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Abstract 

Multiple sclerosis (MS) is a neurodegenerative disease that is characterized mainly by demyelination and inflammation. The 

disadvantages of the current two-dimensional cell culture models and experimental animals imply the need for the 

development of new disease models. Brain organoids are emerging and powerful tools for recapitulating the central nervous 

system. Although the models have been generated for many years, time-consuming processes and less cellular diversity are 

important challenges in defined protocols. In this study, we aimed to generate an optimized brain organoid protocol and model 

organoids for MS. In these processes, human embryonic stem cells were directed to neurons via the extracellular matrix (ECM) 

and growth factors to generate brain organoids with diverse neural cells. The presence of myelinating cells, astrocytes, microglia 

and excitatory neurons in the organoids was verified by immunostaining. MS was then used to induce inflammation and 

demyelination via lipopolysaccharide (LPS). The model was also confirmed by immunostaining, which revealed an ~50% 

increase in GFAP and an ~60% decrease in CNPase-positive cells. Finally, the use of organoids in the drug screening field was 

tested via fingolimod treatment of LPS-induced organoids. A comparison between fingolimod-treated and untreated organoids 

revealed that fingolimod decreased GFAP by more than 80% and increased the percentage of CNPase-positive cells by 90%. 

Additionally, the relative expression levels of inflammation-related transcripts (FOXP3 and GFAP) after fingolimod treatment 

were significantly decreased. In conclusion, a human brain organoid model for MS studies was successfully generated for use 

in drug screening and mechanistic studies. 
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Introduction 

Neurodegenerative diseases are multifactorial, and 

several of them are affected by immune system 

dysfunction, whereas others result in myelin sheet 

disruption. Multiple sclerosis (MS) is an autoimmune 

disease characterized by myelin loss around axons in 

the central nervous system (1,2). MS causes an 

abnormal immune response leading autoreactive cells 

pass the blood-brain barrier, which damages myelin 

sheaths and axons.  This results in impaired neuronal 

signal and neurological problems. Disease-modifying 

therapies (DMTs) are employed to manage multiple 

sclerosis (MS) by diminishing CNS infiltration and 

inflammation and decelerating disease progression 

through the modulation of inflammatory and 

immunological responses in affected individuals, 

rather than offering a definitive cure for the condition 

(3). fingolimod (FTY720, Gilenya), a synthetic 

derivative of sphingosine, was the first disease-

modifying therapy licensed by the Food and Drug 

Administration for the oral treatment of multiple 

sclerosis.  Upon phosphorylation, it is associated with 

sphingosine-1-phosphate receptors (S1PRs), leading to 

the internalisation and destruction of S1PR1.  

Consequently, fingolimod diminishes both T and B 

lymphocytes in the bloodstream and those that 

infiltrate the central nervous system. (4,5). Despite 

advances in neuroimmunology studies, the molecular 

and cellular mechanisms underlying the pathology of 

this disease are not fully understood (6). Therefore, 

recapitulating the cytoarchitecture of the human brain 

is highly important for revealing disease 

pathophysiology and enhancing treatment (7). 

Compared with two-dimensional cell culture systems 

and animal facilities, brain organoids are remarkable 

tools for mimicking human physiology. They are three-

dimensional cell culture systems that are derived from 

stem cells to be directed into neurons with the help of 

the extracellular matrix and growth factors (8). 

Organoids are a relatively emerging area for creating 

organ models; however, they have advantages over 

traditional cell culture models and animal usage. 

Although animal models have been used to model 

many diseases for many years, they do not accurately 

reflect human physiology. Additionally, the ease of 

system establishment and maintenance, genetic 

manipulation, lack of genome-wide screening, and cost 

make animals less preferable for studying human 

neurodevelopmental and neurodegenerative diseases 

(8). Compared with animal models and organoids, two-

dimensional cell culture models offer a shorter 

experimental duration and lower cost; however, the 

lack of cell‒cell and cell‒environment interactions, lack 

of compartmentalization, and physiological complexity 

make them a less preferred system. For example, 

neurons in monolayer culture are easily genetically 

manipulated and differentiated; however, 

differentiated cells cannot segregate into different 

layers to form different brain compartments  (8,9). 

