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A B S T R A C T

induced-pluripotent stem cell (iPSC)-derived neurospheroid (NSPH) models are an emerging in vitro toolkit to
study the influence of inflammatory triggers on neurodegeneration and repair in a 3D neural environment. In
contrast to their human counterpart, the absence of murine iPSC-derived NSPHs for profound characterisation
and validation studies is a major experimental research gap, even though they offer the only possibility to truly
compare or validate in vitro NSPH responses with in vivo brain responses. To contribute to these developments,
we here describe the generation and characterisation of 5-week-old CX3CR1eGFP+/- CCR2RFP+/- murine (m)iPSC-
derived bi-partite (neurons + astrocytes) and tri-partite (neurons + astrocytes + microglia) NSPH models that
can be subjected to cellular activation following pro-inflammatory stimulation. First, cytokine analysis demon-
strates that both bi-partite and tri-partite NSPHs can be triggered to release IL6 and CXCL10 following three days
of stimulation with, respectively, TNFα + IL1β + IFNγ and LPS + IFNγ. Additionally, immunocytochemical
analysis for G3BP1 and PABPC1 revealed the development of stress granules in both bi-partite and tri-partite
NSPHs after 3 days of stimulation. To further investigate the observed signs of inflammatory response and
cellular stress, we performed an untargeted transcriptomic and proteomic analysis of bi- and tri-partite NSPHs
under steady-state and inflammatory conditions. Here, using the combined differential gene and protein
expression profiles between unstimulated and stimulated NSPHs, Ingenuity Pathway Analysis (IPA) confirms the
activation of canonical pathways associated with inflammation and cellular stress in both bi-partite and tri-
partite NSPHs. Moreover, our multi-omics analysis suggests a higher level of downstream inflammatory re-
sponses, impairment of homeostatic and developmental processes, as well as activation of cell death processes in
stimulated tri-partite NSPHs compared to bi-partite NSPHs. Concluding, these results emphasise the advantages
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of including microglia in NSPH research to study inflammation-induced neurodegeneration in a 3D neural
environment.

1. Introduction

Neuroinflammation is a common feature of many neurological dis-
orders, whose main players are activated microglia, astrocytes and
infiltrating peripheral immune cells. Such neuroinflammatory processes
are characterized by an increased release of pro-inflammatory cytokines
and chemokines, reactive oxygen species and secondary messengers, all
potentially leading to loss of cellular homeostasis, developmental pro-
cesses and cell viability (DiSabato et al., 2016). Despite decades of
neuroinflammatory research and thousands of potential disease-
modifying therapies suggested, to date treatment and/or restoration of
inflammation-mediated neurological disorders remains a major chal-
lenge. From an experimental point of view, the study of neuro-
inflammation, as well as the pre-clinical validation of novel immune-
modulatory and regeneration-inducing therapies, is commonly per-
formed in rodent animal models. Given the world-wide recognition that
efforts should be made to reduce animal experiments for ethical, sci-
entific and practical reasons, there is an unmet need for the development
and validation of novel pre-clinical screening tools before moving to-
wards animal studies and/or human clinical trials. In this context,
immune-competent 3D neural models, such as organoids and spheroids,
are biologically more relevant as compared to classical 2D cell (co–)
cultures models in terms of approaching the more complex in vivo neural
environment. As such, there is compelling evidence that NSPHs
outperform 2D cell co-cultures in terms of 3D architecture, cell hetero-
geneity, cell–cell interactions, gene expression, phenotypic profile,
response to inflammatory stress and drug response (Lancaster et al.,
2014). Over the past decade, a large number of studies using immune-
competent human iPSC-derived brain organoids were published. In
brief, they covered pharmacological studies (Renner et al., 2020; Fan
et al., 2022) or disease modelling, such as Alzheimer’s disease and/or
neuroinflammation (Abud et al., 2017; Lin et al., 2018; Jin et al., 2022),
Parkinson’s disease (Sabate soler et al., 2022), Zika virus (Xu et al.,
2021; Abreu et al., 2018; Muffat et al., 2018) and SARS-CoV-2 infection
(Samudyata et al., 2022). In these studies, the inflammatory processes
were mainly characterised by means of microglia morphological anal-
ysis, immunocytochemical analyses of phagocytosis, cytokine release
profiling and in some cases by RNA-sequencing (Abud et al., 2017;
Sabate Soler et al., 2022; Samudyata et al., 2022). Nevertheless, it is
clear that profound NSPH analysis, including deep phenotypic and
functional profiling, will require an extensive and complementary
toolbox including real-time imaging, electrophysiology, tran-
scriptomics, proteomics and metabolomics. To develop such pipelines,
especially considering the culture time and associated costs for gener-
ating immune-competent hiPSC-derived NSPHs, immune-competent
miPSC-derived NSPHs may be a fast and cost-effective alternative to
provide proof-of-concept for novel analytical approaches.

However, in contrast to the growing number of immune-competent
hiPSC-derived NSPH models, there are currently no well-characterised
protocols for the generation of immune-competent miPSC-derived
NSPH models. Nevertheless, such models are a great complement to
currently unavoidable rodent studies. In this study, we optimised culture
conditions for the generation of miPSC-derived bi-partite and tri-partite
NSPH models that can be subjected to cellular activation following pro-
inflammatory stimulation, as demonstrated by cytokine production and
the formation of stress granules. In order to provide a broader picture of
the cellular processes activated in immune-stimulated bi- and tri-partite
NSPHs, untargeted transcriptomic and proteomic analyses were per-
formed under steady-state and inflammatory conditions. The integrative
multi-omics analysis presented will now pave the way for future
affordable and scalable studies on inflammation-mediated

neurodegeneration, protection and repair using immune-competent
miPSC-derived NSPHs.

