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Human Stem Cell-derived Aggregates of Forebrain
Astroglia Respond to Amyloid Beta Oligomers

Kyle Griffin, BS,1 Julie Bejoy, PhD,1,* Liqing Song, PhD,1,{ Thien Hua, MS,2 Mark Marzano, MS,1

Richard Jeske, BS,1 Qing-Xiang Amy Sang, PhD,2,3 and Yan Li, PhD1,3

Astrocytes are vital components in neuronal circuitry and there is increasing evidence linking the dysfunction of
these cells to a number of central nervous system diseases. Studying the role of these cells in human brain
function in the past has been difficult due to limited access to the human brain. In this study, human induced
pluripotent stem cells were differentiated into astrospheres using a hybrid plating method, with or without dual
SMAD inhibition. The derived cells were assessed for astrocytic markers, brain regional identity, phagocytosis,
calcium-transient signaling, reactive oxygen species production, and immune response. Neural degeneration
was modeled by stimulation with amyloid-b (Ab) 42 oligomers. Finally, co-culture was performed for the
derived astrospheres with isogenic neurospheres. Results indicate that the derived astroglial cells express
astrocyte markers with forebrain dorsal cortical identity, secrete extracellular matrix, and are capable of
phagocytosing iron oxide particles and responding to Ab42 stimulation (higher oxidative stress, higher TNF-a,
and IL-6 expression). RNA-sequencing results reveal the distinct transcriptome of the derived cells responding
to Ab42 stimulation for astrocyte markers, chemokines, and brain regional identity. Co-culture experiments
show the synaptic activities of neurons and the enhanced neural protection ability of the astroglial cells. This
study provides knowledge about the roles of brain astroglial cells, heterotypic cell-cell interactions, and the
formation of engineered neuronal synapses in vitro. The implications lie in neurological disease modeling, drug
screening, and studying progression of neural degeneration and the role of stem cell microenvironment.
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Impact Statement

Human pluripotent stem cell-derived astrocytes are a powerful tool for disease modeling and drug screening. However, the
properties regarding brain regional identity and the immune response to neural degeneration stimulus have not been well
characterized. Results of this study indicate that the derived astroglial cells express astrocyte markers with forebrain dorsal
cortical identity, secrete extracellular matrix (ECM), and are capable of phagocytosing iron oxide particles and responding
to amyloid-b oligomers, showing the distinct transcriptome in astrocyte markers, chemokines, and brain regional identity.
This study provides knowledge about the roles of brain astroglial cells, heterotypic cell-cell interactions, and engineering
neural tissues in vitro.

Introduction

The most abundant cells in the human brain are as-
troglial cells, which account for 20–40% of total brain

cells.1 Astrocyte to neuron ratio is increased in humans

compared to rodents and varies between human brain regions.
For example, in the cerebral cortex, astrocytes outnumber
neurons (3:1–5:1), while in the cerebellum, neurons greatly
outnumber astrocytes. Astrocytes serve as the energy supply
to neurons and help to form and maintain synapses.2,3 They
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are also the essential components of blood–brain barrier
(BBB) in the brain.4–6 Human astrocytes are 20 times larger
and integrate 20 times more synapse than the rodent cells.
They also propagate Ca2+ waves more quickly than rodent
cells.7 In addition, astrocytes secrete neurotrophic factors and
provide matrix support for proper neuron function.8 They
strongly respond to ATP and mediate microglial response to
inflammatory stimuli (such as amyloid-b [Ab]).9 Several
questions emerged recently about the roles of astrocytes in
human brain function. For example, how astrocytes contrib-
ute to the formation and functions of synapses and circuits.10

Using human induced pluripotent stem cells (hiPSCs) as a
tool may help to answer these questions.

Generating astrocytes from hiPSCs has been reported by
several studies,11,12 but is ultimately hindered by insufficient
knowledge of astrocyte specification during neural tissue
development and by the lack of specific astrocyte markers. A
few studies have reported the generation of inflammation-
responsive astrocytes.9,13 As one example, starting from
hiPSC-derived neural progenitor cells, 11 methods were
screened for efficient astrocyte generation in 30 days14 based
on astrocyte markers GFAP, S100B, AQU4, vimentin, and
APOE. Transcriptome analysis showed similar signature
compared to human fetal astrocytes. The derived astrocytes
were able to secrete IL-1b, IL-4, 6, 8, and 10 and TNF-a
stimulated by Ab42 and lipopolysaccharides (LPS). Since
astrocyte differentiation from hiPSCs usually has long pro-
cedure (>40 days) and inefficient differentiation yield, over-
expression of SOX9 and NFIB in hPSCs can be implemented
to rapidly generate astrocytes (>88% GFAP, S100B, and vi-
mentin) in 7 days.15,16 However, hiPSC-derived astrocytes
were also reported to be at immature fetal-like status based on
RNA-sequencing data and less functional than neonatal
mouse cortical astrocytes.17 In addition, astrocytes have many
subtypes depending on their locations, molecular signature,
and physiological functions, which have not been fully un-
derstood.10 Such heterogeneity was suggested to come from
regional patterning of the neural progenitors.18 Novel culture
strategy such as 3D culture may help to mature hiPSC-
derived astrocytes.19

Astrocytes have been derived from 3D cerebral organoids
through dissociation, enzymatic digestion, and replating on la-
minin surface.11 In 3D cortical spheroid formation, nonreactive
astrocytes were co-differentiated from hiPSCs along with deep
and superficial cortical layers.20 3D astrospheres were also co-
cultured with organoid spheres of hiPSC-derived neural pro-
genitors.21Enhanced astrocytic complexity (‘‘gray-matter’’ like
morphology) was observed in 3D organotypic-like co-culture
environment. The 3D culture-derived astrocytes were found to
transit from a predominantly fetal to an increasingly mature
astrocyte state,19 indicated by alterations in phagocytic capacity
and effects on neuronal calcium signaling.

Human iPSC-derived astrocytes are a powerful tool for
disease modeling. PSEN1 DE9 mutant hiPSCs can differen-
tiate into astrocytes expressing GFAP and S100B, astrocyte-
specific glutamate transporters SLC1A2 and SLC1A3, and
water channel AQP4.2 g-Secretase inhibitor DAPT treatment
decreased Ab40 and Ab42 production in iPSC astrocytes
from both Alzheimer’s disease (AD) patients and healthy
control. PSEN1 astrocytes secreted significantly higher levels
of IL-2, IL-6, and IL-10 and GM-CSF stimulated by IL-1b
and TNF-a than control astrocytes. Human iPSCs with APOE

e4/e4 mutants were able to differentiate into astrocytes ex-
pressing GFAP, S100B, AQP4, and vimentin, and were se-
creting APOE. iPSC-derived astrocytes promoted neuronal
survival depending on APOE genotype (APOE3 genotype
better supported neural survival than APOE4 genotype, 46%
vs. 31%).22 Using CRISPR-Cas9 and hiPSCs to generate
APOE4-iPSCs, the effects of APOE4 on different brain cell
types (e.g., neurons, astrocytes, and microglia) were exam-
ined.23 APOE4 astrocytes can uptake oligomeric Ab42 and
contribute to Ab clearance.

