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Abstract

Background Astrocytes have recently gained attention as key players in the pathogenesis of neurodegenerative
diseases, including Alzheimer’s disease. Numerous differentiation protocols have been developed to study human
astrocytes in vitro. However, the properties of the resulting glia are inconsistent, making it difficult to select an appro-
priate method for a given research question. Therefore, we compared three approaches for the generation of iPSC-
derived astrocytes. We performed a detailed analysis using a widely used long serum-free (LSFP) and short serum-free
(SSFP) protocol, as well as a TUSP protocol using serum for a limited time of differentiation.

Results We used RNA sequencing and immunochemistry to characterize the cultures. Astrocytes generated

by the LSFP and SSFP methods differed significantly in their characteristics from those generated by the TUSP method
using serum. The TUSP astrocytes had a less neuronal pattern, showed a higher degree of extracellular matrix forma-
tion, and were more mature. The short-term presence of FBS in the medium facilitated the induction of astroglia
characteristics but did not result in reactive astrocytes. Data from cell-type deconvolution analysis applied to bulk
transcriptomes from the cultures assessed their similarity to primary and fetal human astrocytes.

Conclusions Overall, our analyses highlight the need to consider the advantages and disadvantages of a given dif-
ferentiation protocol for solving specific research tasks or drug discovery studies with iPSC-derived astrocytes.
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Background

Astrocytes are now widely recognized as critical ele-
ments in maintaining neuronal homeostasis and defend-
ing against pathologies, including Alzheimer’s disease
(AD) [1]. Astrocytes express numerous homeostatic
pathways that support the functional activity of the cen-
tral nervous system and provide an important neuropro-
tective function. Astrocytes also produce substances that
stimulate neurogenesis and synaptogenesis, thereby facil-
itating communication between neurons [2]. In addition,
astrocytes and other neuroglial cells play a crucial role
in the immune response of the central nervous system
(CNS) and act as a primary defense system by regulating
the volume and composition of the extracellular space.
Astrocytes are also affected by pathological changes,
such as those affecting neuronal cells.

Astrocytes play a role in the pathogenesis of neurode-
generative diseases such as AD, Parkinson’s disease, and
amyotrophic lateral sclerosis [1, 3, 4]. In patients with
AD, astrocytes undergo complex changes, leading to both
a loss of function and the accumulation of reactive cells.
Reactive astrogliosis represents a defensive mechanism
wherein astrocytes experience both morphological and
functional transformations in response to brain injuries
or diseases such as AD [5].

From the above, it follows that detailed research on
astrocytes in both the normal brain and the brains of
individuals with AD is crucial for understanding the
pathogenesis of AD. Unfortunately, research on astro-
cytes using model organisms often fails to capture some
pathological processes occurring in AD. Moreover,
human astrocytes are much more complex and diverse,
and their morphology significantly differs from that of
rodent and primate astrocytes [6]. They exhibit notable
ontogenetic and heterogenous characteristics, which
are pivotal for their multifaceted functions. A compre-
hensive understanding of the development and identifi-
cation of astrocytes through the use of specific markers
across the various stages of their maturation is essen-
tial for the study of their role in the CNS. Astrocyte
development has been observed to originate from the
embryonic stage, with neural progenitor cells (NPCs)
and radial glial cells (RGCs) serving as the initial differ-
entiating cells into neurons. As neurogenesis declines,
the same progenitors begin to give rise to astrocytes [7].
Nevertheless, the precise mechanisms underlying the
gliogenic switch remain unclear. These include the acti-
vation of the Notch signaling pathway in radial glia [8],
which promotes astrogenesis, and the stimulation of glio-
genesis through stimulation of the JAK-STAT signaling
pathway [9] by cytokine release by neurons and growth
factors like bone morphogenetic proteins (BMPs) or cili-
ary neurotrophic factor (CNTF). Glutamate aspartate
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transporter (GLAST) and glial fibrillary acidic protein
(GFAP) are pivotal markers in the initial stages of astro-
cyte development, followed by markers such as aldehyde
dehydrogenase 1 family member L1 (Aldh1L1) and S100
calcium-binding protein B (S100p), which indicate the
onset of specialized functions during the maturation of
astrocytes. The most prominent markers in fully mature
astrocytes are aquaporin-4 (AQP4), connexin-43 (Cx43),
glutamate transporters excitatory amino acid transport-
ers 1 and 2 (EAAT1/2), and GFAP, with expression vary-
ing by CNS region and functional requirements [10].
Although GFAP is an essential and commonly utilized
marker for identifying astrocytes, its expression is mark-
edly variable across diverse astrocyte cultures, differ-
ent brain regions, and distinct astrocyte subgroups [11].
Furthermore, GFAP is also expressed by early glial pro-
genitor cells, which give rise to both astrocytes and oligo-
dendrocytes [12].