2. Materials and Methods

2.1. Generation of iPSC-derived embryoid bodies, bi-partite and tri-partite
NSPHs

All media and cell culture supplements were purchased from Thermo
Fisher Scientific, unless otherwise specified. All cell cultures were per-
formed at 37 ◦C in a standard humidified cell culture incubator with 5 %
CO2. Embryoid bodies (EBs), bi-partite NSPHs and tri-partite NSPHs
were generated starting from a previously established and validated
C57BL/6 CX3CR1eGFP+/- CCR2RFP+/- murine iPSC line cultured on
mitotically inactivated mouse embryonic fibroblasts in standard murine
“iPSC medium”, as described in detail in preceding studies (Quarta et al.,
2019 & 2021). EB and NSPH cultures were initiated starting from 2x103

iPSC seeded per well in U-shaped 96-well plates in 100 µL of specific
culture medium, as specified below. To allow for proper spheroid for-
mation, plates were first treated with anti-adherence rinsing solution
(Stemcell Technologies) for one hour at room temperature and subse-
quently washed three times with 1X phosphate-buffered saline (PBS)
before seeding the iPSC. All spheroid cultures were maintained in the
incubator under constant orbital shaking (88 rpm). To generate EBs
(Fig. 1A), seeded iPSC were cultured in “EB medium”, composed of
DMEM/F12 medium and Neurobasal-A medium (at a 1:1 ratio), sup-
plemented with 20 % foetal bovine serum (FBS), 0,5 % N2 supplement
(Gibco), 1 % B27 supplement (Gibco) and 100 U/mL–100 μg/mL pen-
icillin–streptomycin (Gibco). Two days after plating the iPSCs, 100 µL of
fresh medium was added followed by a half medium change every other
day until the EBs had reached the age of 3 weeks, after which they were
processed for immunocytochemical analysis (ICC). For the generation of
bi-partite NSPHs (Fig. 1B), the seeded iPSCs were cultured in neural
differentiation medium (“ND medium”), composed of DMEM/F12 me-
dium and Neurobasal-A medium (at a 1:1 ratio), supplemented with 0,5
% N2 supplement (Gibco), 1 % B27 supplement (Gibco) and 100 U/
mL–100 μg/mL penicillin–streptomycin (Gibco). Two days after plating
the iPSCs, 100 µL of fresh medium was added after which a half medium
change was performed every second day until the bi-partite NSPHs had
reached the age of 4,5 weeks for further experiments. For the generation
of tri-partite NSPHs (Fig. 1C), the same procedure was followed as for bi-
partite NSPHs with the following two exceptions: (i) after two weeks of
culture, 2x104 microglia progenitor (MP) cells were added to the NSPH
cultures, and (ii) between week 4 and week 4,5 the ND medium was
replaced with a 3:1 ratio of ND medium and microglia differentiation
medium 1 (MD medium 1, see below). At 4,5 weeks, the medium was
changed to ND medium and tri-partite NSPHs were used for further
experiments.

2.2. Generation of murine iPSC-derived microglia progenitor cells

Murine iPSC-derived MP cells (Fig. 1D) were generated from
CX3CR1eGFP+/- CCR2RFP+/- iPSCs according to our previously reported
protocol (Quarta et al., 2019). Briefly, 6x105 iPSCs were seeded in an
agarose-coated (Fisher-Scientific) 10 cm Petri dish in MD medium 1,
composed of GMEM medium (Sigma-Aldrich) supplemented with 10 %
FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 0,05 mM β-mercap-
toethanol, 1 × MEM Non-Essential Amino Acids (NEAA) solution and
100 U/mL–100 μg/mL penicillin streptomycin. Following 8 days of
culture, with a single medium change at day 4, cell aggregates were
collected and transferred to a gelatine-coated (Sigma-Aldrich) T175
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flasks in MD medium 1+, composed of MD medium 1 additionally sup-
plemented with 100 ng/mL murine stem cell factor (ImmunoTools) and
5 ng/mL murine vascular endothelial growth factor-A (ImmunoTools).
On day 11, MD medium 1+ was replaced by microglia differentiation
medium 2 (MD medium 2), composed of MD medium 1 supplemented
with 1 ng/mL murine IL3 (ImmunoTools), 20 ng/mL murine gran-
ulocyte–macrophage colony stimulating factor (GM-CSF; Immuno-
Tools), 15 % (vol/vol) L929-derived conditioned medium (CM) and 20
% (vol/vol) bEnd5-derived CM, with one medium change on day 13.
From day 15 of differentiation, cultures were maintained solely in MD
medium 1, after which microglia progenitor cells were spontaneously
released into the culture supernatant. Medium was changed weekly, and
microglia progenitor cells were collected starting from day 21 of dif-
ferentiation for addition to the two-week-old NSPHs to generate the tri-
partite NSPHs.

2.3. NSPH size measurements

The diameter of NSPHs was measured every week for 5 weeks using a
Fluovert Leitz microscope and the CellSens Entry v.2.1 software.

2.4. Inflammatory stimulation of bi-partite and tri-partite NSPHs

At the age of 4,5 weeks, individual bi- and tri-partite NSPHs were
stimulated in 200 µl ND medium with single or combined pro-
inflammatory stimuli at the following final concentrations: 1 µg/mL
Lipopolysaccharide (LPS; Sigma), 50 ng/mL interferon-γ (IFNγ; Immu-
noTools), 10 ng/mL tumour necrosis factor alpha (TNFα; Abcam), 10
ng/mL interleukin 1 beta (IL1β; Biotechne). After 72 h, culture super-
natant of unstimulated and stimulated NSPHs was collected and frozen
for further cytokine analysis. Unstimulated and stimulated NSPHs were
further processed for ICC, transcriptomic and proteomic analysis, as
described in detail below.

2.5. Cytokine production by stimulated bi-partite and tri-partite NSPHs

Concentrations of interleukin 6 (IL6) and C-X-C motif chemokine
ligand 10 (CXCL10) in cell culture supernatant were determined using
commercially available ELISA kits (BioLegend and Biotechne, respec-
tively), according to the manufacturer’s instructions.