To evaluate heterotypic cell-cell interactions of astrocytes
and neurons, this study derived and characterized astrocyte
spheroids (e.g., RNA-sequencing, calcium signaling, reac-
tive oxygen species (ROS), and neural inflammation upon
Ab42 oligomer stimulation) and then co-cultured them with
isogenic cortical spheroids. It is hypothesized that the
presence of astrocytes in cortical spheroids would promote
tissue homeostasis and neural protective ability. This study
directly addressed several aspects of healthy iPSC-derived
astrocyte behavior and immune response under homeostatic
and AD-associated conditions.

Materials and Methods

Undifferentiated hiPSC culture

Human iPSK3 cells were derived from human foreskin
fibroblasts transfected with plasmid DNA, encoding repro-
gramming factors OCT4, NANOG, SOX2, and LIN28
(kindly provided by Dr. Stephen Duncan, Medical College
of Wisconsin).24,25 Human iPSK3 cells were maintained in
mTeSR serum-free medium (StemCell Technologies, Inc.,
Vancouver, Canada) on growth factor-reduced Geltrex or
Matrigel-coated surface (Life Technologies).26 The cells
were passaged by Accutase every 7 days and seeded at
1 · 106 cells per well of a six-well plate in the presence of
10 mM Y27632 (Sigma) for the first 24 h.26–28 The undif-
ferentiated iPSK3 cells expressed Oct-4, the pluripotency
marker, and F-actin cytoskeleton (Supplementary Fig. S1).

Human Ep-iPSC cells were obtained commercially from
ThermoFisher (Cat No. A18945). The Gibco Human Epi-
somal iPSC Line was derived from CD34+ cord blood using
a three-plasmid, seven-factor [SOKMNLT; SOX2, OCT4
(POU5F1), KLF4, MYC, NANOG, LIN28, and SV40L T
antigen] EBNA-based episomal system. This iPSC line is
considered to be zero footprint as there was no integration
into the genome from the reprogramming event and is free
of all reprogramming genes. Ep-iPSC cells were maintained
in StemFlex� Medium (ThermoFisher) on growth factor-
reduced Geltrex or Matrigel-coated surface. The cells were
passaged by Versene (ThermoFisher) every 3–4 days and
seeded at 1:8–1:12 ratio onto the new surface.

Astrosphere differentiation

Human iPSCs were seeded into Ultra-Low Attachment
(ULA) 24-well plates (Corning Incorporated, Corning, NY) at
3· 105 cells/well in 1mL of differentiation medium com-
posed of Dulbecco’s modified Eagle’s medium/Nutrient
Mixture F-12 (DMEM/F-12) plus 2% B27 serum-free sup-
plement (Life Technologies). Y27632 (10mM) was added
during the seeding and removed after 24 h. On day 1, the cells
formed embryoid bodies (EBs) and were treated with dual
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SMAD signaling inhibitors 10mM SB431542 (Sigma) and
100 nM LDN193189 (Sigma) (referred as LDN/SB+ group)
or without any factors (referred as LDN/SB- group).27 After
8 days, the cells were treated with fibroblast growth factor
(FGF)-2 (10–50ng/mL; Life Technologies), epidermal
growth factors (EGF) (10–50ng/mL; Peprotech), and 5mg/
mL heparin until day 14. On day 15, the spheroids were fed
with astrocyte induction medium: DMEM/F-12 plus 2% B27,
retinoic acid (RA; Sigma) at 0.5mM, and heparin at 2mg/mL
for another 12 days. On day 27–36, astrospheres were dis-
sociated with Accutase and replated onto Geltrex-coated
plates at 2.5· 104 cells/cm2 in astrocyte medium: DMEM/F-
12 plus 2% B27 and heparin at 2mg/mL (no RA). The media
were changed every other day for at least another 2 weeks
(40–60 days in total) before characterizations.5

For cortical neural differentiation, human iPSK3 cells
were seeded into ULA 24-well plates at 3 · 105 cells/well in
1mL of differentiation medium composed of DMEM/F-12
plus 2% B27 serum-free supplement plus Y27632 (10mM)
for 24 h. On day 1, the cells formed EBs and were treated
with 10mM SB431542 and 100 nM LDN193189.27,29,30

After 8 days, the cells were treated with FGF-2 (10 ng/mL)
and RA (5 mM) until day 16. On day 17, the spheroids were
replated to Geltrex-coated plates and used for character-
izations or co-culture.

Treatments with Ab(1–42) oligomers
and LIVE/DEAD assay

To prepare oligomers of the Ab42 peptide, biotinylated
Ab42 (Bachem) was fully dissolved at 0.5mg/mL in
hexafluor-2-propanole (HFIP; Sigma).29,31 Ten microliters of
HFIP Ab(1–42) solution was dispensed into a siliconized
Snap-Cap microtube, put in a desiccator to completely
evaporate HFIP, and thereafter stored at -80�C. Oligomer
solutions were prepared freshly for each experiment. The
stock was dissolved in 10mL of DMSO (to 105mM) and
incubated for 3 h at room temperature. Oligomers of Ab42 (at
1mM) were added to the day 40 astrocyte cultures (in 96-wp).
LIVE/DEAD assay and ROS assay were performed for Ab42
oligomer-treated cultures. The cells were evaluated for via-
bility using Live/Dead� staining kit (Molecular Probes).
After 72 h, the cells were incubated in DMEM-F12 contain-
ing 1mM calcein-AM (green) and 2mM ethidium homodimer
I (red) for 30min. The samples were imaged under a fluo-
rescent microscope (Olympus IX70, Melville, NY) or quan-
tified by flow cytometry. Using ImageJ software, the viability
was calculated as the percentage of green intensity over total
intensity (including both green cells and red cells).