Despite the comprehensive description of the mor-
phological diversity of astrocyte populations by Ramoén
y Cajal [13], astrocytes have historically been classi-
fied as fibrous or protoplasmic based on their location
in white or gray matter, respectively. New technologi-
cal approaches have revealed striking astrocyte diversity
between and within brain regions. However, the diversity
of astrocytes within a given brain region may be attrib-
uted to developmental patterning events and/or local
adaptations of astrocytes to their environment [14]. This
represents a continuum of transcriptional profiles rather
than distinct subtypes. In response to CNS injury, neu-
rodegeneration, or infection, astrocytes undergo rapid
changes collectively referred to as astrocyte reactivity. To
elucidate the diversity, regulation, and functions of astro-
cyte reactivity, two distinct types of reactive astrocytes
have recently been characterized: the neurotoxic or pro-
inflammatory phenotype (A1) and the neuroprotective
or anti-inflammatory phenotype (A2) [15]. Rodriguez-
Giraldo et al. (2022) [16] and Sery et al. (2020) [17]
review the dual role of astrocytes and microglia in the
pathogenesis of AD, which can be both neuroprotective
and neurotoxic, depending on the stage of AD and micro
environmental factors. This impairment of the function
of these glial cells may be one of the mechanisms leading
to the primary lesion that contributes to the pathogenesis
of AD.

In order to understand the intricate regulation of
astrocyte reactivity during neuroinflammation, human
induced pluripotent stem cell (hiPSC) technology offers
an innovative and potentially ground-breaking means
of exploring the essential mechanisms of CNS disease.
Recently, multiple research teams have produced hiPSC-
derived astrocytes; however, these methods remain
challenging and require prolonged and/or technically
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complex protocols [18, 19]. Currently, there are two basic
approaches to astrocytes induction. The first method
involves using fetal bovine serum (FBS) in the differentia-
tion medium to initiate the differentiation of progenitor
cells into astrocytes and reduce neuron formation [19,
20]. However, it has been suggested by other studies that
the use of FBS during astrocyte induction may affect the
phenotype, reactivity, and gene expression of matured
astrocytes [21-23]. As a result, serum-free procedures
for inducing astrocytes have been developed [24, 25]. To
accelerate the glial switch in the absence of bovine serum,
cells are exposed to epidermal growth factor (EGF) and
leukemia inhibitory factor (LIF), which activate the JAK/
STAT pathway, while EGF acts as an inhibitor of pre-
mature differentiation of NPCs into neurons [26]. Both
methods converge during the astrocyte maturation
phase, which is facilitated by the presence of CNTF [20,
23].

Previous studies have shown that differentiation pro-
tocols for the generation of hiPSC-derived astrocytes
vary in terms of reproducibility, maturation stage, and
the resulting astrocytes’ functionality and phenotype [20,
23, 27, 28]. This study aimed to compare protocols for
the differentiation of astrocytes from hi-PSCs that differ
in the timing, basic steps, and media used for astroglial
progenitor cell induction and astrocyte maturation. We
compared two slightly modified versions of the recently
introduced protocol established by Perriot et al. [23],
which uses a serum-free medium, with the rapid and
robust differentiation protocol of Szeky et al. [29]. Both
protocols are based on neural stem cells (NSCs) gener-
ated by the dual-SMAD inhibition method [30], followed
by initiating astrocyte differentiation. Maturation status
and activation state of the astrocytes were investigated by
using RNA-seq and metabolomic analysis.

Methods

Cell line description

The non-diseased human iPSC line (BIOT.009) used in
this study is derived from a healthy female donor and has
been previously characterized [31, 32]. Neural stem cells
(NSCs) were generated from the iPSCs by dual inhibi-
tion of the SMAD signaling pathway using LDN193189
and SB431542 [20], then subsequently used for astrocyte
differentiation. SMAD inhibitors were added during the
first 21 days of neural induction and FGF was used for
both the induction and expansion of the NSCs.

Differentiation of iPSCs-derived NPCs to astrocytes
NPC expansion

NPCs were thawed in completed neural maintenance
medium (NMM) (containing 50% DMEM/F12 with
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glutamine, 50% Neurobasal medium, 1X B27 supple-
ment, 1X N2 supplement, 1% Penicillin/Streptomycin,
1% GlutaMax (all purchased from Gibco), non-essential
amino-acids (Sigma), completed with 10 ng/mL recom-
binant human epidermal growth factor, and 10 ng/
mL basic fibroblast growth factor) supplemented with
Rhock-inhibitor at a final concentration of 10 uM and
plated into poly-L-ornithine/laminin-coated dishes. On
the next day, the medium was changed to completed
NMM. The cell culture medium was changed every two
days. Thawed NPC lines were propagated for the next
passage (with a density of 100.000 cells/cm?) and seeded
into Matrigel-coated dishes for astrocyte differentiation
at day 10, upon reaching confluence again, (with a cell-
density of 50.000/cm?).