2.6. Immunocytochemical stainings

EBs, bi-partite and tri-partite NSPHs were individually fixed in 1,5
mL of 4 % paraformaldehyde solution in PBS in 2 mL microtubes at RT
for 30 min. Following two wash steps with 1,5 mL of PBS, spheroids
were stored at 4 ◦C in PBS containing sodium azide. Next, spheroids
were processed for cryosectioning as previously described (Van Bree-
dam et al., 2022). Ten μm thick frozen fixed sections were collected on
glass slides coated with poly-L-lysine (Sigma), air-dried and stored at
− 20 ◦C before further processing. For immunofluorescence labelling,
sections were re-hydrated with PBS for 20 min, permeabilized with 0,1%
(v/v) Triton X-100 (Sigma) in Tris-buffered saline (TBS) for 30 min and
blocked with 20 % serum (of the appropriate secondary antibody host
species) or 1 % BSA in TBS for 1 h. Sections were incubated overnight at
4 ◦C with primary antibodies. After washing with TBS and a subsequent
1-hour incubation with the secondary antibodies in the dark, slides were
washed again and counterstained with DAPI (1 μg/ml, Sigma) for 10 min
at 4 ◦C. After a final washing step with distilled water, sections were
mounted in ProLong R Gold antifade reagent (Thermo Fisher). The
following antibody combinations were used in this study: a mouse anti-
βIIItubulin primary antibody (Biotechne, MAB1195, 1:250) in combi-
nation with an Alexafluor 555-labeled goat anti-mouse secondary anti-
body (Invitrogen, A21425, 1:200), a rabbit anti-GFAP primary antibody
(Abcam, ab7260, 1:1000) in combination with a Texas red-labelled goat
anti-rabbit secondary antibody (Abcam, ab6719, 1:400), a mouse anti-
G3BP1 monoclonal primary antibody (Proteintech, 66486–1-Ig, 1:500)
in combination with an Alexafluor 555-labelled goat anti-mouse sec-
ondary antibody (Invitrogen, A21127, 1:1000), a rabbit anti-PABPC1
polyclonal antibody (Proteintech, 10970-1AP, 1:100) in combination
with either an Alexafluor 488-labelled donkey anti-rabbit secondary
antibody (Invitrogen, A21206, 1:1000) or an Alexafluor 647-labelled
goat anti-rabbit secondary antibody (Invitrogen, A21245, 1:1000), a
guinea pig anti-synaptophysin polyclonal antibody (Synaptic Systems,
101–004, 1:2000) in combination with a Cy3-labelled donkey anti-
guinea pig secondary antibody (Jackson ImmunoResearch,
706–165–148, 1:500).

2.7. Microscopy and image analysis

Live images of bi-partite and tri-partite NSPHs were captured with a
Zeiss Observer Z1 microscope. Immunofluorescence images of stained
EBs, bi-partite and tri-partite NSPHs were acquired using a BX51

Fig. 1. Generation of murine iPSC-derived EBs, bi-partite and tri-partite NSPHs. Schematic outline of the murine iPSC differentiation protocols used to generate EBs,
bi-partite and tri-partite NSPHs, indicating the timing and media composition during the different stages of differentiation and stimulation. Abbreviations: iPSC,
induced pluripotent stem cells; med, medium; EB, embryoid body; NSPH, neurospheroid; ND, neural differentiation; MD, microglia differentiation; MP, microglia
progenitor; STIM, stimulation.
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fluorescence microscope equipped with an Olympus DP71 digital cam-
era and using a 10× (NA 0,30), 20× (NA 0,50) or 40× (NA 0,75) dry
objective. High-resolution images were acquired using the Nikon CSU-
W1 SoRa confocal microscope with 40× (water) objective in normal
confocal mode and NIS-Elements software (Nikon) and the Nikon CSU-
W1 spinning disk confocal microscope with 40× (dry, NA 0.95 or water,
NA 1.15) objectives, Kinetix sCMOS camera (Teledyne Photometrics)
and NIS-Elements software (Nikon). All stainings were performed at
least three times on multiple EBs or NSPHs. Representative images were
selected and presented in this manuscript.

2.8. Data representation and statistical analysis

Dot plots representing NSPH growth and cytokine production were
created with GraphPad Prism v.8.2.1 software. Statistical analysis was
carried out using GraphPad Prism. For NSPH growth, a Kruskal-Wallis
analysis was performed with Dunn’s post-hoc correction comparing
each time point to the 3rd week. For cytokine production by bi-partite
NSPHs, a Kruskal-Wallis analysis was performed with Dunn’s post-hoc
correction following comparison of each stimulated condition with the
unstimulated control. For cytokine production by tri-partite NSPHs, a
MWU test was performed comparing the stimulated condition with the
unstimulated control. A p-value < 0,05 was considered statistically
significant. All other statistical analyses were performed with IPA.

2.9. RNA sequencing

Following collection of the cell culture supernatant, individual bi-
and tri-partite NSPHs were collected, washed once with PBS 1x, snap-
frozen in liquid nitrogen and stored at − 80 ◦C until further processing.
Each sample used for RNA isolation contained two pooled bi- or tri-
partite NSPHs, with a total number of (i) n = 4 for unstimulated bi-
partite NSPHs (with n = 4 biological replicates), (ii) n = 4 for stimu-
lated bi-partite NSPHs (with n = 4 biological replicates), (iii) n = 5 for
unstimulated tri-partite NSPHs (with n = 4 biological replicates, one
sample was sequenced twice), (iv) n = 5 for stimulated tri-partite NSPHs
(with n = 4 biological replicates, one sample was sequenced twice).
Post-hoc analysis according to the RNA-Seq sample size estimation
method described by Hart et al. (Hart et al., 2013) confirmed a minimum
of n = 4 to be sufficient to detect 2-fold changes in gene expression for
this analysis (see Supplementary File 1 for detailed sample size calcu-
lation). Total RNA was isolated using the RNeasy® Mini kit (Qiagen,
Benelux, Belgium), according to the manufacturer’s protocol. Briefly,
200 µL of chloroform was added to the sample and, after phase sepa-
ration, RNA was extracted and purified on RNeasy Mini spin columns.
The purity and concentration of the RNA samples were evaluated by
ultraviolet spectroscopy (NanoDrop, Thermo Scientific, Wilmington,
USA). The integrity of the RNA samples was evaluated by the Agilent
4150 TapeStation System using the recommended RNA ScreenTape
assay (Agilent Technologies, Inc., Waldbronn, Germany). For all sam-
ples, the RNA integrity number (RIN) values were above 7, indicating
the superior quality of the isolated RNA. The mRNA library preparation,
pair-end transcriptome sequencing, and sequencing data quality control
were conducted by Novogene Co., LTD (Cambridge, UK). The data have
been deposited with links to BioProject accession number
PRJNA989029 in the NCBI BioProject database (https://www.ncbi.nlm.
nih.gov/bioproject/).