Immunocytochemistry

Briefly, the samples were fixed with 4% paraformalde-
hyde (PFA) and permeabilized with 0.2–0.5% Triton X-100.
The samples were then blocked for 30min and incubated
with various mouse or rabbit primary antibodies (Supple-
mentary Table S1) for 4 h. After washing, the cells were
incubated with the corresponding secondary antibody:
Alexa Fluor� 488 goat anti-Mouse IgG1, Alexa Fluor 594
goat anti-Rabbit IgG, or 594 donkey anti-goat IgG (Life
Technologies), for 1 h. The samples were counterstained
with Hoechst 33342 and visualized using a fluorescent mi-
croscope (Olympus IX70).29,32

Flow cytometry

To quantify the levels of various marker expressions, the
cells were harvested by trypsinization and analyzed by flow
cytometry.33 Briefly, 1 · 106 cells per sample were fixed
with 4% PFA and washed with staining buffer (2% fetal
bovine serum in phosphate-buffered saline). The cells were
permeabilized with 100% cold methanol, blocked, and then
incubated with various primary antibodies (Supplementary
Table S1) followed by the corresponding secondary anti-
body Alexa Fluor 488 goat anti-Mouse IgG1 or Alexa Fluor
594 Goat Anti-rabbit or Donkey Anti-Goat IgG. The cells
were acquired with BD FACSCanto� II flow cytometer
(Becton Dickinson) and analyzed against isotype controls
using FlowJo software.

Phagocytosis assay

The day 40 derived cells in 24-well plate were incubated
with medium containing 0.25–1.0· 108 fluorescent (0.86mm,
flash red, 660/690 nm) micron-sized particles of iron oxide
(MPIO)/mL (Part number ME03F/9772; Bangs Laboratories,
Fishers, IN) corresponding to the concentration at 2.5–10mg
Fe/mL.34,35 The attached cells that were not labeled with
MPIO served as control. After a 24-h incubation, the cultures
labeled with MPIO were extensively washed (10 times) with
phosphate-buffered saline. The cultures were then harvested
for flow cytometry to quantify the cells with MPIO.

Enzyme-linked immunosorbent assay

To quantify the growth factors secreted by stimulated or un-
stimulated astrocytes, culture supernatantswere collected onday
3 after the stimulation. Concentrations of vascular endothelial
growth factor A (VEGF-A) was measured by enzyme-linked
immunosorbent assay (ELISA) according to the manufacturers’
instructions (Life Technologies). Briefly, the samples were ad-
ded into 96-wps and incubatedwith primary/secondary antibody
solution conjugatedwith horseradish peroxidase for 2–3h. After
washing, 3,3¢,5,5¢-tetramethylbenzidine substrate solution was
addedand themixturewas incubated for 30min.The absorbance
units were measured using a microplate reader (Bio-Rad,
Richmond, CA).

ROS assay

ROS detection was performed using Image-iT� Live
Green Reactive Oxygen Species Detection kit (Molecular
probes).36,37 Briefly, the cells were washed in Hank’s Ba-
lanced Salt Solution (HBSS), and incubated in a solution of
25mM carboxy-H2DCFDA for 30min at 37�C. The samples
(with or without Ab42 oligomer stimulation) were then
washed and analyzed under fluorescence microscope or by
flow cytometry. As positive control, the cells were incubated
in a 100mM tert-butyl hydroperoxide (TBHP) solution, be-
fore staining with carboxy-H2DCFDA.

Intracellular Ca2+ signaling assay

For calcium signaling, the samples were replated on 1%
Geltrex-coated 96-well plate and grown overnight. The
growth medium was removed in each well and 100 mL of
1 ·Fluo-4 dye (Life Technologies) in assay buffer contain-
ing 1 ·HBSS and 20mM HEPES (with 2.5mM probenecid)
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was added into the wells and incubated at 37�C for 30min.
The incubation was switched to room temperature for an
additional 30min. Baseline Ca2+ signals (I494/I516) were
measured for more than 100 s, and then the calcium dye
medium was replaced with 100mL of 10 mM adenosine 5¢-
diphosphate (ADP; Sigma) solution in assay buffer (without
probenecid). Ca2+ recordings were read on a fluorescent
plate reader (FLX800; Bioinstrument, Inc., Winooski, VT)
using instrument settings appropriate for excitation at
494 nm and emission at 516 nm.

Reverse transcription-polymerase
chain reaction analysis

Total RNA was isolated from different cell samples using
the RNeasyMini Kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol, followed by the treatment of DNA-
Free RNA Kit (Zymo, Irvine, CA).28 Reverse transcription
was carried out using 2mg of total RNA, anchored oligo-dT
primers (Operon, Huntsville, AL), and Superscript III (In-
vitrogen, Carlsbad, CA) (according to the protocol of the
manufacturer). Primers specific for target genes (Supple-
mentary Table S2) were designed using the software Oligo

Explorer 1.2 (Genelink, Hawthorne, NY). The gene b-actin
was used as an endogenous control for normalization of ex-
pression levels. Real-time reverse transcription-polymerase
chain reaction (RT-PCRs) was performed on an ABI7500
instrument (Applied Biosystems, Foster City, CA), using
SYBR1 Green PCR Master Mix (Applied Biosystems). The
amplification reactions were performed as follows: 2min at
50�C, 10min at 95�C, and 40 cycles of 95�C for 15 s and 55�C
for 30 s, and 68�C for 30 s. Fold variation in gene expression
was quantified by means of the comparative Ct method:
2� (DCt treatment �DCt control), which is based on the comparison of
expression of the target gene (normalized to the endogenous
control b-actin) between the compared samples.

RNA extraction and RNA-Seq cDNA
library preparation

RNA was extracted from the LDN/SB+ condition-derived
astrocytes (minus group) or those treated with Ab42 oligomers
(plus group) on day 42 using the miRNeasy mini kit (Qiagen).
mRNA was isolated from the total RNA using an NEBNext
Poly(A) mRNA Magnetic Isolation Module (New England
Biolabs). cDNA libraries were generated from the isolated

FIG. 1. Generation of asteroids from hiPSCs. (A) Outline of differentiation stages for generating asteroids. Half of the
samples receive dual SMAD inhibition for the first week, while the other half do not. Asteroids are dissociated and replated
as single cells on day 26–33. (B) Phase-contrast images of morphology over the time for asteroids of both LDN/SB- and
LDN/SB+ conditions. Scale bar: 200mm. (C) Immunostaining of GFAP and S100B of astrocytic cultures. Scale bar: 100mm.
hiPSCs, human induced pluripotent stem cells. Color images are available online.
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mRNA using an NEBNext Ultra RNA library prep kit for Il-
lumina (New England Biolabs), and a unique 6 nucleotide in-
dex primer (NEBNext multiplex oligos for Illumina) was
incorporated into each sample. The library construction was
done according to the NEB manuals, modified for use with a
Beckman Biomek 4000 at the Florida State University Biolo-
gical Sciences core laboratory. The unique index (barcode)was
added to each library tomultiplex the libraries.Themultiplexed
sample was quantified with quantitative PCR (Kapa Biosys-
tems) specific for Illumina sequencing primers and the average
fragment size was determined with a Bioanalyzer high sensi-
tivity DNA chip (Agilent Technologies). The pooled sample
was sequenced, with single-end, 100 base reads on an Illumina
NovaSeq 6000 located in the Translational Science Laboratory
at the College of Medicine, Florida State University. The
pooled data were demultiplexed into individual sample data
and adapter primer sequences were removed.38