Therefore, compared with traditional culture methods 

and animal models, organoids hold great promise for 

studying diseases (8,10). In the literature, some notable 

studies have attempted to create a model for 

neurodegenerative diseases (11). Even though some 

pacesetter studies modelling MS on organoids, only 

oligodendrocytes or only the microglial cell population 

were shown on the organoids (12,13). However, MS is a 

disease characterized by inflammation and 

demyelination, and there are no reported studies 

showing an inflammatory demyelinated brain organoid 

model. In contrast to encouraging studies regarding 

MS modelling, the lack of oligodendrocytes and myelin 

wrapping are two of the important challenges in brain 

organoid modelling for neurodegenerative diseases 

because of the extra support necessity for 

oligodendrocyte generation. Although there is no well-

defined and consensus brain organoid model for 

generating a disease model characterized by myelin 
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loss (7), it has also been reported that clemastine and 

ketoconazole-like myelination-enhancing molecules 

contribute to the increase in the number of myelinating 

organoids; however, the processes either take 

approximately 210 days or generate only myelinating 

cells and astrocytes, not microglia (14-16).Such 

extended time requirements and a lack of cellular 

diversity make the previous protocol impractical. In 

addition to the studies showing myelinating cells, some 

studies focused on the generation of an inflammatory 

cell population in brain organoids, but not 

oligodendrocytes (17). Therefore, in this study, it is 

aimed to generate myelinating brain organoids model 

with various neural cell populations, including 

astrocytes, myelinating cells and microglia, in a 

reasonable duration. And confirming the functionality 

of the model with fingolimod, a well-known disease 

modifying drug currently used for MS. 

Materials and Methods 

Feeder-dependent and feeder-independent 

culture of human embryonic stem cells: For 

organoid generation, H9 cells (human embryonic stem 

cells, hESCs) were purchased from WiCell (WA09) and 

differentiated into human brain organoids. Before 

organoid generation, hESCs were cultured in a feeder-

dependent manner and in a feeder-independent 

manner following the manufacturer’s instructions. For 

the feeder-dependent culture, mouse embryonic 

fibroblast (MEF) cells (gifted by Prof. Dr. Servet Ozcan, 

GENKOK, Kayseri) were cultured on 0.1% gelatin-

coated plates with high-glucose DMEM supplemented 

with 55 µM 2-mercaptoethanol, 1% nonessential amino 

acids (NEAA), 10% fetal bovine serum (FBS), and 1% 

penicillin/streptomycin. After the cells reached 

approximately 80% confluency, they were passaged at 

a 1:3 to 1:6 ratio using 0.05% trypsin/EDTA. A 

confluent well of MEFs was mitotically inactivated 

(called iMEFs) with 10 µg/ml mitomycin C at 37°C for 

2.5–3 hours. The cells were washed with 1X phosphate-

buffered saline (PBS) several times, and a vial of H9 

cells was thawed from the iMEFs. The cells were 

cultured with hESC medium (DMEM/F12 containing 

2.5 mM L-glutamine, 20% knockout serum (KSR), 55 

µM 2-mercaptoethanol, 1% NEAA, 4 ng/mL basic 

fibroblast growth factor (bFGF) and 10 µM ROCK 

inhibitor. After colonies were easily visible under a 

microscope, feeder-independent culture started. In the 

culture, the colonies were passaged via 0.5 mM EDTA 

and detached by spraying with mTeSR™1 (Stem Cell 

Technologies, #85850), after which they were split into 

growth factor-reduced Matrigel-coated (83 µg/well) 6-

well plates. The culture medium, mTeSR™1, was half-

replaced every day until the colony confluency reached 

approximately 70–80%. 