2.10. Processing of RNA sequencing data

Approximately 20–35 million 150 bp reads were obtained from all
samples. After trimming the adapter sequences, low quality bases, and
very short reads, the resulting clean reads were aligned to the mouse
reference genome Mus_musculus GRCm39 annotated with Ensembl
version 106 and STAR 2.7.10b. (Dobin et al., 2013). Quantification of
the mapped reads was then performed with the program Featurecounts

using the Subread package (Liao et al., 2019). Analysis of differentially
expressed genes (DEGs) was performed using the packages DESeq2
(Love et al., 2014) and edgeR (Robinson et al., 2010), implemented in
the BigOmics Playground platform (v3.2.2) (Akhmedov et al., 2020). An
adjusted p-value < 0,05 and an absolute log2 fold change of 1 were
defined as significance and expression level cutoffs, respectively.

2.11. Label-free proteomics

Following collection of the cell culture supernatant, individual bi-
and tri-partite NSPHs were collected and washed once with PBS, fol-
lowed by snap-freezing on liquid nitrogen and stored at − 80 ◦C until
further processing. For label-free shotgun proteomics analysis, samples
were treated according to the FASP (Filter Aided Sample Preparation)
protocol. Briefly, 9 NSPHs were pooled for each experimental condition
(unstimulated bi-partite, stimulated bipartite, unstimulated tri-partite
and stimulated tri-partite). Next, NSPHs were lysed by mechanical ho-
mogenization by using a turrax mixer (1-minute, highest speed) and
ultrasonication (80 % amplitude, Sonicator U200S control, IKA Labor-
technik, Staufen, Germany) on ice in lysis buffer (urea 6 M in 100 mM
Tris/HCl, p H = 7,5), followed by centrifugation (1300 rpm) to remove
tissue debris. As reported in our previous work (Madonna et al., 2022), a
total of 50 µg of protein for each condition were digested with trypsin
(0,5 µg/µl Trypsin, Sigma-Aldrich, St. Louis, MI, USA). For protein label-
free identification and quantification, 6 µl of tryptic peptides (corre-
sponding to 0,05 µg/ml) from each condition were analysed in triplicate,
with an EASY-spray AcclaimTM PepMapTM C18 (75 µm ID, 15 cm L, 2 µm
PS, Thermo Fisher Scientific) nanoscale chromatographic column and a
total run time of 65 min using a chromatographic gradient from 5 to 90
% of ACN. Proteomics data were acquired with some small changes
compared to the protocol initially cited: HCD fragmentation and
240,000 of resolution; the signal intensity threshold was set to 1 × 104

and the MS2 spectra were acquired using a Cycle Time method of 3 s.
Precursor ions with charges of + 2 to + 5 were used for MS2 sequencing
and scanned in the ion trap by mass tolerance of ± 10 ppm and a m/z
scan range of about 300–1200. We performed a HCD fragmentation with
a fixed collision energy of 30 % and an activation time of 70 ms. The
mass spectrometry proteomics data have been deposited in the Proteo-
meXchange Consortium via the PRIDE partner repository, with the
accession identifier: PXD050649.

2.12. Processing of label-free proteomics data

Proteomics raw data were processed using Thermo Proteome
Discoverer (PD) version 2.4.0.305 (Thermo Fischer Scientific) to iden-
tify differentially expressed proteins (DEPs) between unstimulated and
stimulated bi-partite or tri-partite NSPHs. As “Spectrum Selector”, MS1

precursor was used for the precursor selection within the selected mass-
range. Sequest HT was used to search sequence database “uniprot-
mouse-proteome-fasta” with maximum missed cleavage sites about 2
and precursor mass tolerance about 10 ppm. In the quantification pro-
cess, as PD 2.4.0.305 parameters, we selected “Unique + Razor” as
peptides to use in the general quantification setting; the precursor
abundance quantification was based on the intensity and the normali-
zation was performed on the total peptide amount. Protein abundance
was calculated by “Summed abundances”; protein ratios were calculated
as “Pairwise Ratio Based” and the statistics hypothesis by t-test was
based on background population of proteins or peptides. The univariate
statistical analysis was performed to individuate DEPs between two
experimental conditions using the “Protein Abundance Ratio” value and
the “p-value” for each quantified protein. To perform a robust quanti-
fication, we set the parameters “Abundance Ratio Variabilities [%]” less
than 50,00 in the ratio, “High identification confidence” for each protein
in at least two out of three analytical replicates and the number of
“Unique peptides” greater than 1.
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2.13. Ingenuity pathway analysis

Obtained DEGs and DEPs lists were uploaded to the Ingenuity
Pathway Analysis tool (IPA, Qiagen, Hilden, Germany) to perform a
separate gene ontology and functional enrichment analysis using a
matrix that contains in each row the quantified protein or gene, the
expression ratio and the significance p-value. As such, IPA can predict
the activation (z-scores ≥ 2,0) or inhibition (z-scores ≤ − 2,0) of

‘canonical pathways’, ‘diseases and bio-functions’ (downstream path-
ways) and ‘upstream regulators’ for the loaded dataset (DEGs or DEPs)
based on published literature, as reviewed in Rossi et al., 2022. Addi-
tionally, we performed a combined gene ontology and functional
enrichment analysis by using a unique global matrix that contains all
quantified proteins and genes to characterize stimulated versus unsti-
mulated bi-partite and tri-partite NSPHs.

Fig. 2. Growth, characterization and stimulation of bi-partite NSPHs. A) Representative bright-field live cell images of cultured bi-partite NSPHs from week 1 to 5
(Week 1–5). Scale bars: 200 µm. B) Dot plot showing the growth of individual NSPHs over the course of 5 weeks, indicated by the measured diameter (in µm) of the
NSPHs (w 1–5, n = 10 each). Representative images of bi-partite NSPHs (C) and EBs (D) immunolabelled for DAPI (blue), β3-tubulin (red) and GFAP (red), as
indicated. Scale bars: 100 µm. Dot plots showing IL6 and CXCL10 cytokine secretion (in pg/mL) by bi-partite NSPHs after stimulation with single stimuli (E, n = 10
for each) or combined stimuli (F, n = 10 for each). Abbreviations: w, week; ctrl, unstimulated control. * p < 0,05. ** p < 0,01. *** p < 0,001. **** p < 0,0001.
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3. Results