RNA-Seq data analysis

Initial quality control analysis of each sequenced librarywas
performed using fastQC software. The sequencing reads were
further analyzed using RNA-Seq Alignment version 1.1.1 (Il-
lumina BaseSpace application). The reads were aligned with
Star 2.6.1a39 to the human genome (genome release
GRCh38) using default parameters and counts for each gene
were generated. These normalized values account for dif-
ferences in sequencing depth and the length of the gene.
DESeq2 was used to determine statistically significant dif-
ferentially expressed genes (DEGs) (a false discovery rate,
FDR, of <0.05 was used). Around 14,926 genes were con-
sidered to be expressed in this study by the DESeq2 soft-
ware due to low counts.40 The genes that were upregulated
and downregulated in the minus culture versus the plus
group were further assessed for GO, KEGG pathway, and

FIG. 2. Characterization of hiPSC-derived asteroids by flow cytometry and RT-PCR. The differentiation was performed
using iPSK3 line for (A–D). (A) Representative expression of GFAP determined by flow cytometry. (B) Representative
expression of S100B and b-tubulin III quantified by flow cytometry. Black line: negative control; red line or blue line:
marker of interest. (C) Average marker expression determined by flow cytometry (n= 3). (D) Gene expression of brain
regional markers by RT-PCR analysis (LDN/SB- group) (n = 3). HOXB4: a hindbrain marker; hindbrain cerebellar markers:
NEPH3, MATH1, and OLIG2. Nkx2.1: a ventral forebrain cortical marker; TBR1: a dorsal forebrain cortical marker.
*indicates p< 0.05. (E) The differentiation was performed using Ep-iPSC line. (i) Phase-contrast images of morphology
over the time for asteroids of both LDN/SB- and LDN/SB+ conditions. Scale bar: 200mm. (ii) Expression of GFAP and
S100B quantified by flow cytometry. Black line: negative control; red line or blue line: marker of interest. RT-PCR, reverse
transcription-polymerase chain reaction. Color images are available online.
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phenotype pathway analysis using Webgestalt.41,42 The set
of genes considered expressed in our dataset was used as the
reference set to obtain significantly enriched pathways.
Significant enrichment was determined in Webgestalt using
the hypergeometric test and the Benjamini–Hochberg FDR
method43 for multiple testing adjustment.

Co-culture of cortical spheroids
with the derived astrospheres

Cortical spheroid differentiation was performed as pre-
viously described.30,31,44,45 For co-culture, the day 40 cor-
tical spheroids were replated onto the day 53 astrocyte layer,
which was treated with 1 mM Ab42 oligomers. The ratio of
neurons to astrocytes was estimated to be 1:1. LIVE/DEAD
assay was performed 7 days after the co-culture. The cor-
tical spheroids only treated with Ab42 oligomers served as
control. Another co-culture method was also performed. The
dissociated day 40 small astrospheres in suspension were
labeledwith CellTracker Green (2.5 mM;Life Technologies)
for 30min. The labeled astrospheres were added to the wells
containing day 40 cortical spheroids (1:1 ratio of neurons to
astrocytes). The ability of small astrospheres to fuse with
cortical spheroids was monitored using a fluorescent mi-
croscope.46 The co-cultured spheroids were replated onto
Geltrex-coated surface for 3 days. Immunostaining for
synaptic markers was performed with cortical spheroid
monoculture as control.

Statistical analysis

The representative experiments are presented and the
results are expressed as (mean – standard deviation). To
assess the statistical significance, one-way ANOVA fol-
lowed by Fisher’s LSD post hoc tests were performed. A
p-value <0.05 was considered statistically significant.

Results

Differentiation and characterizations
of iPSK3-derived asteroids

Upon passage, iPSK3 cells were cultured in suspension and
subjected to either dual SMAD inhibition with LDN193189
and SB431542 (hereinafter called ‘‘LDN/SB+’’) or without the
treatment (LDN/SB-) for the first 7 days in vitro (Fig. 1A).
After the first day, EBs were formed for both conditions
(Fig. 1B). LDN/SB--derived EBs seemed denser than LDN/
SB+-derived EBs and had a dark flake-like appearance,
whereas the latter were lighter in color and sphere like. All
cultures were treated with EGF/FGF-2/heparin until day 14 for
neural progenitor expansion; then the factors were switched to
RA/heparin until day 26 for astrosphere induction. After dis-
sociating and replating, only heparin was used for further
maturation until day 40–60. Immunostaining showed GFAP
expressionmainly localized in the cytoplasm (Fig. 1C). S100B
was localized in the cytoplasm and nucleus. Additional astro-
cyte marker vimentin was also expressed in the derived cells

FIG. 3. Calcium activity and extracellular matrix characterization of iPSK3-derived asteroids. (A) (i) Fluorescent image
that shows Ca2+ signaling (day 45); (ii) fluorescence reading of ADP treatment-induced Ca2+ change from baseline. (B)
Immunostaining of CSPG and HA on the replated asteroids (day 50). Blue: Hoechst 33342 for nuclei. Scale bar: 100mm.
ADP, adenosine 5¢-diphosphate; CSPG, chondroitin sulfate proteoglycans; HA, hyaluronic acid. Color images are available
online.
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(SupplementaryFig. S2A). Fromflowcytometry quantification
(Fig. 2–C), a large population of GFAP+ cells (92.9% and
80.9%) was observed, and S100B expression was similar for
the two conditions (52.8–53.8%). Dual SMAD inhibition
(LDN/SB+) resulted in more b-tubulin III+ cells when com-
paring to LDN/SB- group (55.1% vs. 25.1%), suggesting that
LDN/SB treatment enriches neuronal population (Fig. 2B, C).

To determine the brain regional identity of the derived
cells, GFAP was co-stained with regional identity markers:
FOXG1 (cortical dorsal identity), Nkx2.1 (cortical ventral
identity), and HOXB4 (hindbrain identity). A majority of
the cells expressed FOXG1 with some Nkx2.1 expression,
showing the astrocytes with cortical dorsal identity (Sup-
plementary Fig. S2B, C). The presence of some hindbrain
(HOXB4+) astrocytes was observed. The mRNA expression
of brain regional identity markers was quantified by RT-
PCR for LDN/SB- group (the yield of LDN/SB+ group was
too low, and the cells were unable to be analyzed) (Fig. 2D).
The isogenic hindbrain cerebellar spheroids were used as the
control (Supplementary Data).47 The expression levels of
hindbrain marker HOXB4, hindbrain cerebellar markers
NEPH3, MATH1, and OLIG2,47 and the ventral forebrain
cortical marker Nkx2.1 were significantly lower for the as-
trospheres. However, the expression of dorsal forebrain
cortical marker TBR1 was comparable for the two groups.
These results confirm the dorsal cortical identity of the as-
trospheres.