LSFP method of Astrocyte differentiation

We used the modified version of the method published
by Silvain Perriot [23] utilizing the glial progenitor cells
(GPCs) expansion step described by [33]. NPCs at day 10
were seeded into poly-L-ornithine/laminin-coated plates
at a density of 50.000 cells/cm? and maintained in GPC
expansion medium (containing DMEM/F12 Glutamax,
1X B27-A supplement, 1X N2 supplement completed
with 10 ng/ml recombinant human EGF and 10 ng/ml
basic fibroblast growth factor (FGF2)) for 2 weeks. The
medium was changed every two days. At day 24, cells
were seeded into Matrigel-coated plates at a density of
50.000 cells/cm? and maintained in astrocyte induction
medium (containing DMEM/F12 Glutamax with 1X
B27-A supplement, 1X N2 supplement completed with
10 ng/ml recombinant human EGEF, and 10 ng/ml LIF)
for 2 weeks. The medium was changed every two days. At
day 36, cells were plated into Matrigel (50.000 cells/cm?)
in astrocyte maturation medium, which was DMEM/F12
Glutamax medium containing 1X B27-A supplement, 1X
N2 supplement, and 20 ng/ml recombinant CNTF (Pep-
roTech, UK). Cells were kept in maturation medium for
4 more weeks with medium changes every two days and
cultures were inspected by light microscopic imaging.

SSFP method of Astrocyte differentiation

We used the modified version of the method published
by Silvain Perriot [24]. NPCs at day 10 were seeded
into Matrigel-coated plates at a density of 50.000 cells/
cm? and maintained in astrocyte induction medium
(containing DMEM/F12 Glutamax with 1X B27-A sup-
plement, 1X N2 supplement completed with 10 ng/ml
recombinant human EGF, and 10 ng/ml LIF) for 2 weeks.
Medium was changed every two days. When the culture
reached confluence, cells were passaged using Accutase
for cell-dissociation and seeded into Matrigel-coated
6-well plates with 50.000 cells/cm? At day 24, cells
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were plated into Matrigel (50.000 cells/cm?) in astrocyte
maturation medium, which was DMEM/F12 Glutamax
medium containing 1X B27-A supplement, 1X N2 sup-
plement and 20 ng/ml recombinant CNTF (PeproTech,
UK). Cells were kept in maturation medium for 4 more
weeks with medium changes every two days and cultures
were inspected by light microscopic imaging.

TUSP method of Astrocyte differentiation and treatment
We used our previously described method of Szeky et al.
(2024) [29]. Briefly, the NPCs at day 10 were seeded into
Matrigel-coated plates at a density of 50.000 cells/cm?
and maintained in the astrocyte induction medium (Sci-
enceCell’s astrocyte growth medium supplemented with
2% FBS) for 4 weeks. The medium was changed every two
days. When the culture reached confluence, cells were
passaged using Accutase for cell dissociation and seeded
into Matrigel-coated 6-well plates with 50.000 cells/
cm?. At day 42, cells were plated into Matrigel (50.000
cells/cm?) in astrocyte maturation medium, which was
serum-free astrocyte growth medium containing 20 ng/
ml recombinant human CNTF (PeproTech, UK). Cells
were kept in maturation medium for 4 more weeks
with medium changes every two days and cultures were
inspected by light microscopic imaging.

On day 70 after the end of maturation phase the cells
were treated in triplicates with 500 nM Ap42 (Biotalen-
tum, HU) or 150 uM H,0O, for 2 h. Cellular pellets for
RNAseq and cellular media for IL-6 analysis were col-
lected 72 h after the treatment.

Analysis of IL-6

The concentration of IL-6 was determined from 105 pl of
collected media samples by Interleukin-6 (IL-6) ACCES
Immunoassay kit (A16369, Beckman Coulter, USA) on
DxI Access Immunoassay Analyzer (Beckman Coulter,
USA) according to Instructions.