3.1. Generation, characterisation and stimulation of bi-partite NSPHs

Bi-partite NSPHs were generated starting from a previously reported
CX3CR1eGFP+/- CCR2RFP+/- C57BL/6 miPSC line (Quarta et al., 2019), as
described in detail in the Materials and Methods section. Starting from
2x103 miPSCs, small NSPHs already developed after a few days in cul-
ture due to the initial self-assembly capacity of the seeded miPSCs
(Fig. 2A). Subsequently, significant continuous growth was observed
until they reached a plateau at week 3, as demonstrated by diameter
measurements on microscopic bright-field images (Fig. 2B). After 5
weeks of culture, NSPHs were fixed and processed for ICC analysis to
confirm neuron and astrocyte differentiation (Fig. 2C). Here we
demonstrate that bi-partite NSPHs display the presence of βIII-tubulin+

neurons throughout the whole NSPH, whereas GFAP+ astrocytes are
mostly found at the border of the NSPH. To demonstrate the specificity
of the antibodies used to confirm neural differentiation, classical EBs
derived from the same miPSC-line only stained for a limited number of
neurons and astrocytes (Fig. 2D). After establishing bi-partite NSPHs
containing both neurons and astrocytes, we aimed to evaluate their
immune-responsiveness to inflammatory stimuli based on the secretion
of IL6 and CXCL10 after 3 days of stimulation. Here, NSPHs were first
stimulated with TNFα, IL1β or LPS as a single stimulus. However, the
release of IL6 was, even though significant, only slightly induced in IL1β-
treated NSPHs as compared to unstimulated NSPHs, while no significant
release of CXCL10 was detected in any of the tested conditions (Fig. 2E).
Next, in order to elicit a stronger immune response, multiple stimuli
were combined (Fig. 2F). Our results show that the combinations of
TNFα + IL1β and TNFα + IL1β + IFNγ were able to significantly induce
IL6 release by NSPHs as compared to unstimulated NSPHs, with the
combination of TNFα + IL1β + IFNγ being the most efficient. No IL6
secretion was detected when NSPHs were stimulated with LPS + IFNγ.
When we analysed the secretion of CXCL10, we observed a significant
release of high levels of CXCL10 by NSPHs stimulated with LPS + IFNγ
and TNFα + IL1β + IFNγ, as compared to unstimulated NSPHs.
Concluding, we here demonstrate the successful generation of bi-partite
NSPHs, containing both neurons and astrocytes, that can be triggered to
release both IL6 and CXCL10 upon stimulation with TNFα + IL1β +

IFNγ. All further analyses described below are performed under this
experimental condition.

3.2. Generation, characterisation and stimulation of tri-partite NSPHs

Tri-partite NSPHs were generated from CX3CR1eGFP+/- CCR2RFP+/-

C57BL/6 miPSCs, as described in detail in the Materials and Methods
section. Briefly, similar to published protocols for the generation of
hiPSC-derived tri-partite NSPHs (Abud et al., 2017; Muffat et al., 2018;
Fagerlund et al., 2022), here we relied on the spontaneous migration
ability of microglia progenitor cells into developing bi-partite NSPHs.
Hereto, 2 x 104 CX3CR1eGFP+/- CCR2RFP+/- C57BL/6 miPSC-derived
microglia progenitor cells (Quarta et al., 2019) were added to 2-week-
old developing bi-partite NSPHs (see previous section). While
CX3CR1eGFP+/- CCR2RFP+/- C57BL/6 miPSC-derived microglia progeni-
tor cells do not yet express the eGFP reporter protein at this stage of
development, as demonstrated in our preceding studies, they express
eGFP/CX3CR1 upon further microglial differentiation in a neural envi-
ronment (Quarta et al., 2019). Subsequently, their integration into the
developing bi-partite NSPHs can be easily monitored by live-cell imag-
ing (Fig. 3A). Already from the third day after addition, amoeboid
eGFP+/CX3CR1+ microglia clustered in different areas of the NSPHs.
Upon further cultivation (2-weeks after seeding), the presence of
eGFP+/CX3CR1+ microglia increased, and they assumed a ramified
shape within the NSPHs. Finally, after a total of 5-weeks of culture (3-
weeks after seeding of the microglia progenitors), NSPHs were fixed and
processed for ICC analysis to confirm the differentiation of neurons,

Fig. 3. Characterization and stimulation of tri-partite NSPHs. A) Representa-
tive fluorescence live cell images of cultured tri-partite NSPHs on day 3, week 1
and week 2 after addition of microglia progenitor cells to 2-week-old bi-partite
NSPHs. eGFP+ microglia in green. Scale bars: 200 µm. (B) Representative im-
ages of tri-partite NSPHs immunolabelled for DAPI (blue), βIII-tubulin (red) and
GFAP (red) combined with direct eGFP+/CX3CR1+ fluorescence (green). Scale
bars: 100 µm. (C) Dot plots showing IL6 and CXCL10 cytokine secretion (in pg/
mL) by tri-partite NSPHs following stimulation with LPS + IFNγ (n = 10 for
each). Abbreviations: ctrl, unstimulated control. **** p < 0,0001.
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astrocytes and microglia (Fig. 3B). Here we confirm that tri-partite
NSPHs display the presence of βIII-tubulin+ neurons throughout the
whole NSPH, whereas GFAP+ astrocytes and eGFP+ microglia are mostly
localized at the outer border of the NSPH. After obtaining tri-partite
NSPHs containing neurons, astrocytes and microglia, we also evalu-
ated their immune-responsiveness to inflammatory stimuli based on the
secretion of IL6 and CXCL10 after 3 days of stimulation. For this, NSPHs
were stimulated with LPS + IFNγ and our results demonstrate significant
high release of both IL6 and CXCL10 as compared to unstimulated
NSPHs (Fig. 3C). In conclusion, we here demonstrate the successful
generation of tri-partite NSPHs, containing neurons, astrocytes and
microglia, which can be triggered to release both IL6 and CXCL10 upon
stimulation with LPS + IFNγ. All further analyses described below are
performed using this experimental condition.

3.3. Stimulated bi-partite and tri-partite NSPHs form stress granules

Given our observation that both bi-partite and tri-partite NSPHs can
be subjected to inflammatory stress, as demonstrated by the release of
IL6 and CXCL10, we next questioned whether this response is also
associated with cellular stress within the NSPHs. Hereto, we investigated
the formation of stress granules in bi-partite and tri-partite NSPHs
following stimulation with TNFα + IL1β + IFNγ and LPS + IFNγ,
respectively. ICC analysis demonstrated the presence of two known
protein components of stress granules, namely G3BP1 (G3BP stress
granule assembly factor 1) and PABPC1 (poly(A) binding protein cyto-
plasmic 1) in both bi-partite and tri-partite NSPHs after 3 days of
stimulation (Fig. 4). To summarise, we here demonstrate that both bi-
partite and tri-partite NSPHs not only secrete pro-inflammatory cyto-
kines upon appropriate stimulation, but more importantly, are also

subjected to cellular stress by the formation of stress granules. The latter
indicates that multiple cellular processes may be triggered and is
investigated further below.