The astroglial differentiation was also performed using
Ep-iPSC line (Fig. 2E). A large population of GFAP+ cells
(61.0% and 87.0%) was observed, and S100B expression
was high (87.4%) for the LDN/SB- group. Since LDN/SB+

condition resulted in lower yield, S100B flow cytometry was
not performed due to an insufficient number of cells.

Astrocytes use Ca2+ signaling for intercellular commu-
nication10,48; thus, exhibition of the calcium signaling is an
important indicator of astrocyte function. Fluo-4 dye was
added to the cells of LDN/SB- and LDN/SB+ groups
(Fig. 3A). Upon ADP stimulation, the cells showed signif-
icant Ca2+ signals (I494/I516). ECM secretion, including
chondroitin sulfate proteoglycan (CSPG) and hyaluronic
acid (HA), was also visible by the derived cells (Fig. 3B).
Phagocytosis ability was shown by MPIO internalization as
quantified by flow cytometry (50.1%) (Fig. 4). The co-
staining with GFAP indicates that the GFAP+ cells, but few
GFAP- cells (2.5–4.0%), phagocytosed MPIO. The lower
MPIO+ cells (24.4–28.3%) in co-stained cells may be due to
the permeabilization of GFAP staining.

Response to Ab42 oligomers stimulation

As previously mentioned, accumulation of Ab42 oligo-
mers in the extracellular space is a hallmark of AD.49 In this
study, the effects of Ab42 oligomers were assessed in regard
to viability, ROS production, VEGF-A secretion, neural

FIG. 4. Phagocytosis ability of the replated iPSK3-derived asteroids (day 40). The replated cells were exposed to MPIO at
the concentration of 5mg Fe/mL for 24 h. The cells were then harvested, fixed, and stained for the expression of GFAP. The
MPIO+ cells (Alexa 647) and GFAP+ cells (Alexa 488) were quantified by two-color flow cytometry. MPIO, micron-sized
particles of iron oxide. Color images are available online.

ENGINEERING HUMAN STEM CELL-DERIVED ASTROGLIAL AGGREGATES 533

D
ow

nl
oa

de
d 

by
 R

EP
R

IN
TS

 D
ES

K
 IN

C
 fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
5/

27
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 

https://www.liebertpub.com/action/showImage?doi=10.1089/ten.tea.2019.0227&iName=master.img-003.jpg&w=490&h=313


inflammation gene expression (e.g., TNF-a and IL-6), and
the transcriptome change.

Ab42 oligomer stimulation appeared to have no sig-
nificant effect on the cell viability for LDN/SB- group
based on image analysis, but reduced cell viability for
LDN/SB+ group, probably due to the higher neuron pop-
ulation (Fig. 5A and Supplementary Fig. S3A). Based on
two-color flow cytometry (Supplementary Fig. S3B),
Ab42 oligomer stimulation slightly increased the per-
centage of dead cells from 8.0% to 16.3% for the LDN/
SB- group. The image analysis of ROS production sug-
gests that Ab42 oligomer treatment induced the oxidative
stress for both of LDN/SB- and LDN/SB+ groups (Fig. 5B
and Supplementary Fig. S4).

VEGF-A secretion was evaluated as a proinflammatory re-
sponse, since increased VEGF-A may increase the perme-
ability of BBB and promote leukocyte extravasation.13 In this
study, Ab42 stimulation induced VEGF-A expression for both
of LDN/SB- and LDN/SB+ groups (Fig. 6A). The concentra-
tion was comparable for the LDN/SB- (248– 18pg/mL) and
LDN/SB+ cells (168– 69pg/mL). RT-PCR analysis showed
the upregulation of TNF-a and IL-6 with Ab42 stimulation
(3.91– 0.40 vs. 0.68– 0.47 for IL-6 and 2.90– 0.11 vs.

0.80– 0.29 for TNF-a) on LDN/SB- samples (Fig. 6Bi). These
results indicate that the derived astrocyte population has
proinflammation response.

RT-PCR analysis also showed the downregulation of
MMP2 and MMP3, the ECM remodeling genes, with Ab42
stimulation (0.97 – 0.04 vs. 0.68 – 0.04 for MMP2 and
0.85 – 0.21 vs. 0.39 – 0.08 for MMP3) (Fig. 6Bii). GLUT1
(glucose transporter 1) expression was slightly upregulated
with Ab42 stimulation (0.94 – 0.09 vs. 1.20 – 0.09) and
TREM2 (Triggering receptor expressed on myeloid cells 2)
was downregulated (0.97– 0.04 vs. 0.40 – 0.10) (Fig. 6Biii).
TREM2 in the brain may have anti-inflammatory role and
interfere with the brain’s ability to prevent the buildup of
plaque. For example, TREM2 interacts with DAP12 in mi-
croglia to trigger phagocytosis of Ab peptides and apoptotic
neurons without inflammation.50,51

The effect of Ab42 stimulation on GFAP and S100B ex-
pressionwas examined onLDN/SB- samples by flow cytometry
(Fig. 7A). GFAP+ cells decreased from 56.6% to 39.1% with
Ab42 oligomer treatment, while S100B expression remained
similar (68.8% and 74.7% for -Ab42 and +Ab42 group, re-
spectively). The calciumsignaling in response toAb42oligomer
treatment was alsomeasured (Fig. 7B). For the LDN/SB+ group,

FIG. 5. Effects of Ab42 oligomer treatment on viability and oxidative stress of iPSK3-derived asteroids. (A) (i) LIVE/
DEAD assay images for cell viability; (ii) quantification of live cells over total cells (n = 3). (B) (i) Images of ROS assay.
Blue: Hoechst 33342 for nuclei. Scale bar: 100mm. (ii) Quantification of ROS levels (n = 3). *Indicates p < 0.05. Ab,
amyloid-b; ROS, reactive oxygen species. Color images are available online.
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calcium signaling was more activated by ADP after Ab42
oligomer treatment, while calcium signaling was comparable
before and after Ab42 oligomer treatment for LDN/SB- group.

