen. Er zijn bovendien elite troepen vergelijkbaar met 
de Zwitserse garde: genaamd de Microglia.

De hersenen en de rest van het centrale zenuwstelsel bestaan uit een grote 
verscheidenheid aan cellen. Naast de zenuwcellen die centraal staan aan 
het functioneren van de hersenen, zijn er ook cellen aanwezig waarvan men 
veronderstelde dat ze een ondersteunende functie hadden, waaronder de microglia. 
Maar naast de functie als beschermheer van de hersenen, blijkt de microglia ook 
een andere rol te vervullen. Zo is de microglia in de ontwikkeling betrokken bij het 
vormgeven van de hersenen. Het maakt actief contact met zenuwcellen en draagt 
zorg voor de ontwikkeling en verwijdering van connecties tussen deze cellen. Dit is 
belangrijk om ruimte te maken voor nieuwe connecties en daarmee bijvoorbeeld 
nieuwe herinneringen. Microglia zijn echter licht ontvlambaar, net als andere 
immuuncellen. Na een ontmoeting met gevaar, kunnen microglia overenthousiast 
raken en met overdadig veel geweld te werk gaan. Hetgeen nadelig kan zijn voor 
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een gezonde omgeving. Door deze gevaarlijke trekjes worden microglia steeds vaker 
in verband gebracht met ziekteprocessen in de hersenen. Zo kunnen microglia een 
nadelige invloed hebben op de hersenen bij multiple sclerosis, maar ook bij de ziekte 
van Alzheimer. 

De laatste jaren wordt ook betrokkenheid van microglia in psychiatrische ziektebeelden 
onderzocht. Zo zijn er verschillende aanwijzingen dat ze een rol spelen bij schizofrenie. 
Er is een relatie aangetoond tussen auto-immuunziekten en de ontwikkeling van 
schizofrenie. Daarnaast zijn infecties, vooral tijdens de vroege ontwikkeling van de 
hersenen, in verband gebracht met een verhoogd risico op schizofrenie later in het 
leven. Ook zijn er afwijkingen gevonden in het DNA van patiënten met schizofrenie die 
mogelijk veranderingen veroorzaken in het functioneren van het immuunsysteem. 
Aangezien microglia de immuun cellen van de hersenen zijn, heeft men onderzocht 
of er sprake is van over-activatie. Doordat microglia verscholen zitten in de hersenen, 
is het echter lastig om ze te onderzoeken. Verschillende onderzoeksmethodes zijn 
toegepast om een profielschets te maken. Ondanks tegenstrijdige resultaten, is de 
algemene veronderstelling dat de microglia immuun-geactiveerd zijn. Informatie die 
nodig is om een completer beeld van deze cel in schizofrenie te hebben, ontbreekt 
nog. Onbekend is bovendien of de verandering in microglia nadelige effecten heeft 
op de nevenfuncties van deze cel, waaronder interactie met zenuwcellen. Een 
verstoorde interactie zou namelijk gerelateerd kunnen worden aan de reductie van 
verbindingen tussen zenuwcellen zoals aangetoond in de hersenen van patiënten 
met schizofrenie. 

In dit proefschrift hebben we in het laboratorium microglia modellen opgezet, die 
we vervolgens hebben gebruikt in het onderzoek naar een schizofrenie profiel van 
deze cel. Hiervoor hebben we twee onderzoeksmethodes gehanteerd. Ten eerste 
hebben we monocyten gebruikt die verrijkt zijn uit bloed en daardoor makkelijk te 
verkrijgen zijn. Ten tweede hebben we ook stamcellen gebruikt. Monocyten komen, 
net als microglia, uit de familie van myeloïde cellen. Deze monocyten hebben we 
in hoofdstuk 2 getransformeerd in macrofagen die meer lijken op microglia dan 
de originele monocyten. In hoofdstuk 3 zijn we verder gegaan met het profiel van 
microglia nog beter proberen na te bootsen. We hebben de monocyten blootgesteld 
aan factoren waarvan we weten dat die belangrijk zijn voor de ontwikkeling van 
microglia. Beide modellen hebben we vervolgens gebruikt om te onderzoeken of ze 
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een ander profiel laten zien als ze van patiënten met schizofrenie komen dan wanneer 
ze afkomstig zijn van gezonde individuen. In zowel hoofdstuk 2 als hoofdstuk 3 
hebben we geen immuun-geactiveerd profiel kunnen detecteren in cellen van 
patiënten met schizofrenie. Toch hebben we wel kleine verschillen waargenomen 
die kunnen duiden op een schizofrenie-gerelateerd profiel in deze cellen. Een aantal 
verschillen leken een verandering in een belangrijk activatie mechanisme van deze 
cellen aan te wijzen. Deze bevinding is in eerdere onderzoeken vaker gemeld in relatie 
tot schizofrenie en daarom is het belangrijk dat verder uitgezocht wordt wat dit 
betekent en of behandeling van deze afwijking belangrijk is. Naast het onderzoeken 
van verschillen op grote schaal, hebben we gekeken of we per individuele cel 
een verandering konden waarnemen. Met deze aanpak hebben we een groepje 
cellen geïdentificeerd met een afwijkend profiel, alleen aanwezig bij patiënten 
met schizofrenie. Dit vraagt om nader onderzoek, waar vooral in de hersenen van 
schizofreniepatiënten moet worden gekeken of deze bevinding gerepliceerd kan 
worden in de microglia-populatie.