3.4. Canonical pathways affected in stimulated bi-partite and tri-partite
NSPHs

Having demonstrated IL6 and CXCL10 production by stimulated bi-
partite and tri-partite NSPHs, as well as the subsequent appearance of
stress granules, we proceeded with an untargeted transcriptomic and
proteomic analysis on control and stimulated bi-partite and tri-partite
NSPHs in order to characterize their activation profile in more detail
in terms of differentially expressed genes (DEGs) and differentially
expressed proteins (DEPs), as described in detail in the Materials and
Methods section. Our analyses identified 315 DEGs and 172 DEPs be-
tween control and stimulated bi-partite NSPHs, while 5404 DEGs and
130 DEPs were identified between control and stimulated tri-partite
NSPHs (supplementary file 2). Subsequently, for Gene Ontology
enrichment analysis of bi-partite and tri-partite NSPHs, both DEG and
DEP datasets were uploaded together into Qiagen IPA bioinformatics
software in order to identify the predicted modulation (up- or down-
regulation) of canonical pathways, comprising currently well-
characterized metabolic and cell signalling pathways (supplementary
file 3). Next, the identified pathways were manually curated based on
NSPH-relevant pathways and a significant activation z-score (>2 or < -2
for bi-partite and tri-partite NSPHs). The activation z-score is a statistical
value that predicts the activation states of biological functions. This
prediction is based on the changes in the expression of a gene or protein
of the loaded samples compared to what is expected from literature and
describes whether a direction (“increased” or “decreased”) of change is

Fig. 4. Formation of stress granules in stimulated bi-partite and tri-partite NSPHs. Representative images of bi-partite NSPHs exposed to TNFα, IL1β and IFNγ (left
panels) and tri-partite NSPHs exposed to LPS and IFNγ (right panels) for 72 h, immunolabeled for G3BP1 (orange) and PABPC1 (green-left, magenta-right). White
arrows indicate stress granules. Scale bar, 20 µm.
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present (Krämer et al., 2014). Subsequently, the remaining signalling
pathways were classified into the following four main categories: im-
mune signalling, cell survival, cellular metabolism and neuronal func-
tioning (Fig. 5). Immune signalling pathways are significantly activated
following stimulation in both bi-partite and tri-partite NSPHs, with a
higher number of pathways activated in tri-partite NSPHs. More spe-
cifically, stimulated tri-partite NSPHs show a clear activation of the
myeloid TREM1 signalling pathway (https://geneglobe.qiagen.com/us/
knowledge/pathways/trem1-signaling), as well as the neuro-
inflammation signalling pathway (https://geneglobe.qiagen.com/us/
knowledge/pathways/neuroinflammation-signaling-pathway). The fact
that both are significantly activated in tri-partite NSPHs, but not in bi-
partite NSPHs, is most likely a consequence of LPS-stimulated micro-
glia in tri-partite NSPHs. On the other hand, both bi-partite and tri-
partite NSPHs display significant activation of the interferon signalling
pathway as a consequence of IFNγ being present in the stimulatory
cocktails, TNFα + IL1β + IFNγ and LPS + IFNγ respectively. In contrast
to tri-partite NSPHs, only the bi-partite NSPHs display a significant
activation of the IL1 signalling pathway due to explicit stimulation with
IL1β in the stimulatory cocktail. At the level of cell survival, the iNOS
signalling pathway is significantly activated in both bi-partite and tri-
partite NSPHs, and as such may contribute to cellular apoptosis and/
or pyroptosis (see also the next section of Diseases and Biofunctions).
Interestingly, in stimulated tri-partite also the necroptosis pathway is
significantly activated, which is likely related to cytokine secretion by
LPS-stimulated microglia. Furthermore, as a consequence of the occur-
ring inflammatory and cell death processes, there is a marked deregu-
lation of cellular metabolic processes in both bi-partite and tri-partite
NSPHs, including cellular energy production, nucleotide and amino acid
biosynthesis, as well as cholesterol metabolism. Finally, and most
remarkably, stimulated tri-partite NSPHs display significant deactiva-
tion of cellular pathways related to neuronal function, which was not
observed in stimulated bi-partite NSPHs. Hereby, we conclude that, both

bi-partite and tri-partite NSPHs activate multiple canonical pathways
upon appropriate stimulation, with a higher number affected in tri-
partite NSPHs. These results emphasise the important role and the
need to integrate microglia into NSPHs for detailed studies related to
inflammation-mediated neurodegeneration.

3.5. Diseases and biofunctions triggered in stimulated bi-partite and tri-
partite NSPHs

Following analysis of canonical pathways, Qiagen IPA bioinformat-
ics software was also used to predict diseases and biofunctions induced
in stimulated bi-partite and tri-partite NSPHs. This analysis predicts the
affected biology based on gene/protein expression and predicts the
directional change of this effect (supplementary file 4). Diseases and
biofunctions can be considered as downstream effects (Krämer et al.,
2014). Here, based on the combined DEG and DEP datasets, the obtained
diseases and biofunctions were manually curated for NSPH-relevant
biology, as well as significant z-scores (>2 or < -2 for bi-partite and
tri-partite NSPHs). Next, the remaining diseases and biofunctions were
categorized into the following four main subcategories: immune
response, viability, homeostasis and development. For visual represen-
tation, bubble plots were generated for bi-partite and tri-partite NSPHs,
providing z-score, counts and − log10(p-value) (Fig. 6). The counts show
the number of proteins and genes involved in each function, reflected in
the size of the bubbles (the bigger the bubbles, the higher the number of
the counts). The colour of the bubbles represents the significance of the
p-value (green has the lowest significance, red the highest), while the
grey bubbles have no prediction (all coloured bubbles are significant).
Additionally generated bubble plots based on the non-combined DEG
and DEP datasets are provided in supplementary Figs. 1 and 2. First, our
data analysis indicates significantly increased necrosis, DNA damage
and apoptosis, as well as significantly decreased cell survival, in bi-
partite NSPHs as a downstream effect of stimulation with TNFα +