Myelinating human brain organoid generation: 

The myelinating brain organoids were generated 

following the previously published protocols with 

minor modifications (15,18,19). A confluent well of 

hESCs was incubated with 0.5 mM EDTA and then with 

Accutase for 4 minutes at room temperature. The 

colonies were detached from the plate surface by 

spraying them with low-bFGF medium (DMEM/F12 

containing 20% KOSR, 3% heat-inactivated hESC 

quality FBS, 1% GlutaMAX, 1% NEAA, and 0.05% 2-

mercaptoethanol). The cell number was determined by 

a hemocytometer, the mixture was centrifuged at 200 

× g for 5 min, and the mixture was resuspended in low-

bFGF medium containing 4 ng/ml bFGF and 50 µM Y-

27632 to split the 9000 cells/150 µl/well into U-bottom 

96-well plates. Two days later, on Day 2, half of the 

medium was replaced with low-bFGF medium, and the 

size of the cell cluster, called the embryoid body, was 

monitored. On Day 4 and Day 6, the medium was half-

replaced until the diameter of the embryoid bodies 

reached 500–600 µm. The properly grown embryoid 

bodies were transferred to a well of an ultralow 

attachment 24-well plate with neural induction 

medium (DMEM/F12 supplemented with 1% N2, 1% 
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GlutaMAX, 1% NEAA, and 1 µg/mL heparin). The 

medium was half-replaced for 3‒4 days. Each 

neuroepithelial tissue sample was subsequently 

embedded in 30 µL of Matrigel (Corning® Matrigel® 

Basement Membrane Matrix, 356234) after 20–30 

minutes of polymerization of the tissue‒Matrigel 

complex. The tissues in the Matrigel were incubated 

with differentiation medium (50% DMEM/F12, 50% 

neurobasal medium, 0.5% N2 supplement, 1% B27, 

0.035% 2-mercaptoethanol, 0.025% insulin, 1% 

GlutaMAX and 0.05% NEAA) without vitamin A. The 

medium was replaced after 2 days. Later, the medium 

was supplemented with vitamin A, and the culture was 

maintained on an orbital shaker (70 RPM) until 

maturation was completed. During the first four days 

of culture on the shaker, no additional growth factors 

were added. After that, 20 ng/mL BDNF (Merck, 

GF301) and 20 ng/mL NT-3 (Merck, GF308) for the 

first 10 days, 10 ng/mL PDGF-AA (Merck, GF142) and 

10 ng/mL IGF-1 (Merck, GF306) for the second 10 

days, and 40 ng/mL 3,3,5-triiodo-L-thyronine (T3, 

Sigma, ST2877) and 1 µM ketoconazole (Sigma, K1003) 

for the third 10 days were added to the culture medium, 

which included vitamin A. 

Induction of the inflammation-like response 

and fingolimod treatment of mature brain 

organoids: After the addition of all the growth 

factors, the organoids were incubated with 100 ng/mL 

lipopolysaccharide (LPS) in culture medium for 24 

hours. Then, approximately half of the organoids were 

treated with 1.27 µM fingolimod (FTY720) for 60 hours 

on a shaker. The nontoxic concentrations of fingolimod 

determined in our previous works were used on 

organoids (20,21). 

RNA isolation, cDNA synthesis and 

quantitative real-time PCR (qRT‒PCR): After 

LPS induction and fingolimod treatment, 8-11 mature 

organoids were washed with 1X PBS twice, and each 

group was incubated with 1 mL of TRIzol (Sigma, 

T9424) for 1 hour at +4°C. The manufacturer's protocol 

was then used to obtain total RNA. Later, cDNA for 

each group was synthesized via a kit (Abm, G236), and 

qRT‒PCR (Promega GoTaq™ qPCR Master Mix, 

A6002) was performed. β-actin was used as a 

housekeeping gene, and the primers used are listed in 

Table S1 (22,23). 

Immunofluorescence (IF) Staining: The 

organoids (3-4 organoids/treatment group) that were 

treated with LPS and fingolimod followed by LPS were 

washed with 1x PBS three times and fixed with 4% 

paraformaldehyde for 15 minutes at room temperature. 

The samples were subsequently incubated in 30% 

sucrose solution for 2‒3 days at +4°C and embedded in 

optimum cutting temperature (OCT) solution to be 

stored at -80°C until sectioning. Later, 20 µm sections 

were cut with a cryostat, and the sections were 

incubated for 30–120 minutes at 56°C. The 

cryosections were washed with 1X PBS three times, 

permeabilized with 0.25% Triton-X 100 for 10–15 

minutes at room temperature and incubated with 3% 

bovine serum albumin in permeabilization solution for 

at least 1 hour at room temperature. The sections were 

incubated with the properly diluted primary antibodies 

(anti-CNPase, cat no: sc-166558, dilution ratio:1/100; 