RNA-Seq experiment

The cellular pellet samples were used to isolate total RNA
with TRI Reagent (Merck, USA) and RapidOutput DNA
removal kit (ThermoFisher Scientific, USA). A Qubit 4
fluorometer (ThermoFisher Scientific, USA) and Frag-
ment Analyzer (Agilent, USA) were used to analyse the
isolated RNA for quantity and quality, respectively. Com-
plementary DNA (cDNA) libraries were synthesized
using the NEBNext® Poly(A) mRNA Magnetic Isolation
Module and NEBNext® Ultra™ II RNA Library Prep Kit
for Illumina® (NEB, UK). The concentration and quality
of cDNA libraries were assessed using a Qubit 4 fluo-
rometer (ThermoFisher Scientific, USA) and Fragment
Analyzer (Agilent, USA). The cDNA samples were then
diluted to 4 nM and sequenced on the Illumina NextSeq®
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platform with NextSeq® 500/550 High Output Kit v2.5
(150 cycles) (Illumina, USA), generating 75 bp pair-end
reads, and on the Illumina NovaSeq® 6000 platform with
NovaSeq® S4 300 kit (Illumina, USA), generating 150 bp
pair-end reads. The sequencing data, along with the cor-
responding metadata, are available in the NCBI Gene
Expression Omnibus (GEO) repository under the acces-
sion number GSE269743.

Sequencing analysis

Data processing was performed as described previously
[34]. Briefly, raw sequencing reads were quality-checked
using FastQC [35] and were subsequently trimmed using
Trim Galore [36]. Following this, the reads were aligned
to the human genome sequence hg38, employing the R
packages Rbowtie2 [37] and Rsamtools [38]. Differential
analysis of count data was performed using the R package
DeSeq2 [39]. Transcripts exhibiting |log2 fold change|>1
and q<0.01 (FDR-adjusted P-values) were identified as
differentially expressed genes (DEGs). Cluster analy-
sis was conducted using the R packages pvclust [40]
and dendextend [41]. To determine the cell type, the R
package clustifyr [42] was employed against the scRNA-
seq human cortex database [43]. Cellular deconvolu-
tion was carried out using BrainDeconvShiny [44] with
the assistance of dtangle [45] and the NG database [46].
Heatmaps were constructed using R package Complex-
Heatmap [47].

Immunocytochemistry

25-75.000 astrocytes/cm? were plated into Matrigel-
coated 24-well plates, (containing glass coverslips). On
the next day, the cells were fixed with 4% paraformalde-
hyde, which was followed by permeabilization by 0.2%
Triton X-100. Samples were blocked by 3% BSA for 1 h
and incubated with the primary antibodies indicated
in S1 Table for overnight. Next day, the samples were
washed with phosphate-buffered saline (PBS), then
incubated with secondary antibodies goat anti-chicken
Alexa-488 (#A11039) and donkey anti-mouse Alexa-647
(#A31571), (all purchased from Invitrogen). Nuclei were
stained by DAPI. We used Apotome 2 microscope (Zeiss,
DE) for fluorescence microscopy imaging.

AMK Analysis

The AMK analysis was performed as previously
described in [48]. Briefly, the cultivation medium sam-
ples were thawed and mixed with acetonitrile (ACN) to
precipitate the proteins. Then, the samples were derivat-
ized with 8.33 mM NaCN, reaction buffer, and 4 pM nVal
(internal standard). The analysis was performed on the
Agilent G7100A CE System (Agilent Technologies, Ger-
many) coupled with external collinear LEDIF detector
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ZETALIF™ LED 480 (Picometrics, France) using an exci-
tation wavelength of 488 nm and emission 515 nm long-
pass filter. The derivatized samples were injected into the
capillary with a pressure of 50 mbar for 3 s.

Results

Over the past decade, it has become evident that astro-
cytes play a complex role in the pathology of neurode-
generative diseases, including AD [1, 2]. To investigate
the involvement of astrocytes in pathological mecha-
nisms, disease modelling using iPSC-derived cultures
has become a popular approach due to the limitations
of current animal models. However, the remarkable het-
erogeneity and plasticity of astrocytes have made it chal-
lenging to develop an optimized, short, and cost-effective
protocol for producing astrocyte cells in monoculture
in vitro [19]. Several protocols have been published in
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recent decades with the aim of inducing a homogeneous
population of functional matured astrocytes in the short-
est possible time for the study of AD [18, 20, 24, 27, 33,
49]. However, it remains unclear which protocol is most
suitable for the research question. To answer this ques-
tion, we compared two previously published protocols
for generating hiPSC-astrocyte populations that display
a phenotype and functions similar to those of human
primary astrocytes. We used a validated hiPSC-derived
neural progenitor line BIOT.009 negative for the APOE4
allele and did not carrying any chromosomal aberra-
tions or known mutations associated with familial AD.
The first 8-week protocol, termed the 'Long Serum-
Free Protocol’ (LSFP), is based on the method of Perriot
et al. [23]. The medium does not contain FBS (as shown
in Fig. 1) because its presence can alter astrocyte gene
expression, leading to a reactive astrocyte phenotype that

AM1
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Fig. 1 The differentiation of the astrocytic cultures in this study. Overview of the three used protocols based on medium comprised of DMEM-F12