Naast de monocyten hebben we ook stamcellen gebruikt om microglia na te bootsen 
in het laboratorium. Sinds 2006 is het mogelijk om volwassen cellen (bijvoorbeeld 
huidcellen) terug te duwen in de ontwikkeling in een cel die nog de potentie heeft 
om een andere cel te worden: geïnduceerde pluripotente stamcellen (iPSC). In 
plaats van hersencellen in een kweekbakje te laten groeien vanuit iPSC, is er in 
2014 een belangrijke ontdekking gedaan waardoor hersenweefsel in 3D kan groeien 
als mini-hersentjes, ook wel cerebrale organoïden genoemd. Cerebraal betekent 
van de hersenen en organoïden zijn mini-organen. Dit 3D-model laat een grote 
verscheidenheid van hersencellen zien zoals die ook aanwezig is in de echte hersenen. 
Na de ontdekking werd deze onderzoeksmethode al snel gebruikt om bijvoorbeeld 
micro-encefalie, veroorzaakt door het Zika virus, te doorgronden. Omdat de microglia 
cel een andere voorloper heeft dan de andere hersencellen, ging men ervan uit dat 
deze cel niet aanwezig zou zijn in deze hersenkweken. In hoofdstuk 4 beschrijven 
we de aanpassing van het originele cerebraal organoïde model waardoor deze ook 
microglia cellen ontwikkelde tussen de andere zich ontwikkelende hersencellen. 
Dit alles met als uitgangspunt een huidcelbiopt. Deze verdere ontwikkeling van een 
op zichzelf al bijzonder model, maakt veel nieuw onderzoek mogelijk. Waaronder 
het onderzoek verricht in hoofdstuk 5 naar het effect van een infectie op de 
hersenontwikkeling.
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Infecties tijdens de vroege ontwikkeling van de hersenen kunnen het risico 
vergroten op het ontstaan van schizofrenie. Aangezien het moeilijk is de mens als 
proefpersoon te gebruiken bij dit onderzoek, zijn er diermodellen gebruikt. De 
vertaling van bevindingen in diermodellen wordt alleen bemoeilijkt door twee 
belangrijke factoren. Ten eerste, schizofrenie is nog nooit beschreven in een andere 
diersoort dan de mens. De diagnose schizofrenie wordt bovendien gebaseerd op 
de verbale uiting van de patiënt. Ten tweede, een vroege ontsteking, veroorzaakt in 
diermodellen, heeft heftige gevolgen voor het dier, aangezien alle dieren duidelijk 
cognitieve en gedragsafwijkingen vertonen. Bij mensen is er maar een beperkt aantal 
dat schizofrenie ontwikkelt na het doormaken van een infectie op jonge leeftijd. Het 
lijkt erop dat de ontwikkelende humane hersenen weerstand kunnen bieden tegen 
een vroege infectie. Mogelijk is er nog een extra factor nodig om schizofrenie te 
ontwikkelen, zoals een verhoogd genetisch risico. 