anti-GFAP, cat no:sc-33673, dilution ratio:1/100; anti-

Iba1, cat no:sc-32725, dilution ratio:1/150; anti-MBP, 

cat no:sc-271524, dilution ratio:1/200; anti-SATB2, cat 

no:sc-518006, dilution ratio:1/150; anti-Sox2, cat 

no:sc-365823, dilution ratio:1/100; anti-Tau, cat no:sc-

390476, dilution ratio:1/100) overnight at +4°C. After 

the incubation was complete, the sections were washed 

with 1X PBS three times and incubated with 300 nM 

4′,6-diamidino-2-phenylindole (DAPI). The sections 

were imaged under a Leica DM6 B microscope, and the 

images were analysed via ImageJ (Fiji Version 1.8.0).
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Table S1: Gene-specific primer sequences and their annealing (Tm) temperatures 

Genes Forward Primer Reverse Primer Tm (°C) 

CNPase CGTGCTGCATTGCACAACCAAG CTTGCGTGTCACAAAGAGGGCA 61 

FOXP3 GTGGCCCGGATGTGAGAAG GGAGCCCTTGTCGGATGATG 62 

GFAP GTGTCAGAAGGCCACCTCAA TCAGGTCTGGGGAAATGTGC 62 

PLP1 GAAAGCCCTTTTCATTGCAGGA GGCTAGTCTGCTTTGTGGCT 56 

β-actin GCCGCCAGCTCACCAT GATGCCTCTCTTGCTCTGGG 59 

Table S2: Primary antibodies used for immunofluorescence staining 

Antibody Brand Catalogue No Dilution 

Anti-CNPase Santa Cruz sc-166558 AF488 1:100 

Anti-GFAP Santa Cruz sc-33673 AF594 1:100 

Anti-Iba1 Santa Cruz sc-32725 AF594 1:150 

Anti-MBP Santa Cruz sc-271524 AF488 1:200 

Anti-SATB2 Santa Cruz sc-518006 AF647 1:150 

Anti-Sox2 Santa Cruz sc-365823 AF488 1:100 

Anti-Tau Santa Cruz sc-390476 AF488 1:100 

 

Statistical analysis: The images were processed on 

Fiji v1.54p. The results of the quantitative analysis are 

presented as the means ± standard deviations (SDs) 

and were visualized with GraphPad (Windows version). 

Comparisons between two groups were performed via 

one-way ANOVA, followed by Šídák’s test. Statistical 

significance was defined as p<0.5. 

Result 

Myelinating and mature human brain 

organoids: Human brain organoids were 

differentiated from hESCs. The culture of hESCs 

required both feeder-dependent and feeder-

independent cultures. Therefore, H9 cells were first 

cultured on mitotically inactivated MEFs (Figure 1A 

and B). After distinct colonies were observed within 9‒

10 days, they were transferred to growth factor-reduced 

Matrigel-coated plates. The colonies were cultured for 

1–2 passages to remove all MEFs from the culture 

environment, and pure hESC colonies were observed 

(Figure 1C and D). When the colony confluency reached 

approximately 70–80% of the well, the organoid 

generation process was started. In the first step, hESC 

colonies were clustered in a U-bottom 96-well plate, 

and embryoid bodies (Figure 1E) were obtained within 

4–6 days. The debris around the embryoid body and 

the brightening of the embryoid body surface with 

smooth edges were expected to have healthy 

morphologies (19,24), and only the embryoid bodies 

were transferred to the next step. After their diameters 

were approximately 500–600 µm, they were 

transferred to neural induction medium with a sterile 

cut 200 µL pipette tip, not to disturb their morphology. 

An optically clear and radially organized tissue 

morphology was observed (Figure 1F). After the 

optically translucent smooth edges became clearer, the 

tissues were embedded in an extracellular matrix 

(Matrigel) and transferred to neural differentiation 
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medium. Transition between differentiation stages was 

guided by established morphological cues and the 

expression of developmental markers, as described in 

previously validated protocols (15,19,25) These 

qualitative criteria—such as the appearance of neural 

rosettes, tissue opacity, and overall organoid 

structure—remain standard in brain organoid 

methodologies and provide reliable indicators of 

developmental progression. Until mature myelinating 

organoids were obtained, the developmental process 

from day 11 to day 50 (Figure 1G-L) was guided by the 

addition of growth factors. 