Basal astrocyte medium, AGS, CNTF
D70

51008 o, | AQP4

Jsoum |

neurobasal medium and supplements media without FBS (LSFP and SSFP) and commercially available basal astrocytes medium (ScienCell)
with the addition of FBS during the induction phase (TUSP). Representative bright-field images and immunofluorescence staining images

of hiPSC-derived astrocytes expressing GFAP (Green), S100p (blue), and AQP4 (light blue). Scale bars, 50 pm. Pictures were acquired with a Zeiss
Apotome 2 microscope. AGS, Astrocyte Growth Supplement (ScienCell); CNTF, Ciliary Neurotrophic Factor; EGF, Epidermal Growth Factor; FGF2,
basic fibroblast growth factor 2; LIF, leukemia inhibitory factor; FBS, fetal bovine serum; NPCs, neural precursor cells
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is unsuitable for use as a disease model [22]. The GPCs
are expanded for two weeks in the presence of FGF2 and
EGF to generate a population suitable for cryopreserva-
tion. Following this, astroglia differentiation is induced
by exposing the GPCs to leukemia inhibitory factor (LIF)
and EGF for two weeks, which activates the JAK-STAT
pathway [26]. Over a 4-week period, immature astroglial
cells lost their proliferative capacity and acquired spe-
cific astrocyte markers using ciliary neurotrophic factor
(CNTF) [50]. The second 6-week differentiation protocol,
referred to as the 'Short Serum-Free Protocol’ (SSFP), is a
slightly modified version of the previous protocol by Per-
riot et al. [23] (Fig. 1), where the step of expanding the
glial progenitor cell (GPC) population is omitted. The
protocol referred to as the "Temporary Using Serum Pro-
tocol’ (TUSP) involves an 8-week differentiation process
using commercially available media containing FBS, as
described by Tcw et al. [20]. However, FBS is only used
for the first 4 weeks, resulting in replicating astrocytes,
followed by a further 4 weeks of maturation in the pres-
ence of ciliary neurotrophic factor (CNTF) instead of
FBS, as described by Szeky et al. (2024) [29] (Fig. 1).

The Generated Astrocytes Resemble Mature Astrocytes

At the start of each protocol, we validated the NPC
rosettes and spindle-shaped morphology, as shown in
Fig. 1B. During the GPC enrichment phase of the LSFP
method, the cells acquired a more triangular morphology
typical of astroglia progenitors. The number of neuronal
rosettes decreased, but floating cells remained in the cul-
ture and were highly proliferative. After the induction
of astrocytes, cell proliferation decreased and the cells
acquired a triangular shape, the formation of rosettes and
the number of floating cells also decreased. Elongated fib-
ers, characteristic of fibrous astrocytes, appeared in the
culture after EGF was withdrawn and CNTF was added.
The rate of cell proliferation decreased further with matu-
ration (Fig. 1B). In the SSFP method, NPCs were directly
induced to differentiate into astrocytes, resulting in the
earlier appearance of long fibers. Although the morphol-
ogy of the cells appeared atypical and the fibers were long
and branched, resembling terminal neuronal differentia-
tion, the shape, and orientation of the cell bodies differed
from those in a neuronal culture (Fig. 1B). There was a
rapid change in cell morphology when astrocytes were
induced in commercial media containing FBS in TUSP
method. The cells developed triangular bodies shortly
after differentiation and maintained this morphology
throughout astrocyte induction. When FBS was removed
and CNTF was added, the cell bodies became polygonal,
and their processes showed different shapes (Fig. 1B).
The maturated astrocytes from all three protocols were
positive for classical astrocyte markers GFAP, S100p and
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AQP4, as shown by immunocytochemistry ICC (Fig. 1).
Both S1008 and AQP4 showed cytoplasmic staining,
which were not overlapping with the GFAP staining.The
calcium-binding protein S100B was located diffusely in
the cytoplasm and around the nuclei of the cells, as it was
reported for glial lineage cells [51, 52]. Thus, the molecu-
lar phenotype of the cells suggests the morphological and
functional characteristics of mature astrocytes.

Induction Time is Critical for the Proper Maturation

of Astrocytes

An RNA-seq experiment was done to investigate the dif-
ferences between astrocytes produced by different proto-
cols. When comparing the global gene expression pattern
across our protocols and other astrocyte studies, the
principal component analysis only revealed a distinctive
divergence in TUSP method, resembling the fetal astro-
cytic transcriptomic pattern from the study of Crowe
et al. [53] (Fig. 2A). Next, a pair-wise differential expres-
sion analysis of abundant transcripts was done after
the maturation phase of astrocyte differentiation using
the original studies (fold change>2, base mean>Q3,
adjusted p<0.01). As the astrocytes in TUSP method
after the 4-week induction phase represent the previously
published study of TCW et al. [20], we also include this
comparison in the analysis.