In hoofdstuk 5 hebben we dit principe onderzocht in het cerebraal organoïde 
model (beschreven in hoofdstuk 4) waarin naast zenuwcellen zich ook microglia 
ontwikkelen. We hebben van geïnduceerde pluripotente stamcellen van gezonde 
individuen organoïden gekweekt en bij deze het immuunsysteem geactiveerd, om 
hiermee immuun-activatie tijdens de hersenontwikkeling te simuleren. Een dag na 
de infectie-inductie konden we een effect meten in immuun-activatie, maar ook een 
effect in zenuwcelontwikkeling. Hiermee repliceerden we bevindingen gedaan in 
diermodellen. In theorie zou dit een langdurig effect teweeg kunnen brengen. Op 
een later tijdstip hebben we gekeken of die eerdere immuun-activatie inderdaad 
een langdurig effect had veroorzaakt, maar een effect was afwezig. Behalve een 
immuun-deactivatie, was er geen verandering zichtbaar in zenuwcelontwikkeling. 
Dit onderbouwt de theorie dat humane hersenontwikkeling in de afwezigheid van 
een genetisch risico, bestand is tegen een infectie. In de algemene evaluatie van het 
proefschrift in hoofdstuk 6 hebben we data laten zien van de eerste resultaten van een 
experiment waarin we stamcellen hebben gebruikt van mensen met een genetisch 
risico voor schizofrenie. In organoïden gegroeid van hun cellen constateerden we een 
vertraging in zenuwcelontwikkeling ten opzichte van individuen zonder genetisch 
risico. In toekomstige studies moet bekeken worden of er sprake is van een interactie 
van genetisch risico en infectie in de vroege hersenontwikkeling.  

Concluderend, in dit proefschrift hebben we een schizofrenieprofiel onderzocht 
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in perifere immuuncellen en immuuncellen van de hersenen. In plaats van een 
veronderstelde immuun-activatie van deze cellen, hebben we hier geen bewijs voor 
gevonden. Wel hebben we veranderingen gedetecteerd die in vervolgstudies moeten 
worden uitgezocht, waaronder veranderingen in regulatie van het immuunsysteem 
en veranderingen in zenuwcellen. Verder hebben we beschreven dat de humane 
hersenen mogelijk bestand zijn tegen immuun-activatie in zijn vroege ontwikkeling 
als er geen sprake is van een genetisch risico op schizofrenie. Dit alles hebben we 
onderzocht gebruikmakend van microgliamodellen waarvan de ontwikkeling ook is 
beschreven in dit proefschrift. 
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FRYSKE GEARFETTING
It ymmúnsysteem is it leger fan dyn lichem. It beskermet tsjin 
kwealike stoffen dysto yn dyn lichem krije kinst. Dêrnjonken 
fâlt it eigen sellen oan dy’t net winske gedrach fertoane. It 
ymmúnsysteem bestiet út ferskate sellen mei ferskate taken. Der 
binne sellen dy’t oan de foarste line steane, mar ek sellen dy’t 
pas letter ynset wurde en soargje dat der in “mugshot” makke 
wurdt fan it gefaar sadat der by in folgjende moeting flugger 
hannele wurde kin: it ymmún-unthâld. It ymmúnsysteem is 
oeral yn it lichem oanwêzich. It is fertsjintwurdige yn elk orgaan 
en kontrolearret aktyf mei ymmúnsellen dy’t yn it bloed troch 
it lichem reizigje. It ymmúnsysteem fan de harsens is lykwols 
in klasse apart. Yn tsjinstelling oant de rest fan it lichem is it 
gjin diel fan de Skengensône. Frij reizigje is net tastien troch 
de saneamde bloed-harsens ôfslúting. Mei dizze ôfslúting 
wurdt ek de neutraliteit waarboarge. Net allinne fijannen, 
mar ek konflikten wurde bûten de doar hâlden om de harsens 
beskermje te kinnen. Boppedat binne der elite troepen, 
ferlykber mei de Switserske garde: neamd de Mikroglia.