RNA sequencing was performed for LDN/SB+ cells
without (minus) and with (plus) Ab42 oligomer treatment.
There were 3248 (21.8%) DEGs among a total of 14,926
detectable genes (Supplementary Fig. S5). One thousand
three hundred seventeen DEGs were upregulated in the
minus group and 1931 DEGs were upregulated in the plus
group. A majority of astrocyte-related genes were highly
expressed in the minus group (Table 1). GFAP (-0.333) and
S100B (-0.474) were slightly enriched in the minus
group. The gene that has the most change in fold was found
to be KCNJ10 (-1.358), the potassium voltage-gated chan-
nel subfamily J member 10. The genes related to chemo-
kines were altered between the minus and the plus groups
(Table 2). CXCL9 was highly expressed in the plus group
(2.275), while CCL2 (-1.565), CCL7 (-1.696), CCL3
(-1.741), CXCL1 (-1.925), and CXCL10 (-2.768) were
highly expressed in the minus group. The genes related to
AD were slightly changed (in the range of -0.623 to 0.703),
except A2M (Table 3). A2M (-1.409) encodes alpha-2-
macroglobulin, which acts as a carrier protein and binds to
numerous growth factors and cytokines, such as platelet-
derived growth factor, FGF-2, TGF-b, insulin, and IL-1b.
For genes related to neural functions (Table 4), excitatory
postsynaptic genes HOMER1 and SHANK3 had little

change, but inhibitory postsynaptic gene ARHGEF9-IT1
was significantly upregulated in the plus group (2.733). Both
dorsal (EMX1, SCGN, TBR1, and CALB2) and ventral
(NKX2-1, DLX1, NKX2-2, and CALB1) regional markers
were enriched in the minus group, as well as cortical marker
FOXG1 (-1.176). The DEGs associated with brain disorders
such as schizophrenia (ERG1, ERG3, and ARC) were also
enriched in the minus group. Pathway analysis using Web-
gestalt shows that the genes in a particular pathway (e.g.,
Alzheimer’s) were upregulated in the plus group (size = 146)
(Supplementary Tables S8–S12) and the minus group (e.g.,
distal axon, size = 247; and synapse part, size = 809)
(Supplementary Tables S13–S17) related to biological pro-
cess, molecular function, cellular component, and disease.

The metabolic genes related to glycolysis and oxidative
phosphorylation had little changes (from -0.316 to 0.363)
(Supplementary Table S3). However, KEGG analysis shows
that the plus group upregulated the genes related to oxidative
phosphorylation (size= 106) (Supplementary Tables S8–S12).
ECM remodeling genes MMP13 and 21 were enriched in the
plus group, while MMP1, 7, 10, and 12 were enriched in the
minus group (Supplementary Table S4). In addition, Wnt
pathway gene WNT8A was enriched in the plus group, while
WNT2 and WNT10A were enriched in the minus group
(Supplementary Table S5). Moreover, MAPK pathway DUSP
2, 4, 5, and 6 genes were enriched in the minus group (Sup-
plementary Table S6). For axon guidance genes, EFNA1

FIG. 6. Effects of Ab42 oligomer treatment on VEGF-A secretion and gene expression of iPSK3-derived asteroids (day
50). (A) VEGF-A secretion of iPSK3-derived asteroids (n = 3). (B) (i) TNF-a and IL-6 gene expression by RT-PCR analysis
(LDN/SB- group). (ii) MMP2 and MMP3 gene expression by RT-PCR analysis (LDN/SB- group). (iii) GLUT1 and
TREM2 gene expression by RT-PCR analysis (LDN/SB- group). n = 3. *Indicates p < 0.05. VEGF-A, vascular endothelial
growth factor A.
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(-1.123) and UNC5C (-0.623) were enriched in the minus
group, while most of other genes had little changes (Supple-
mentary Table S7). Taken together, Ab42 oligomers induced
transcriptome changes in the derived astrocyte-like cells.

Co-culture with cortical spheroids

Neuronal differentiation was performed using our previ-
ously published protocol (Supplementary Fig. S6).29 The dif-
ferentiated cells exhibited TBR1 (cortical layer VI), Nkx2.1
(cortical ventral cells), and b-tubulin III expression (up to
84.1%). The cells also exhibited GFAP (up to 52.2%) and tau
expression. For co-culturing cortical spheroids with astrocytes,
the spheroids attached onto the astrocyte layer and extensive
axonal growth were observed. The culture was treated with
Ab42 oligomers, which can cause cytotoxicity of the neuro-
nal cells (Fig. 8).29,31,52 The cortical spheroids without co-
culture showed a significant amount of dead cells (viability:
62.1%– 5.7%), while the cortical spheroids co-cultured with
astrocyte layer had higher viability (80–90%). These results
indicate the neuroprotective ability of the derived astrocytes.

For co-culturing cortical spheroids with astrospheres, the
astrospheres labeled with CellTracker green were observed
in the cortical spheroids (Supplementary Fig. S7A). Vi-
mentin co-staining with brain regional identity markers
FOXG1, Nkx2.1, and HOXB4 indicated the cortical identity
of the co-cultured spheroids and the presence of astrocytes
(Supplementary Fig. S7B). The presynaptic marker synapsin
I and postsynaptic marker PSD95 expression in the replated
co-cultured spheroids showed the synaptic activities com-
pared to the replated cortical spheroids alone (Supplemen-
tary Fig. S8). The quantification of synaptic activities needs
electrophysiology study in the future.

Discussion

Derivation of forebrain astrocytes from iPSCs
and characterizations

Our study derived the astrocytes through 3D spheroid
formation, which showed >70% S100B and GFAP ex-
pression. The cells also expressed vimentin, exhibited

FIG. 7. Effects of Ab42 oligomer
treatment on astrocyte marker ex-
pression and calcium signaling. (A)
Expression of GFAP and S100B
determined by flow cytometry
(LDN/SB- group). Black line:
negative control; red line: marker
of interest. (B) Fluorescence read-
ing of ADP treatment-induced Ca2+

change from baseline, with or
without Ab42 oligomer treatment.
Color images are available online.
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Ca2+ signaling, and secreted CSPG and HA. Co-staining
GFAP with FOXG1 (cortical dorsal identity), Nkx2.1
(cortical ventral identity), and HOXB4 (hindbrain iden-
tity), as well as RT-PCR analysis (HOXB4, NKX2.1,
TBR1, NEPH3, MATH1, and OLIG2), showed that ma-
jority of cells were dorsal forebrain cortical astrocytes,
although hindbrain astrocytes were also present. Astro-

cytes have the diversity phenotype depending on the re-
gional neural progenitors that switch to gliogenesis.53–55

The region-specific astrocytes may selectively support
neuron growth in the corresponding region.56 The gen-
eration of anterior hindbrain glial progenitors (which give
rise to astrocytes and oligodendrocytes) expressing EN1
and GBX2 from hPSCs was recently reported.57 Based on
cerebellar differentiation in our laboratory, predominant
hindbrain astrocytes may be derived by switching the
cerebellar neural progenitors to gliogenesis.