Figure 1. Morphological changes in organoid generation processes from the stem cell stage to mature organoids 

and characterization of mature organoids. (A-L) Light microscopy images of morphological changes in cells from 

the stem cell stage to the organoid stage. Feeder-dependent culture of hESCs on iMEFs at (A) 40X and (B) 100X 

magnification. Feeder-independent culture of hESCs on Matrigel at (C) 40X and (D) 100X magnification. (E) 

Embryoid body. (F) Ectodermally induced neuroepithelial tissue. Organoids on (G) Day 11, (H) Day 15, (I) Day 22, 

(J) Day 32, (K) Day 43 and (L) Day 50. Immunofluorescence staining of organoid sections with (M) Sox2 (green) 

and SATB2 (red) staining, (N) Tau (green) and GFAP (red) staining, and (O) MBP (green) and Iba1 (red) staining. 

Images A-L and M-O were taken with a Zeiss Primovert and Leica DM6, respectively. Scale bar: 200 µm. 
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Characterization of myelinating human brain 

organoids: After the organoids matured within 50–

60 days, immunofluorescence staining was performed 

to reveal their neuronal content. First, a member of the 

Sry-related HMG box B1 subgroup protein (SOX2), 

which is used to mark stem cells (26), and SATB2, 

which is used to mark the excitatory neuron population 

(27,28), were controlled on organoid cryosections. 

Figure 1M shows that even though there is a small 

population of cells with stem cell characteristics, a large 

portion of the population consists of excitatory 

neurons. Later, astrocytes with glial fibrillary acid 

protein (GFAP) and microglia with ionized calcium 

binding adaptor molecule one (Iba1) (27,29,30) were 

identified (Figure 1N and O). In addition to the 

astrocyte and microglial populations, myelinating cells 

were also detected with the myelin basic protein (MBP) 

marker in cryosections (Figure 1O) (16,31). 

Inflammation model generation by LPS 

induction: Inflammation-like responses were 

induced by treatment with 100 ng/mL LPS for 60 

hours. The LPS-induced organoids were analysed at the 

protein level. Immunofluorescence staining revealed a 

decrease in 2′,3′-cyclic nucleotide 3′ 

phosphodiesterase (CNPase)-positive cells, indicating 

mature/differentiated oligodendrocytes (32,33), and 

an increase in GFAP-positive cells (27), confirming 

inflammation in the brain organoids. Figure 2A shows 

images of marked cryosections stained with GFAP and 

CNPase, and Figure 2B shows the results of the 

quantitative analysis, which revealed a statistically 

significant decrease in the number of CNPase-positive 

cells and an approximately 60% increase in the number 

of GFAP-positive cells. 

Fingolimod treatment of LPS-induced 

organoids: The results in Figure 1 confirmed the 

generation of mature brain organoids and their neural 

contents, and the results in Figure 2 confirmed that an 

inflammation-like response and demyelination was 

induced after LPS induction by decreasing the number 

of myelinating cells and increasing the number of 

astrocytes. After that, one of the commonly used drugs 

for MS treatment, fingolimod, was tested in brain 

organoid models, showing a decrease in myelination 

characteristics and an increase in inflammation 

characteristics because of LPS induction. Figure 3 

shows the effects of fingolimod at the gene and protein 

levels. A decrease in CNPase and an increase in GFAP-

positive cells after LPS induction were associated with 

a significant increase in CNPase (~2.5-fold) and a 

significant decrease in GFAP (~10-fold) after 

fingolimod treatment (Figure 3A and B). To confirm 

the change in protein levels, relative gene expression 

levels were measured via qRT‒PCR, and Figure 3C 

shows that the levels of inflammation-related genes 

(Forkhead box protein P3 (FOXP3)) and GFAP (34,35) 

were significantly decreased after fingolimod 

treatment. Even though there was an increase in the 

relative CNPase (1.6-fold) and PLP1 (1.4-fold) levels, 

these increases were not statistically significant (Figure 

3C).
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Figure 2. LPS induction of mature organoids. (A) Representative fluorescence images of CNPase and GFAP 

staining before and after LPS induction. CNPase (green) is a marker for myelination, and GFAP (red) is a marker 