De harsens en de rest fan it sintrale senuwstelsel bestean út in grut ferskaat oan 
sellen. Njonken de senuwsellen dy’t sintraal steane oan it funksjonearjen fan de 
harsens, binne der ek sellen oanwêzich wêrfan men tocht dat hja in ûndersteunende 
funksje hiene, wêrûnder de mikroglia. Mar njonken de funksje as beskermhear fan 
de harsens, blykt de mikroglia ek in oare rol te ferfoljen. Sa is de mikroglia yn de 
ûntjouwing belutsen by it foarmjaan fan de harsens. It makket aktyf kontakt mei 
senuwsellen en draacht soarch foar de ûntjouwing en ferwidering fan ferbiningen 
tusken dizze sellen. Dit is wichtich om romte te meitsjen foar nije ferbiningen en 
dêrmei bygelyks nije oantinkens. Mikroglia kinne lykwols maklik ûntflamje, lykas oare 
ymmúnsellen. Nei in moeting mei gefaar, kinne mikroglia oerentûsjast reitsje en mei 
in soad geweld te wurk gean. Wat wer neidielich wêze kin foar in sûne omjouwing. 
Troch dizze gefaarlike gewoantes wurde mikroglia hieltyd faker yn ferbân brocht mei 
sykteprosessen yn de harsens. Sa kinne mikroglia in neidielige ynfloed hawwe op de 
harsens by multiple sclerosis, mar ek by de sykte fan Alzheimer.
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De lêste jierren wurdt ek belutsenens fan mikroglia yn psychiatryske syktebylden 
ûndersocht. Sa binne der ferskate oanwizings dat hja in rol spylje by skizofreny. Der 
is in relaasje oantoand tusken auto-ymmúnsykten en de ûntjouwing fan skizofreny. 
Dêrnjonken binne ynfeksjes, benammen wilens de betide ûntjouwing fan de 
harsens, yn ferbân brocht mei in ferhege risiko op skizofreny letter yn it libben. 
Ek binne der ôfwikingen fûn yn it DNA fan pasjinten mei skizofreny dy’t mooglik 
feroaringen feroarsaakje yn it funksjonearjen fan it ymmúnsysteem. Omdat mikroglia 
de ymmúnsellen fan de harsens binne, hawwe hja ûndersocht of der sprake is fan 
oer-aktivatie. Trochdat mikroglia ferskûle sitte yn de harsens, is it lykwols lestich om 
hja te ûndersykjen. Ferskate ûndersykmetoades binne tapast om in profylskets te 
meitsjen. Nettsjinsteande tsjinstridige resultaten, is de algemiene ûnderstelling dat 
de mikroglia ymmún-aktiveard binne. Ynformaasje dy’t nedich is om in kompleter 
byld fan dizze sel yn skizofreny te hawwen, ûntbrekt noch. Ûnbekend is boppedat 
oft de feroaring yn mikroglia neidieliche effekten hat op de njonkenfunksjes fan dizze 
sel, wêrûnder ynteraksje mei senuwsellen. In ferstuerde ynteraksje soe nammentlik 
relatearre wurde kinne oan de reduksje fan ferbiningen tusken senuwsellen lykas 
oantoand yn de harsens fan pasjinten mei skizofreny.

Yn dit proefskrift hawwe wy yn it laboratoarium mikroglia modellen opset, dy’y wy 
dêrnei brûkt hawwe yn it ûndersyk nei in skizofreny profyl fan dizze sel. Dêrfoar 
hawwe wy twa ûndersykmetoades hanteard. Earst hawwe wy monocyten brûkt dy 
ferrike binne út bloed en dêrtroch maklik te krijen binne. As twadde hawwe wy ek 
stamsellen brûkt. Monocyten komme, lykas mikroglia, út de famylje fan myeloïde 
sellen. Dizze monocyten hawwe wy yn haadstik 2 transformeard yn makrofagen dy’t 
mear lykje op mikroglia as de orizjinele monocyten. Yn haadstik 3 binne wy fierder 
gien mei it profyl fan mikroglia noch better besykjen nei te meitsjen. Wy hawwe de 
monocyten bleatsteld oan faktoaren wêrfan wy witte dat dy wichtich binne foar de 
ûntjouwing fan mikroglia. Beide modellen hawwe wy dêrnei brûkt om te ûndersykjen 
oft hja in oar profyl sjen litte as fan pasjinten mei Skizofreny komme as wannear hja 
ôfkomstich binne fan sûne yndividuen. Yn sawol haadstik 2 as haadstik 3 hawwe wy 
gjin ymmún-aktiveard profyl fine kinnen yn sellen fan pasjinten mei skizofreny. Dochs 
hawwe wy wol lytse ferskillen fûn dy’t tsjutte kinne op in skizofreny-bûn profyl yn 
dizze sellen. In oantal ferskillen lykje in feroaring yn in wichtich aktivaasje meganisme 
fan dizze sellen oan te wizen. Dizze befining is yn eardere ûndersiken faker melden 
yn relaasje ta skizofreny en dêrom is it wichtich dat fierder útsocht wurdt wat dit 
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betsjut en of behanneling fan dizze ôfwiking wichtich is. Njonken it ûndersykjen fan 
ferskillen op grutte skaal, hawwe wy sjoen oft wy per yndividuele sel in feroaring fine 
koene. Mei dizze oanpak hawwe wy in groepke sellen identifiseard mei in ôfwikend 
profyl, allinne oanwêzich by pasjinten mei skizofreny. Dit freget om neier ûndersyk, 
wêr benammen yn de harsens fan skizofrenypasjinten sjoen wurde moat oft dizze 
befining repliseard wurde kin yn de mikroglia-populaasje.