In general, TUSP method showed the least differences,
while SSFP method showed the greatest differences when
comparing the overall pair-wise gene expression between
our astrocyte cultures and the original studies (Fig. 2B).
After examining the changes in the DEG profile, we
investigated in detail the specific differentially expressed
genes (DEGs, fold change>2, base mean>Q3, adjusted
p<0.01) in the three protocols following the induc-
tion and maturation phases. Due to the use of the same
basal medium and supplements for induction, the lack
of DEGs between LSFP protocol and SSEP protocol after
the astrocyte induction phase (Fig. 2C) is not so surpris-
ing, despite the additional GPC expansion step in LSFP
method (Fig. 1A). However, after the maturation phase,
there were 476 DEGs comparing LSFP and SSFP meth-
ods. Among the upregulated genes in SSFP astrocytes,
we identified an enrichment of several pathways involved
in NGF-stimulated transcription, RNA processing, trans-
lation initiation, or Rho GTPase signaling that regulates
cytoskeletal dynamics (Fig. 3A, B, D). This could indicate
a proliferative status of these cells with a low degree of
maturation, corresponding to the observed differences in
cell morphology (Fig. 1B).

The analysis of amino acids in media from astrocytes
differentiated according to LSFP and SSEP protocols
revealed no significant differences after the induction
phase (Fig. 3). The cells’ proliferative status was indicated



Jurdkova et al. Biological Procedures Online (2024) 26:30 Page 7 of 17

50‘ PerriotAehTa/I. 2018
AM2/
Perriot et al. 2018
% 251 & BalaszA lel 2024
g AE3 Al
% TCW et al. 2017
g Al3 ; ; . .
xR 0 ~ Q /-\ 1500 500 500 1500
? @ @ c Down DEGs Up
Qe
.AMS A AI2/AI1
251
AM2/AM1
@ AI3/AN
-50+ AM3/AM1
-50 25 0 25 50 AI3/AI2
PC1: 40% variance
® LSFP @ Perriotetal. 2018 @ Bradley et al. 2019 NS
® SSFP @ TCWetal. 2017 @ Crowe et al. 2016 4500 3000 1500 O 1500 3000 4500
® TUSP @ Balaszetal. 2024 @ Magistri et al. 2016 DEGs

Fig. 2 Changes in global expression patterns. A Principal component analysis of 3 differentiation protocols (LSFP, SSFP, and TUSP) together

with original protocols from publications (Perriot et al. [23], Balazs et al. 2024 and TCW et al. [20]), fetal astrocyte culture (Crowe et al. [53]),

and astrocytes differentiated from hNPCs (Magistri et al,, [22]) and hPSCs (Bradley et al., [54]). The blue line indicates the differentiation trajectory
(AE-end of expansion, Al-end of induction, AM-end of maturation). B, C Differentially expressed genes (DEGs) (fold change > 2, base mean>Q3,
adjusted p<0.01) among three used protocols (AX1-3) in the pair-wise comparisons with original studies (B) and differentiated phases (C). Al - end
of induction, AM — end of maturation)

5200 : : : j : i : : : : :
EMedium : : ! !  q : : ] : : :
oLSFP-A ! i E i i E i i i i E
3600 { OSSFP-AR | : i i i E i : i i i
mLSFP-AM1 ! : : : 1 B : : : : :
mSeFEPANZ i i ! i : : : j ! -
2000 1 : : : : : : e | : : : : : F{]H
1200 7 : ; | P, ! [ § : : ! ; LY
s i : i i i : : i i : : i
2 : : : |a : : ! : : s : :
o ! : : : : : ! : : : : !
' 1 1 ' ab 1 ' ' ' 1 ' '
690 1 | i i ! i : i i i : b ! i
¢ | : ! M | E : : : : e I |
: : : i E : : s : e M :
a : : : ! : : : : : [ E :
b {5 ([ | K : : : :l : : :
400 {flo, Mg ! e ; : ! : : : : : : :
TR 11l E | T EH IR A —_—
T CRE | E | P § ! | i § ! |
. Aandl: ML b | 1 il | E IS MilL : b
T H G D Y v A-Q w L F R Q A

Fig. 3 Differences in amino acids levels. Bar chart showing metabolic turnover of selected AAs and GlutaMax (AQ) in the medium of cultivated
astrocytes at the end of induction (Al) and maturation (AM) phases of LSFP and SSFP methods. The media were collected 3 days after the passage
of the cells (n=3). The error bars represent standard error. Different letters show levels of statistical significance analyzed by Student’s t-test: *
P<0.05