The expression of both astrocyte and neuronal markers
in our study indicates that the protocol results in a mixed
cell population. Based on our results, the presence of
LDN and SB promoted neuronal populations (43–55% vs.
15–25% b-tubulin III+ cells, corresponding to 1:1 vs. 1:4
ratio of neurons to astrocytes, respectively). While EGF
and FGF-2 are the common mitogens to maintain neural
progenitors, the astrocyte induction in this study was
performed using RA and heparin, which are more suitable
for spheroid-based differentiation.5,21 Other factors used
previously include platelet-derived growth factor-AA9

and fetal bovine serum.14

In addition, the maturation of iPSC-derived astrocytes
still need further investigation in future.19 For example, the
Ca2+ signaling observed in this study is still preliminary.
Measuring different Ca2+ signaling subtypes requires the
maturation of iPSC-astrocytes. Moreover, the contribution of
astrocytes to the synaptic activities of neurons would re-
quire electrophysiology studies. Ciliary neurotrophic factor

Table 1. Genes Associated with Astrocyte-

Related Phenotype

Gene name Base mean Log2 fold change

ALDH1L1 25.855 0.360
VIM 231888.103 0.125
GJA1 7114.245 0.024
WIF1 18.542 -0.164
NOTCH1 22238.343 -0.176
NFIA 1071.852 -0.180
SLC1A2 2282.437 -0.205
NFIB 1097.912 -0.234
HEPACAM 1.995 -0.249
SLC1A3 3391.528 -0.320
GFAP 13.492 -0.333
AQP4 51.641 -0.336
SOX9 9946.525 -0.340
TNC 523.672 -0.470
S100B 46.013 -0.474
CD44 1203.306 -0.494
NKX6-1 32.004 -0.591
NFIX 114.032 -0.977
OLIG2 156.832 -1.056
RYR3 37.329 -1.112
KCNJ10 251.734 -1.358

The numbers are the Log2 values of ratios of minus to plus.
Negative values indicate that the genes are present in higher
amounts in the minus group, while positive values indicate that the
genes are present in higher amounts in the plus group.

Table 2. Genes Associated with Chemokines

Gene name Base mean Log2 fold change

CXCL9 0.492 2.275
IL16 159.440 0.223
MIF 23626.705 0.148
VEGFA 9484.308 -0.221
CCL5 1.024 -0.308
TNF 19.139 -0.402
IL17B 3.756 -0.453
IL11 145.864 -0.545
CXCL12 221.337 -0.568
CXCL16 21.137 -0.617
IL15 11.996 -1.048
CXCL2 45.320 -1.235
IL6 5.848 -1.463
CCL2 763.862 -1.565
CCL7 0.266 -1.696
CCL3 0.283 -1.741
CXCL1 23.020 -1.925
CXCL10 3.734 -2.768

The numbers are the Log2 values of ratios of minus to plus.
Negative values indicate that the genes are present in higher
amounts in the minus group, while positive values indicate that the
genes are present in higher amounts in the plus group.

Table 3. Genes Associated to Alzheimer’s Disease

(Neurodegeneration)

Gene name Base mean Log2 fold change

CTSF 1067.602 0.703
HLA-DRB1 13.262 0.615
PLD3 17748.264 0.543
MAPT 7854.046 0.446
APP 45281.372 0.354
ABCA7 1848.781 0.256
TRIP4 946.195 0.244
SORL1 1326.684 0.225
CLU 14968.684 0.208
PSEN1 3682.795 0.165
BIN1 3191.441 0.158
PICALM 5208.351 0.106
PTK2B 427.152 0.030
PSEN2 237.199 -0.064
APOE 2053.863 -0.074
FERMT2 2490.459 -0.077
CD2AP 1547.338 -0.125
MEF2C 162.879 -0.159
CELF1 13117.991 -0.179
ZCWPW1 66.346 -0.184
CASS4 36.346 -0.187
EPHA1 13.662 -0.340
RIN3 131.679 -0.354
UNC5C 275.537 -0.623
A2M 108.303 -1.409

The numbers are the Log2 values of ratios of minus to plus.
Negative values indicate that the genes are present in higher
amounts in the minus group, while positive values indicate that the
genes are present in higher amounts in the plus group.

ENGINEERING HUMAN STEM CELL-DERIVED ASTROGLIAL AGGREGATES 537

D
ow

nl
oa

de
d 

by
 R

EP
R

IN
TS

 D
ES

K
 IN

C
 fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
5/

27
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



(CNTF) and bone morphogenetic protein (BMP)-4 are the
common growth factors for astrocyte maturation, which can
take 3 months.2 The iPSC-astrocytes from our study may still
be at the progenitor stage (40–60 days of differentiation) and
the maturation may be enhanced using CNTF and BMP-4.

Immune response of iPSC-astrocytes
to Ab42 oligomers

To date, most neuroinflammatory studies on iPSC-derived
astrocytes used LPS, TNF-a, and IL-1b to stimulate in-
flammatory response.9,58 Different inflammation cytokines
such as IL-1b, TNF-a, and IL-6 were found to differentially
modulate astrocyte transcriptomes and the secretion profiles
of cytokines.58,59 However, few studies have evaluated the

influence of Ab42 oligomers. Our previous studies have
used Ab42 oligomers to evaluate the toxicity response of
neuronal population only.29,31,45 In addition, the stimulation
of iPSC-derived microglia-like cells with Ab42 oligomers
was investigated for M1-type immune response.60 In paral-
lel, this study evaluated the stimulation of macroglia-like
cells with Ab42 oligomers, showing the increased VEGF-A
secretion and upregulation of TNF-a and IL-6 by RT-PCR.
The release of VEGF-A may disrupt the endothelial BBBs
and increase leukocyte extravasation, therefore indicating
the proinflammatory response.13 The cell viability did not
change significantly, but the oxidative stress increased. To-
gether, our results demonstrate the proinflammation respon-
sive properties of the derived astrocytes to Ab42 oligomers.

Astroglia was reported to have both proinflammatory and
anti-inflammatory phenotype.13,61 Through genomics analysis,
reactive astrocytes in ischemia have been shown to exhibit a
molecular phenotype that is beneficial or protective for tissue
repair, while reactive astrocytes induced by LPS (proin-
flammatory) exhibited a phenotype that may be detrimental
and induce cytotoxicity.62 Similarly, other studies also show
that astrocytes can release proinflammatory molecules such as
TNF-a, IL-6, VEGF, and CCLs (A1 phenotype),13 while
ischemia-caused lesion shifts astrocytes toward neuroprotec-
tive mechanism (A2 phenotype).63,64 It was suggested that A2
phenotype might be mediated by JAK-STAT3 signaling to
support neuronal regeneration, while A1-reactive astrocytes
might be induced by NF-kB signaling.63 It has been found that
primary neurons co-cultured with A1 astrocytes had 50% less
synapses compared to those grown with resting astrocytes.64

Our future study needs to evaluate the A2 phenotype of the
derived cells in an injury model such as ischemia stroke.