Njonken de monocyten hawwe wy ek stamsellen brûkt om mikroglia nei te dwaan 
yn it laboratoarium. Sûnt 2006 is it mooglik om folwoeksen sellen (bygelyks 
hûdsellen) werom te triuwen yn de ûntjouwing yn in sel dy’t noch de potinsje hat 
om in oare sel te wurden: “geïnduceerde pluripotente stamcellen (iPSC)”. Yn plak fan 
harsensellen yn in kweekbakje groeie te litten fanút iPSC, is der yn 2014 in wichtige 
ûntdekking dien wêrtroch harsenweefsel yn 3D groeie kin as mini-harsens, ek wol 
serebrale organoïden neamd. Serebraal betsjut fan de harsens en organoïden binne 
mini-organen. Dit 3D-model lit in grut ferskaat fan harsensellen sjen lykas dy’t ek 
oanwêzich is yn de echte harsens. Nei de ûntdekking waard dizze ûndersykmetoade 
al fluch brûkt om bygelyks mikro-encefalie, feroarsake troch it Zika firus, te bedjipjen. 
Om’t de mikroglia sel in oare foarrinner hat as de oare harsensellen, gie men derfan 
út dat dizze sel net oanwêzich wêze soe yn dizze harsenkweken. Yn haadstik 4 
beskriuwe wy de oanpassing fan it orizjinele serebraal organoïde model wêrtroch 
dizze ek mikroglia sellen ûntwikkele tusken de oare untwikkeljende harsensellen. Dit 
alles mei as útgongspunt in hûdselbiopt. Dizze fierdere ûntjouwing fan in op himsels 
al bysûnder model, makket in soad nij ûndersyk mooglik. Wêrûnder it ûndersyk 
ferrjochtsje yn haadstik 5 nei it effekt fan in ynfeksje op de harsenûntjouwing.

Ynfeksjes wilens de betide ûntjouwing fan de harsens kinne it risiko fergrutsje op 
it ûntstean fan skizofreny. Omdat it lestich is de minske as proefpersoan te brûken 
by dit ûndersyk, binne der bistemodellen brûkt. De oersetting fan ûnderfiningen yn 
bistemodellen wurdt allinnich behindere troch twa wichtige faktoaren. As earste, 
skizofreny is noch nea beskreaun yn in oare bistesoart as de minske. De diagnoaze 
skizofreny wurdt boppedat basearre op de ferbale utering fan de pasjint. As twadde, 
in betide ûntstekking, feroarsake yn bistemodellen, hat heftige gefolgen foar it bist, 
omdat alle bisten dúdlik kognityve en gedrachgsôfwikingen fertoane. By minsken 
is der mar in beheind oantal dat skizofreny ûntwikkelet nei it trochmeitsjen fan in 
ynfeksje op jonge leeftiid. It liket derop dat de ûntwikkeljende humane harsens 
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wjerstân biede kinne tsjin in betide ynfeksje. Mooglik is der noch in ekstra faktor 
nedich om skizofreny te ûntwikkelen, lykas in ferhege genetysk risiko.
  
Yn haadstik 5 hawwe wy dit prinsipe ûndersocht yn it serebraal organoïde model 
(beskreaun yn haadstik 4) wêryn njonken senuwsellen jin ek mikroglia ûntwikkele. Wy 
hawwe fan iPSC fan sûne yndividuen organoïden kweekt en by dizze it ymmúnsysteem 
aktivearre, om hjirmei ymmún-aktivaasje wilens de harsenûntjouwing te simulearjen. 
In dei nei de ynfeksje-ynduksje koene wy in effekt mjitte yn ymmún-aktivaasje, mar 
ek in effekt yn senuwselûntjouwing. Hjirmei replisearden wy ûnderfiningen dien yn 
bistemodellen. Yn teory soe dit in langduorjend effekt tewei bringe kinne. Op in letter 
tiidstip hawwe wy sjoen oft dy eardere ymmún-aktivaasje yndie in langduorjend 
effekt feroarsake hie, mar in effekt wie ôfwêzich. Útsein in ymmún-deaktivaasje, 
wie der gjin feroaring sichtber yn senuwselûntjouwing. Dit ûnderbouwt de teory 
dat humane harsenûntjouwing yn de ôfwêzichheid fan in genetysk risiko, bestân is 
tsjin in ynfeksje. Yn de algemiene evaluaasje fan it proefskrift yn haadstik 6 hawwe 
wy data sjen litten fan de earste resultaten fan in eksperimint wêryn wy stamsellen 
brûkt hawwe fan minsken mei in genetysk risiko foar skizofreny. Yn organoïden 
groeid fan har sellen konstatearden wy in fertraging yn senuwselûntjouwing ta 
oansjen fan yndividuen sûnder genetysk risiko. Yn takomstige studzjes moat besjoen 
wurde oft der sprake is fan ien ynteraksje fan genetysk risiko en ynfeksje yn de betide 
harsenûntjouwing.