Jurdkova et al. Biological Procedures Online (2024) 26:30

by their high consumption rate of GlutaMax, a dipeptide
hydrolyzed by aminopeptidases to L-glutamine (Fig. 3).
L-glutamine is an essential amino acid that provides car-
bon and nitrogen to fuel biosynthetic processes during
cell proliferation [55]. The proliferative status of astro-
cyte progenitor cells is indicated by the consumption of
amino acids such as L-aspartate, which serves as a pre-
cursor for nucleotide synthesis and plays a critical role in
redox balance through the malate-aspartate shuttle [56].
Additionally, L-arginine accumulates in astroglial cells,
and branched-chain amino acids (BCAAs) (leucine and
valine) act as major nitrogen donors [57] (Fig. 3). After
the maturation phase, the consumption rate of many of
these amino acids decreased significantly in the LSFP
method, with only high accumulation of L-arginine.
However, in the SSFP method, there was a sustained
higher amino acid consumption, confirming the RNAseq
results showing a proliferative state with a low degree of
maturation (Fig. 3).

Presence of FBS Induces Major Changes in the Extracellular
Matrix Organization

Analysis of TUSP method revealed the identification of
1140 DEGs compared to LSFP and SSEP protocols after
induction (Fig. 2C), demonstrating the effect of the dif-
ferent mediums used together with the addition of FBS
play a significant role in supporting cell growth and pro-
liferation and the synthesis of extracellular matrix (ECM)
components in cell culture [58]. The growth factors
present in FBS, such as FGF, insulin-like growth factors
(IGFs), and transforming growth factors (TGFs), induce
observed upregulation of PI3K/AKT, mitogen-activated
protein kinase (MAPK), canonical Wnt and transform-
ing growth factor-beta (TGF-P) signaling pathways
(Fig. 4C) essential for maintaining the stemness of human
PSCs [59, 60]. The observed upregulation of the path-
way to ECM organization (Fig. 4C, D) corresponds to
the fact that FBS contains an array of growth factors and
cytokines that stimulate cells to produce ECM compo-
nents, provide cell adhesion molecules such as fibronec-
tin and vitronectin that facilitate adhesion to the culture
substrate and plays a critical role in regulating ECM syn-
thesis via signaling pathways [61]. Indeed, the morphol-
ogy of the actin cytoskeleton is influenced by FBS [62] as
observed here in the upregulation of genes connected to
the Rho-GTPase signaling pathway involved in the reor-
ganization of the actin cytoskeleton like filopodia forma-
tion involving the small up-regulated GTPase Rif (RhoF)
[63] (Fig. 4D). The reorganization of the cytoskeleton is
also connected with the shape of the cells when astro-
cytes having polygonal shapes, as observed here, exhibit
actin fibers and conversely, those with stellate shapes lack
them [64] (Fig. 1b).
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A more profound disparity was observed after the
maturation phase, with 3141 DEGs and 6280 DEGs
being identified in LSFP and SSFP protocols, respectively
(Fig. 2C; Fig. 5). Most genes that were upregulated par-
ticipated in the ECM organization process (Fig. 4C, D;
Fig. 5). This is consistent with the notion that the matu-
ration of astrocytes is accompanied by changes in the
expression of a wide range of ECM proteins [65], and
astrocytes possess a crucial function in the production
of ECM molecules [66]. We observed higher expression
levels of glycoproteins fibrillins, laminins, and nidogens
in addition to collagen in the brain’s extracellular matrix
(Fig. 4D). Consistent with changes in ECM molecules,
there was an increase in the expression of matrix metal-
loproteinases (MMPs) MMP2, MMP14, and MMP23A,
which cleave ECM proteins including brevican, tenas-
cin, aggrecan, laminin and collagens (Fig. 4D). Activa-
tion of these proteins is critical for normal physiological
function but is also implicated in the regulation of many
pathological processes [67]. Furthermore, we observed
an increase in the expression of disintegrin and met-
alloproteinase enzymes containing thrombospondin
motifs (ADAMs and ADAMTSs, respectively) involved
in the regulation of the extracellular matrix composition
and MMP activity (Fig. 4D). Notably, the upregulated
ADAMTS-5 showed specificity for targeting chondroitin
sulfate proteoglycans (CSPGs) that are abundantly pro-
duced by reactive astrocytes [67], and whose metabolism
was downregulated (Fig. 4D). The observed downregu-
lation of pathways related to the neuronal system and
nervous shows a successful astrocyte maturation process
(Fig. 4C).