for neuroinflammation. (B) Quantitative analysis of CNPase and GFAP staining in the LPS-induced and uninduced 

organoids. Three to four organoids from each group, 10–12 cryosections from each organoid, and 6–7 regions from 

each cryosection were analysed. The relative fluorescence intensity was measured via Fiji v1.54p and normalized 

to that of DAPI. The graphs were generated with GraphPad Prism 9.0. The data were statistically analysed by one-

way ANOVA with Šídák’s test (ns p > 0.05, * p < 0.05, ** p < 0.01, *** p ≤ 0.001, **** p ≤ 0.0001), and the images 

were taken with a Leica DM6 B (scale bar: 200 µm).
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Figure 3. Fingolimod treatment of LPS-induced mature organoids. (A) Representative fluorescence images of 

CNPase and GFAP staining before and after fingolimod treatment. CNPase (green) is a marker for myelination, 

and GFAP (red) is a marker for neuroinflammation. (B) Quantitative analysis of CNPase and GFAP staining in the 

fingolimod-treated and untreated organoids. Three to four organoids from each group, 10 cryosections from each 

organoid, and 6–7 regions from each cryosection were analysed. The relative fluorescence intensity was measured 

via Fiji v1.54p and normalized to that of DAPI. (C) Changes in relative gene expression levels after fingolimod 

treatment compared with LPS induction. Myelination-related transcript levels (PLP1 and CNPase) and 

inflammation-related transcript levels (FOXP3 and GFAP) were measured via qRT‒PCR. The graphs were 

generated with GraphPad Prism 9.0. The data were statistically analysed by one-way ANOVA with Šídák’s test (ns 

p > 0.05, * p < 0.05, ** p < 0.01, *** p ≤ 0.001, **** p ≤ 0.0001), and the images were taken with a Leica DM6 B 

(scale bar: 200 µm). 

 

Discussion 

Multiple sclerosis is an immune-mediated 

neurodegenerative disease that causes demyelination 

in the central nervous system and affects more than 2.5 

million people worldwide. Although it is known to be a 

T-cell-mediated autoimmune disease, its 

immunopathology has not been fully explored (1). Most 

of the knowledge about disease pathogenesis comes 

from animal models, including experimental 

autoimmune/allergic encephalomyelitis (EAE) models 

for studying autoimmune pathogenesis, Theiler’s 

murine encephalomyelitis virus (TMEV) infection 

model and toxin-induced demyelination models for 
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studying axonal repair and remyelination processes 

(22,36,37). Because of the limitations of the currently 

used MS models, a new model must be improved. Since 

there is no single animal model that reflects all aspects 

of human MS pathogenesis, especially inbred mouse 

strains, which are characterized by genetic 

irregularities, and especially the immune systems of 

rodents and humans, which are profoundly different, 

the use of animal models is not a perfect tool for 

studying MS (36,38). In addition to animal models, 2D 

culture models have unquestionably disadvantages. 

Unlike the ease of cell line maintenance, relatively low 

cost, and homogenous exposure to stimuli, these 

methods have major disadvantages, including a lack of 

cell‒cell and cell‒environment interactions, cell 

polarity dynamics and cell type heterogeneity, and 2D 

cultures are not good models for studying MS (38,39). 

The need for cell–cell and cell–environment 

complexity mimicking a heterogeneous cell type niche 

has led to the development of new tools to study disease 

pathology (38). Brain organoids are three-dimensional 

(3D) culture models created from either embryonic 

stem cells or pluripotent stem cells to differentiate 

brain tissue-like structures under the guidance of the 

extracellular matrix and growth factors (8,40). One 

study reported that the organoids generated from 

pluripotent stem cells are useful tools for studying MS 

(12,38); however, current brain organoid generation 

protocols may not be preferable because of the 

experimental duration (~210 days) and the lack of 

heterogeneity in microglial physiology (15,16). 

Considering the necessity of brain organoids to reflect 

MS and the disadvantages of previously published 

protocols, we optimized human brain organoid 

generation in this study and reported their usage in the 

drug screening field. 

First, unlike the previously published protocol, which 

involves generating organoids in 30 weeks in dynamic 

culture (15), maturation was completed in 50–60 days 

by addition of bFGF at the embryoid body stage and 

heparin at the neural induction stage in this study. 