Konkludearjend, yn dit proefskrift hawwe wy in skizofrenyprofyl ûndersocht yn 
perifeare ymmúnsellen en ymmúnsellen fan de harsens. Yn stee fan in fermoede 
ymmún-aktivaasje fan dizze sellen, hawwe wy hjir gjin bewiis foar fûn. Wol hawwe 
wy feroaringen fine kinnen dy’t yn ferfolchstúdjes útsocht wurde moatte , wêrûnder 
feroaringen yn regulaasje fan it ymmúnsysteem en feroaringen yn senuwsellen. 
Fierder hawwe wy beskreaun dat de humane harsens mooglik bestân binne tsjin 
ymmún-aktivaasje yn syn betide ûntjouwing as der gjin sprake is fan in genetysk risiko 
op skizofreny. Dit alles hawwe wy ûndersocht mei gebrûk fan mikrogliamodellen 
wêrfan de ûntjouwing ek beskreaun is yn dit proefskrift.
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1, de andere keer de ander. Ook wat grappen betreft speelden wij hoog spel. De roeispaan 

grap heeft slechts ongeveer anderhalf jaar geduurd! Ik kan zeggen dat ik heb geboft met deze 

kamer en er met veel plezier op terug kijk. 

Fokke, Als baas van de biobank van het UMC heb ik je voor verschillende projecten moeten 

lastigvallen. Het was altijd prettig samenwerken, maar ik wil je vooral hartelijk danken 

voor de vertaling van mijn Nederlandse samenvatting naar het Fries. Dank voor je grote 

behulpzaamheid. Ik denk dat het een mooie toevoeging is geworden van mijn proefschrift 

waarmee ik veel punten scoor bij mijn vrouw en schoonfamilie. Dank hiervoor!

Ondanks dat je er niet altijd veel tijd meer voor overhoudt tijdens een PhD, is er ook een 

leven naast het UMC die ervoor zorgen dat je niet altijd in die onderzoeksbubbel blijft zitten 

en daarmee heeft bijgedragen aan dit werk.

Ok, endo’s, margreet & tarzan (Tessa, Ingmar, Leonard, Eileen en Eline), misschien zijn jullie 

niet een goed voorbeeld. Bij far de leukste en tofste groep biomedische wetenschappen 

studenten die het LUMC ooit heeft gekend. Naast de dopjes Jägermeister die we hebben 

gedeeld, hebben we elkaar ook (onbewust) gestimuleerd en gemotiveerd in ons onderzoek. 

Wat een stelletje ambitieuze nerds! Ik weet nog dat we met een loting moesten bepalen 

wie een presentatie mocht geven. Normale mensen willen proberen dit soort situaties te 

ontwijken. Niet gek dus dat we allemaal een PhD zijn gaan doen. Ondanks dat we de dopjes 

alcohol inmiddels hebben verruild voor spelletjesavonden met cassis, zijn onze afspraken 
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niet minder leuk geworden. Ik kijk ook uit naar onze toekomstige tripjes (naar in ieder geval 

Dublin binnenkort?!).

Rik, al sinds het begin van de middelbare school zijn we bevriend. Ondanks de grote 

tegenstelling in werkzaamheden, jij ondernemer, ik onderzoeker, kunnen we hier toch goed 

met elkaar over praten. Ik denk dat we beiden erg ambitieus zijn en elkaar daarin kunnen 

vinden. Terwijl we vroeger beiden een grote afkeer tegen school hadden. Destijds hadden 

we gedurende ellenlange fietstochten van en naar school vaak verhitte discussies gevoerd 

waarin we elkaar goed wisten uit te dagen. Ik vind jouw ondernemersgeest een bron van 

inspiratie en hoop daar nog veel van te kunnen genieten in de toekomst! 