Our study also used genomics tools to evaluate the tran-
scriptome of Ab42 oligomer-stimulated hiPSC-astrocytes
(LDN/SB+ group) to elucidate the reactive astrocyte phe-
notype in response to Ab42 oligomers. The analysis showed
21.8% of differentially expressed genes. The chemokine
gene profile and brain regional marker expression (e.g.,
dorsal markers EMX1, SCGN, TBR1, and CALB2, and
ventral markers NKX2-1, DLX1, NKX2-2, and CALB1)
were altered by Ab42 oligomers. Pathway analysis using
Webgestalt showed the genes in a particular pathway (e.g.,
Alzheimer’s) were upregulated and KEGG analysis showed
that Ab42 oligomers upregulated the genes related to oxi-
dative phosphorylation. The immune response may be re-
lated to the exact cell population that received the treatment.

This study used healthy iPSCs for the astroglial differen-
tiation. One step further, the disease-specific iPSCs, for ex-
ample, iPSCs with PSEN1 M146V mutation used in our
previous studies,45,65 can be investigated for the differentiated
macroglia plasticity and tissue homeostasis. Full recapitula-
tion of the reactive astrocyte phenotype in the iPSC-based
models is still a challenge and needs further investigated.

Astrocytes or astrosphere co-culture
with isogenic cortical spheroids

Our results showed that co-culturing cortical spheroids
with isogenic astrocytes has better neuroprotective ability
(i.e., higher cell viability) upon Ab42 oligomer treatment.
The beneficial effects of astrocytes on neuron functions have
been reported in different iPSC-based models.21,66 For

Table 4. Genes Related to Neural Functions

and Brain Regional Markers

Gene name Base mean Log2 fold change

Excitatory postsynaptic
HOMER1 666.638 -0.030
SHANK3 5991.134 0.261

Inhibitory postsynaptic
ARHGEF9-IT1 0.669 2.733
GPHN 1555.701 0.151

Ventral
CALB1 121.412 -0.559
NKX2-2 20.564 -0.750
DLX1 104.277 -0.949
NKX2-1 1.507 -1.190

Dorsal
CALB2 28.325 -0.643
TBR1 196.970 -0.663
SCGN 1.023 -1.858
EMX1 1.614 -2.556

Cortical
SATB2 278.691 0.166
PAX6 11181.644 0.009
PAX7 1514.976 -0.260
PROX1 2320.654 -0.410
FOXG1 16.606 -1.176

Ventramedial
SLIT1 12579.859 0.406

Spinal cord
CACNA1A 1243.881 0.158
HOXA3 4536.592 -0.029
GDF6 123.980 -0.153
HOXB4 7048.303 -0.179
HOXB3 15635.662 -0.230
KCNJ6 33.366 -0.365

Schizophrenia
ARC 1231.107 -0.507
EGR1 7106.539 -1.097
EGR3 153.638 -1.311

Others
GPM6A 2631.968 0.006
HSPA8 54553.583 0.071
HNRNPA1P33 8.069 0.368

The numbers are the Log2 values of ratios of minus to plus.
Negative values indicate that the genes are present in higher
amounts in the minus group, while positive values indicate that the
genes are present in higher amounts in the plus group.
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example, the hiPSC-derived neuronal models (using com-
mercial iCells) with different ratios of excitatory and in-
hibitory neurons in the presence of astrocytes have been
evaluated.67 The co-cultures can be modulated with sei-
zurogenic compounds picrotoxin and endosulfan, and the
neurotoxicant methylmercury. However the chemical-
induced effects on some neuronal activities, such as mean
spike rate and mean burst rate, may depend on the ratio
of inhibitory and excitatory neurons.67 Co-culture of
iPSC-dopaminergic neurons with astrocytes can rescue the
mitochondria defects in neurons, normal neuronal differen-
tiation, and synaptogenesis.12 Pathogenic crosstalk between
neurons and astroglial cells was also modeled based on
patient-specific iPSCs, which elucidates the contribution of
astrocyte-derived a-synuclein accumulation to neurodegen-
eration of Parkinson’s disease.68 Astrocytes also contribute
to the synaptic function of the neurons,69 indicated by
electrophysiology (i.e., synaptic activities), in response to
drug N-Methyl-d-aspartic acid (NMDA) and a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) re-
ceptor antagonists. iPSC-astrocytes were found to promote
action potential firing and synaptic activities of the iPSC-

neurons.70 It was suggested that the exosomes may be the
major mediators of neuron-glia communication.71

iPSC-astrocytes also can be used for constructing in vitro
BBB models. A few recent iPSC-based isogenic BBB models
with three cell types (endothelial cells, neurons, and astrocytes)
or including brain-specific pericytes as the fourth cell type72

were established based on the differentiation of brain-like
microvascular endothelial cells from hiPSCs.5,6 The presence
of astrocytes improved formation and maintenance of tight
junctions. Our previous study assembled iPSC-derived vas-
cular spheroids and cortical spheroids.46 Introducing isogenic
astrocytes in the 3D forebrain spheroid models may further
enhance the cellular function of 3D cortical spheroids.

Conclusions

This study derived and characterized astroglial spheres
from hiPSCs, which express astroglial markers and show
Ca2+ signaling. Dual SMAD inhibition with LDN and SB
enriched neuronal population. The immune response to
proinflammatory factor Ab42 oligomers was shown to alter
chemokine gene profile and brain regional markers. Cell

FIG. 8. Cell viability of co-cultured iPSK3 astrocytes with isogenic cortical spheroids treated with Ab42 oligomers.
Cortical spheroids (day 40) were replated onto day 53 astrocyte layer treated with Ab42 oligomers (1 mM). LIVE/DEAD
assay was performed 7 days after co-culture. (A) Images of LIVE/DEAD assay for the co-cultured cells. Cortical spheroids
without co-culture treated with Ab42 oligomers served as control. Scale bar: 100mm. (B) Quantification of live cells over
total cells (n= 3). *Indicates p < 0.05. (C) Viability of the co-cultured cortical spheroid outgrowth treated with Ab42
oligomers (day 42) quantified by two-color flow cytometry. The cortical spheroid outgrowth was differentially harvested
using Accutase. Color images are available online.
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viability did not decrease, but oxidative stress increased with
Ab42 oligomer treatment for the derived cells. The immune
response also includes the increased expression of TNF-a and
IL-6. Co-culturing the isogenic cortical spheroids with the
derived astroglial cells showed neuroprotective ability of the
co-culture. This study provides insights of reactive astrocytes
as well as neural-astroglial cell interactions during neural
tissue patterning from hiPSCs and has significance in 3D
neural tissue modeling and degeneration/regeneration.
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