Fig. 5. Canonical pathways affected in stimulated bi-partite and tri-partite NSPHs. Visual representation of the activation z-scores for selected canonical pathways in
stimulated bi-partite and tri-partite NSPHs, with colour scaling from 5 (dark red) to − 5 (dark blue). Asterisks show significantly affected canonical pathways (z-score
> 2 or < -2).
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IL1β + IFNγ (Fig. 6). No significant downstream effects were observed in
the subcategories of immune response, homeostasis and development. In
contrast, and more interestingly, tri-partite NSPHs display multiple
distinct downstream effects as consequence of stimulation with LPS +

IFNγ (Fig. 6). Similarly to stimulated bi-partite NSPHs, stimulated tri-
partite display significantly increased necrosis, DNA damage and
apoptosis, as well as significantly decreased DNA replication, repair of
DNA and cell survival. However, stimulated tri-partite NSPHs addi-
tionally display significant downstream effects in the subcategories of
immune response, homeostasis and development following stimulation
with LPS + IFNγ. Most likely as a consequence of microglia stimulation
by LPS + IFNγ, significant downstream inflammatory responses,
including phagocytosis, chemotaxis and cell adhesion, are detected.
Although these downstream inflammatory responses were not observed
in bi-partite NSPHs, they also significantly affected cellular homeostasis,
including cellular signalling, cellular metabolism and cellular organi-
sation, as well as developmental processes related to neuronal devel-
opment. Altogether, our combined transcriptomic and proteomic
analysis reveals an increased number of significantly activated diseases
and biofunctions in stimulated tri-partite NSPHs as compared to stim-
ulated bi-partite NSPHs.

4. Discussion

In previous reports (Quarta et al. 2019 & 2021), we optimized a
novel protocol for the differentiation of miPSC-derived microglia pro-
genitor cells. In these studies, eGFP-/CX3CR1- microglia progenitors
were generated from CX3CR1eGFP/-CCR2RFP/- C57BL/6 miPSCs, whereby
subsequent microglia differentiation could be easily monitored based on
eGFP/CX3CR1 expression. As such, we have demonstrated the ability of

these eGFP-/CX3CR1- microglia progenitors to differentiate into rami-
fied eGFP+/CX3CR1+ microglia when co-cultured with astrocyte-
committed C57BL/6 embryonic brain-derived neural stem cells (NSC).
Further transcriptomic analyses and functional profiling confirmed the
microglial identity of the cultured CX3CR1eGFP/-CCR2RFP/- C57BL/6
miPSCs derived microglia, and their ability to respond to pro-
inflammatory (LPS + IFNγ) and anti-inflammatory (IL13) stimuli. For
this new study, we asked ourselves whether the same microglia pro-
genitor cell population would be able to develop into eGFP+/CX3CR1+

microglia when integrated into a 3D environment containing developing
neurons and astrocytes (bi-partite NSPHs). Based on the existing liter-
ature on generation of microglia-containing hiPSC-derived NSPHs
(Abud et al., 2017, Muffat et al., 2018, Fagerlund et al., 2022), we show
here a similar co-developmental pattern of miPSC-derived microglia
progenitor cells seeded onto developing miPSC-derived bi-partite
NSPHs. Following immunocytochemical confirmation of the presence of
eGFP+/CX3CR1+ microglia in tri-partite NSPHs (Fig. 3A and 3B), we
next assessed the ability of both bi-partite and tri-partite NSPHs to
respond to inflammatory stimulation.

At first, upon stimulation with LPS + IFNγ, tri-partite NSPHs
significantly released both IL6 and CXCL10 (Fig. 3C), while bi-partite
NSPHs released only CXCL10 under the same stimulatory condition
(Fig. 2F). These results, in terms of IL6-production, clearly reflect the
microglial response to LPS in tri-partite NSPHs. While our preceding
studies have shown that LPS stimulation of miPSC-derived astrocytes
does not result in detectable IL6 production (Quarta et al., 2019), it
cannot be excluded that certain microglia-derived cytokines (upon
stimulation) can act on neurons and/or astrocytes (Liddelow et al.,
2017, Hyvarinen et al., 2019). This is supported by the observation that
bi-partite NSPHs can be triggered to release IL6 upon stimulation with

Fig. 6. Diseases and biofunctions triggered in stimulated bi-partite and tri-partite NSPHs based on combined transcriptomic and proteomic analysis. Bubble plot
representation of the predicted diseases and biofunctions in stimulated bi-partite and tri-partite NSPHs. A z-score > 2 or < -2 indicates un up- or down-regulation of
the activation state of each selected biological function. The colour of the bubbles corresponds to the –log10 p-value (green = most significant) and the size of bubbles
refers to the number of gene and protein counts detected within the given biological function.
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TNFα + IL1β + IFNγ (Fig. 2F). Hereby, IL1β seems to be the main inducer
(Fig. 2G), albeit aided by IFNγ (Fig. 2F). Even though our transcriptomic
data on stimulated tri-partite NSPHs indicates an increase in IL1β mRNA
(FC 1.5, p = 0.02) and TNFα mRNA (FC 3.8, p < 0.001) (Supplementary
File 2), we were unable to detect these cytokines at the protein level (by
proteomics and/or ELISA, respectively Supplementary File 2 and data
not shown). However, this does not exclude the possibility that all IL6
produced by tri-partite NSPHs originates from microglia, as a small
portion could still originate from astrocytes due to stimulation with very
low amounts of IL1β in a concentrated 3D environment, or even other
cytokines that remain to be validated from our DEG and DEP analysis
(Supplementary File 2). In contrast, both bi-partite and tri-partite NSPHs
are readily triggered to release CXCL10 upon stimulation with IFNγ
(Fig. 2F and 3C), which is most likely mediated by astrocytes
(Michlmayr et al., 2013). Nevertheless, the stimulatory conditions
applied to both bi-partite and tri-partite NSPHs were sufficient to acti-
vate a cytokine response.