Gidion, ik heb je tijdens de bachelor Psychobiologie leren kennen en destijds ben je ook 

mijn huisgenoot geworden. Ik kan je niet verwijten dat je mij bewust het onderzoek in hebt 

gedreven en daarmee hebt bijgedragen aan dit boekje. Toch denk ik dat de kennismaking met 

jouw vrije geest verhelderend voor mij is geweest wat mij intellectueel heeft geprikkeld en 

gestimuleerd. Maar wie had toen gedacht dat ik nu een proefschrift zou hebben geschreven 

en jij bij het ministerie van Buitenlandse Zaken zou werken? 

Maartje, we go way back, helemaal tot in Groningen! Wij hebben nog samen in een 

onderwijsdwaling een collegebank gedeeld. Niet de beste keus voor ons, maar jij wist mij 

tenminste soms nog te motiveren om te gaan (door mij ongeveer uit mijn bed te sleuren). 

Onze interesse in de biologie heeft ons in verschillende richtingen geduwd. Tof dat jij nu 

huisarts gaat worden! Altijd een fijne afleiding om met jou, Wouter en nu ook Guus af te 

spreken. Alhoewel jullie mij vaker zouden mogen laten winnen met 30 Seconds.. 

Virgil, onze vriendschap wordt gekenmerkt door grote geografische afstanden. Na onze 

middelbareschooltijd ging jij naar Nijmegen, gevolgd door Maastricht, terwijl ik naar 

Groningen, Amsterdam en Den Haag ging. Vaak spraken we dan ook af op random plekken 

zoals Utrecht, Eindhoven, Singapore, Limerick of New York. Ik waardeer onze vriendschap 

zeer en weet dat ik altijd van je op aan kan. We kunnen elkaar bijstaan in momenten van 

vreugde, maar ook in mindere momenten in het leven. Ik heb veel respect voor hoe je in het 

leven staat. Ik kijk uit naar alle avonturen die ons nog wachten: Allereerst Fontainebleau!

Familie Hofstra, beste schoonfamilie, Nynke, Harm, Janneke, Patrick, Wytske, Niels, Yfke en 

Hidde, Ik geniet van de hechte familieband die jullie vormen en waar ik blij ben deel van uit 
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te maken. Dit wordt gekenmerkt door de heerlijke jaarlijkse skivakanties die worden gesierd 

door mooie pistes, competitieve spelletjes, almrauschburgers, bauernbuffets en (bovenal) 

goed gezelschap. De wetenschap is geen vreemd gespreksonderwerp bij jullie in het gezin 

en heeft zeker geholpen bij mijn keuze voor een PhD. Mede als eerbetoon aan jullie heb ik 

mijn collega Fokke gevraagd mijn samenvatting naar het Fries te vertalen. Wees bang, een 

overhoring volgt!

Ormeltjes, paps, mams, Frederieke & Owen, Dirk & Indra, Harm & Eline (+1). Zo 

langzamerhand begint de wetenschap aan terrein te winnen binnen onze familie. Waar Eline 

mij voor is gegaan, zal in ieder geval Harm mij nog volgen. Misschien dat Fred nog verleid 

kan worden? Dirk? Paps, mams, ik wil jullie bedanken voor de mogelijkheden en vrijheid 

die jullie mij hebben gegeven. Jullie vertrouwen in mij (ondanks de studiekeuzeperikelen), 

betrokkenheid en oneindige steun heeft een essentiële bijdrage geleverd aan mijn 

ontwikkeling, keuzes en daarbij ook aan dit proefschrift. Mams jouw lieve zorgen en paps 

jouw grote (maatschappelijke) ambities zijn inspirerend. Fred, je onuitputtelijke support 

en behulpzaamheid, onder andere het proeflezen van de introductie en discussie van dit 

proefschrift, was onmisbaar. Binnenkort zal je officieel arts zijn. Ik ben een trotse broer! 

Harm, jouw onuitputtelijke energie en humor werkt aanstekelijk, jouw enthousiasme en 

levenslust zijn een inspiratiebron voor mij. Dirk, jouw avonturiersgeest en ambitie heeft mij 

herhaaldelijk gemotiveerd om ondernemend te zijn in het leven. Ormeltjes + aanhang, ik 

denk dat wij een bijzondere band hebben die met de tijd alleen maar sterker wordt. Bedankt 

hiervoor!