Because bFGF has a function to sustain neural 

progenitor cell proliferation (41) and heparin functions 

in neural communication and brain development (42) 

providing neurotrophic factor binding ability (43). 

Figure 1A-L shows that cell and tissue morphology 

changes from the stem cell stage to the mature 

organoid stage. At the stem cell stage, the iMEFs and 

growth factor-reduced Matrigel were cultured in 

feeder-dependent and feeder-independent manners, 

respectively. When the center of the colonies was in the 

dark or the edges of the colonies were moving closer, 

they were passaged or moved to the next step. The 

micrographs of healthy stem cell colonies are shown in 

Figure 1A and C. Figure 1E-L shows the progression of 

tissue development. During development, the 

instructions of previously published protocols were 

logically combined with minor changes (15,19). As 

expected, radially organized ectodermal induction with 

brighter edges (Figure 1F) and budding structures with 

minor outgrowth (Figure 1H-I) were observed during 

development (19). After morphology-based 

confirmation, the organoids were cryosectioned and 

immunostained with fluorescently labelled antibodies 

to label stem cells with SOX2, an excitatory neural cell 

population with SATB2 (Figure 1M) (26-28), neuronal 

cell characteristics indicating axons with Tau, 

astrocytes with GFAP (Figure 1N) (27,29,30,44), a 

microglial population with Iba1 and a myelinating cell 

population with MBP (Figure 1O) (16,29,31). The 

previously published protocols indicate that one of the 

disadvantages of brain organoids in modelling 

neurodegenerative diseases is the lack of microglia 

(45), and one of the common pathologies in MS is 

microglial activation, which leads to increased 

neurodegeneration (1). Considering these findings, a 

promising improvement is that the organoids had a 

microglial cell population in this study (Figure 1O). 

Moreover, a small population of adult stem cells with a 
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large population of mature neuron types, astrocytes, 

microglia, and myelinating cells were found in our 

organoids. After cell population heterogeneity was 

confirmed by immunostaining, MS modelling of the 

organoids was performed with LPS, which induces 

demyelination and inflammation (46). In support of 

the literature, the percentage of myelinating cells, 

which were marked by CNPase, was significantly 

decreased, and the astrocyte population was 

significantly increased after induction (Figure 2A and 

B). This finding indicates that the model mimics the 

inflammation- and demyelination-related 

pathogenesis of MS. Last, the use of organoids in MS 

treatment-related studies is needed. Since brain 

organoids have great potential for neurodegenerative 

disease-related drug screening studies (47), our 

organoid models were tested in terms of treatability. 

Fingolimod was the first oral treatment approved in 

2009 by the Food and Drug Administration (FDA) (1). 

The treatment effect of fingolimod has already been 

proven in the literature (48,49). Therefore, in this 

study, its positive effect on MS-generated human brain 

organoids was revealed at the protein and gene levels. 

Figure 3A and its quantitative analysis results in Figure 

3B show that myelination was increased and 

inflammation was decreased after fingolimod 

treatment. It is possible that 80% of GFAP-positive 

cells were decreased and that more than 90% of 

CNPase-positive cells were increased. The relative gene 

expression change was then quantitatively measured 

via qRT‒PCR. The levels of PLP1 and CNPase were not 

significantly increased; however, the levels of 

inflammatory markers (GFAP and FOXP3) were 

significantly decreased after fingolimod treatment. 

This is also a predictable result because all organoid 

architectures, including the inner core and outer core 

structures, are highly heterogeneous. As expected, as 

shown in Figure 1N-O, even though the presence of 

inflammation- and myelination-related cells was not 

homogenous on the organoid section plane and 

immunostaining detected only the spatially restricted 

area, qRT‒PCR was used to measure the transcripts of 

all the cell types in the organoid. Therefore, since 

myelinating cells were prominent around the outer 

core of the organoid sections (Figure 1O, 2A and 3A), 

the qRT‒PCR results may not reveal a significant 

increase in myelination markers, unlike 

immunostaining. However, overall, the results 

demonstrated that when myelinating organoids with a 

heterogeneous cell population were generated, they 

were able to be used for MS modelling, and model 

treatability was tested via fingolimod. 
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