Given the observation that bi-partite and tri-partite NSPHs were able
to respond to inflammatory stimuli, we next investigated whether this
response triggers an early stress response. For this, immunocytochem-
ical staining was performed to detect the presence of stress granules. The
formation of stress granules is a stress-induced process whereby over
140 cytoplasmic proteins can intertwine with cytoplasmic mRNAs,
translation initiation components and proteins affecting mRNA func-
tion. In the initial stage of the stress granules formation, it is assumed
that they have a protective function, as they enable the cell to control
energy expenditure in favour of cell survival. Upon stress withdrawal,
stress granules usually disassemble, and normal cellular metabolism and
function returns (Motaln et al., 2020). In this study, we demonstrate that
stress granules, which can be identified by staining for G3BP1+ and/or
PABPC1+ cytoplasmatic aggregates, are still present in both bi-partite
and tri-partite NSPHs at day 3 of stimulation (Fig. 4), indicating that
NSPHs are under chronic stress at this stage. No complete overlap of
G3BP1 and PABPC1 was observed, suggesting that different types of
stress granules form and persist in NSPHs. It may thus be hypothesised
that increased formation or reduced clearance of stress granules in both
bi-partite and tri-partite NSPHs following pro-inflammatory stimulation
could lead to the activation of cell death processes, as is the case in the
pathogenesis of many neurodegenerative diseases.

Subsequently, we performed an untargeted transcriptomic and pro-
teomic analysis to identify downstream cellular processes as a conse-
quence of the observed inflammation-induced stress response. By
performing both transcriptomics and proteomics, we aimed to rule out
potential bias based on the common knowledge that mRNA transcription
does not always reflect protein translation, and vice versa. As such, by
combining both datasets for canonical pathway analysis and down-
stream biofunctions and diseases (Figs. 5 and 6), the obtained analyses
suggest that tri-partite NSPHs seem to suffer more severely than bi-
partite NSPHs after pro-inflammatory stimulation. To further investi-
gate this observation, we performed flow cytometric analysis on disso-
ciated unstimulated and stimulated bi-partite and tri-partite NSPHs to
determine actual cell death. Although we do not fully understand the
reason, flow cytometric analysis revealed no evidence of decreased cell
survival in both bi-partite and tri-partite NSPHs upon pro-inflammatory
stimulation (data not shown). However, there may be several explana-
tions for this. Firstly, the dissociation process applied may have influ-
enced this outcome, with dead or dying cells being disrupted and as such
excluded from further analysis. Secondly, and more likely, given the
time point of analysis (72 h of stimulation), cells may have activated the
cell death processes, but have not yet reached the stage of actual cell
death. This warrants us to perform longitudinal studies in our future
research that may extend up to weeks after pro-inflammatory
stimulation.

With regard to our combined transcriptomic and proteomic analysis,
it is important to note that IPA analysis could only predict highly sig-
nificant upstream regulators when both DEGs and DEPs were combined

into a single analysis. Based on the experimental outcome, IPA identified
TNFα, IL1β and IFNγ as the main upstream regulators for the observed
transcriptomic and proteomic changes in stimulated bi-partite NSPHs,
whereas LPS and IFNγ were identified for stimulated tri-partite NSPHs
(Supplementary File 5). This further confirms that the canonical path-
ways, as well as the diseases and biofunctions identified in stimulated bi-
partite and tri-partite NSPHs are directly linked to the inflammatory
stimulation provided. We expect that a combination of transcriptomics
and proteomics may become a standard tool for analysing complex
signalling alterations in bi-partite and tri-partite NSPHs, and to an even
greater extent in more complex organoids that include oligodendrocytes
and endothelial cells. However, we do want to mention that besides the
combined analysis, individual transcriptomic and proteomic analyses
should also be performed and compared with the combined analysis. For
example, while chemotaxis was clearly identified among the diseases
and biofunctions for both bi-partite and tri-partite NSPHs when ana-
lysing only the DEGs (Supplementary File 4 and Supplementary Fig. 1),
it was not identified when analysing only the DEPs for both bi-partite
and tri-partite NSPHs (Supplementary File 4 and Supplementary
Fig. 2). Overall, combined analysis rather suggests that chemotaxis is
only significant in tri-partite NSPHs, but not in bi-partite NSPHs, which
may need further follow up functional validation (Fig. 6). As such, it was
shown that both bi-partite and tri-partite NSPHs effectively produce
CXCL10 upon stimulation (Figs. 2 and 3). However, this discrepancy can
be explained by the fact that proteomics analysis was performed on the
NSPHs, but not on the culture medium, and as such, secreted cytokines
were not readily detected.

Finally, we want to highlight that this is to our best knowledge, the
first study to perform a combined transcriptomic and proteomic analysis
of murine iPSC-derived bi-partite and tri-partite NSPHs upon inflam-
matory stimulation. By doing so, we have identified multiple affected
signalling pathways, especially in microglia-containing tri-partite
NSPHs, that will be of utmost importance for future NSPH research by us
and others. For example, being highly activated in tri-partite NSPHs, the
further functional analysis of individual genes and proteins contributing
to the TREM1 and neuro-inflammation signalling pathway, will even
further increase our understanding of inflammation-induced cellular
distress and function in NSPHs (see supplementary Figs. 3 and 4 for the
TREM1 signalling pathway in bipartite and tripartite NSPHs, respec-
tively, and supplementary Figs. 5 and 6 for the neuroinflammation
signalling pathway in bipartite and tripartite NSPHs, respectively).
Additionally, and maybe not unexpectedly, stimulated tri-partite NSPHs
appear to suffer from a high distortion in neuronal development or
function (Fig. 5). Although not the purpose of this study, one such future
direction is the implementation of novel technologies to measure elec-
trophysiological activity in miPSC-derived NSPHs. Even though pre-
liminary in nature, further ICC analyses already confirmed the presence
of the presynaptic marker synaptophysin in both bi-partite and tri-
partite NSPHs, indicating the possibility to make functional neuronal
connections (Supplementary Fig. 7). Obviously, this part will need
further quantification, as well as validation using ICC for post-synaptic
markers in order to unravel the role of incorporated microglia on
neuronal network development in tri-partite NSPHs, as well as the role
of microglial inflammatory response on NSPH electrophysiological
behaviour. Once those techniques have been fully established, NSPH
analysis will become fully multi-modal and multi-omics, aiming at deep
cellular, molecular and functional interrogation of inflammatory sig-
nalling in an in vitro neural-like context.

5. Conclusions

In this study we have presented optimised culture conditions for bi-
partite and tri-partite miPSC-derived NSPHs that can be subjected to
cellular stress upon appropriate activation. By combining untargeted
transcriptomic and proteomic analysis of bi-partite and tri-partite
NSPHs, we have demonstrated that the presence of microglia in
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NSPHs results in a robust immune response and exacerbates cellular
stress processes.
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