Wat is een snackbar zonder patatje? Nynke, ik ben gek op je en daarom heb ik als eerbetoon 

voor jou en jouw Friese roots mijn samenvatting laten vertalen en opgenomen in mijn 

proefschrift. Wat ben ik er gelukkig mee dat ik jou heb kunnen verleiden in die kroeg in 

Groningen met mijn bolle studentenwangen. Niemand kan mij harder laten lachen, kan ik 

beter mee bankstellen, weet me beter te motiveren en te inspireren, ga ik liever stiekem mee 

naar de mac, weet me uit te dagen en mij te steunen dan jij. Door jou is dit boekje meer dan 

slechts een kaft. Ons privé-leven is ook gepromoveerd tijdens mijn promotietraject door ons 

huwelijk en de geboorte van Tjalle, onze lieve zoon. Wat een verrijking! Ik kijk uit naar alle 

avonturen die wij gaan beleven in de toekomst! Bedankt voor jullie.

So long and thanks for all the fish
-The dolphins (Douglas Adams, 1979)  



List of Publications

244

LIST OF PUBLICATIONS

Ormel, P. R.*, Vieira de Sá, R.*, van Bodegraven, E. J., Karst, H., Harschnitz, O., 
Sneeboer, M. A. M., Johansen, L.E., van Dijk, R.E., Scheefhals, N., Berdenis van 
Berlekom, A., Martinez, E.R., Kling, S., MacGillavry, H.D., Van den Berg, L.H., Kahn, 
R.S., Hol, E.M., de Witte, L.D., & Pasterkamp, R. J. (2018). Microglia innately develop 
within cerebral organoids. Nature Communications, 9(1). 

Ormel, P. R., van Mierlo, H. C., Litjens, M., Strien, M. E. Van, Hol, E. M., Kahn, R. S., & 
de Witte, L. D. (2017). Characterization of macrophages from schizophrenia patients. 
Npj Schizophrenia, 3(1), 41. 

Melief, J., Sneeboer, M. A. M., Litjens, M., Ormel, P. R., Palmen, S. J. M. C., Huitinga, 
I., Kahn, R.S., Hol, E.M., & de Witte, L. D. (2016). Characterizing primary human 
microglia: a comparative study with myeloid subsets and culture models., 1–12. 

Philippens, I. H.*, Ormel, P. R.*, Baarends, G., Johansson, M., Remarque, E. J., & 
Doverskog, M. (2016). Acceleration of amyloidosis by inflammation in the amyloid-
beta marmoset monkey model of Alzheimer’s disease. Journal of Alzheimer’s 
Disease, 55(1), 101–113. 

*These authors contributed equally



245



Curriculum Vitae

246

CURRICULUM  VITAE

Paul Ormel was born 17 June 1989 in Tilburg, The Netherlands. When he was two 
years old he moved to Hengelo (GLD). He finished secondary school (VWO) in the 
summer of 2007 in Doetinchem, after which he moved up north to Groningen and 
started to study Movement Sciences. After two years he changed gear and moved to 
Amsterdam to study Psychobiology, due to a growing fascination for the biology of 
the brain. As part of his studies, he went on an exchange to the National University 
of Singapore where he followed a minor on immunology for half a year. He wrapped 
up his studies with a research internship at the Alzheimer center of the VU medical 
center. After obtaining his BSc title in 2012, he moved to The Hague and started 
to study Biomedical Sciences in Leiden, The Netherlands. As part of his studies in 
Leiden he did two research internships, one in the Leiden University Medical Center 
(LUMC) at the department of Endocrinology, and one at the Biomedical Primate 
Research Center (BPRC) in Rijswijk. He studied long-term effects of hypercortisolemia 
in Cushing’s disease on the mouse brain, and the effects of immune-activation 
on amyloidopathy in a monkey Alzheimer’s disease model, respectively. His final 
internship resulted in a publication in 2016. He followed a minor in Heidelberg at 
the German Cancer Research Center (DKFZ) where he investigated the link between 
Epstein-Barr virus and cancer. During his studies he was student representative for 
which he evaluated courses and organised symposia. After obtaining his MSc title 
with honours (cum laude), he started his PhD at the department of Psychiatry and 
Translational Neuroscience of the Utrecht Medical Center under supervision of Prof. 
dr. René Kahn, Prof. dr. Elly Hol, and Dr. Lot de Witte. As part of his PhD he went to 
Mount Sinaï in New York to perform experiments for a few months. Furthermore, 
he received a travel grant to visit a Keystone conference in Keystone, Colorado, 
USA in 2018. During his PhD he was a PhD representative in the Graduate school 
of Life Sciences and Graduate Program Clinical and Experimental Neuroscience. He 
co-organized several symposia and Summer Schools. This thesis is the result of his 
work as PhD student in which he studied the phenotype of microglia in schizophrenia 
using in vitro models. 
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