Mature Astrocytes Derived from hiPSCs Exhibit a More
Fetal-like Astrocyte Profile

To characterize the level of maturation of the differ-
entiated astrocytes and their similarity to primary
astrocytes, we assessed the expression of 46 genes
enriched in a given cell type (Fig. 6A). Human iPSC-
derived astrocytes induced by all three protocols dis-
played a pattern similar to human primary astrocytes,
with enrichment in astrocytic markers. Noticeably,
astrocytes differentiated by LSFP and SSFP protocols
showed increased levels of some neuronal cell marker
genes, and astrocytes differentiated by TUSP protocol
showed a high expression of gene coding transmem-
brane protein 119 (TMEM119). To further characterize
the astrocyte cultures, we used bulk RNA-seq platforms
with the 'dtangle’ deconvolution method [45]. Cell type
proportions were estimated in our astrocyte culture
alongside fetal and primary astrocytes from previ-
ous studies [25, 53], as well as hiPSCs [20, 23], hNPCs
[22], and hPSCs [54] using publicly available prefrontal
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Fig. 4 Transcriptomic changes during differentiation of iPSC into mature astrocytes. A Reactome pathway term enrichment analyses were
performed for up-regulated genes and down-regulated genes between LSFP and SSFP methods after maturation phase (fold change > 2, base
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cortex single-nucleus transcriptomic data [46]. Nota- a combination of neurons and astrocytes, with a higher

bly, except for primary astrocytes, we were unable to  proportion of neurons similar to that observed in the

identify a cell culture with a gene expression profile study by Magistri et al. [22]. The cells differentiated

matching that of mature astrocytes from the scRNA-  using the TUSP method exhibited an even distribution

seq study of the prefrontal cortex (Fig. 6B). Astrocytes of neurons, astrocytes, and OPCs, closely resembling

differentiated using LSFP and SSFP protocols exhibited  the methods utilized by Perriot et al. [23], TCW et al.
[20], and fetal astrocytes (Fig. 6B).
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set as follows: Go Term Fusion was selected, only pathways with P-values <0.01 were displayed, and a kappa score of 0.40 was used

A Reactive Astrocyte Phenotype is not Induced

by the Temporary Presence of FBS

As FBS has been shown to induce a reactive pheno-
type in culture [22, 23, 25], we conducted additional
analysis of the expression of several genes previously
associated with this phenomenon in hiPSC-derived
astrocytes from TUSP method, cultured with FBS
during the induction phase. Magistri and colleagues
(2016) used gene set enrichment analysis to identify
a set of marker genes that were upregulated in astro-
cytes derived from NPC in response to FBS exposure
[22]. Only seven of these marker genes were strongly

upregulated during the induction phase in the pres-
ence of FBS (see Fig. 6C). In contrast, during the sub-
sequent maturation phase without FBS and in the
presence of CNTE, the expression of all these genes
decreased, while the expression of another set of six
genes increased (see Fig. 6C). No effect of FBS on GFAP
expression was observed (Fig. 6C), which is a hallmark
of reactive astrocytes characterized by upregulation,
increased secretion of CSPGs [68], and expression of
immature markers such as NESTIN [69] and VIMEN-
TIN (VIM) [70]. Notably, after the maturation phase
in TUSP method, a decrease in the expression level of
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VIM (Fig. 6C) was observed, as well as a decrease in the
CSPGs metabolic pathway (Fig. 6C).

TUSP astrocytes respond to AB42 and oxidative stress

To further demonstrate the applicability of TUSP astro-
cytes for AD research, we treated mature astrocytes with
AB42 peptide and oxidative stress (represented by hydro-
gen peroxide H,0,). To overcome the toxic effects of uM
concentrations of AB42, we used a 500 nM concentra-
tion of AP42, corresponding to synaptotoxic concentra-
tions when brain clearance is impaired [71]. In the case of
H,0,, cells were treated with 200 uM hydrogen peroxide
for 2 h, which has no toxic effect on astrocytes. Analy-
sis of secreted IL-6, a key effector of the astrocyte neu-
roinflammatory response in neurodegenerative diseases,
showed that resting astrocytes secreted low levels of
IL-6 (mean=4.9 pg/ml). Treatment with both AB42 and
H,0, resulted in an increase in IL-6 secretion (Fig. 7C).

To further characterize the response of TUSP astrocytes,
we performed RNA sequencing analysis of mature TUSP
astrocytes exposed to AB42 and H,O,. To identify func-
tional categories of differentially expressed transcripts in
treated astrocytes, we performed GO enrichment analy-
sis using biological process and functional terms with the
functional annotation clustering tool in the Cytoscape
plug-in ClueGo [72], using a cut-off of 1.5-fold differen-
tial expression (P,4;<0.05) to define up- or down-reg-
ulated genes. Treatment of cells with H,O, resulted in
more than a twofold increase in the number of up-reg-
ulated transcripts (Fig. 7) compared to treatment with
AP42. The processes involved in cell migration were
enriched among the upregulated transcripts common to
both treatments (Fig. 7). On the other hand, AB42 treat-
ment down-regulated transcripts are involved in the pro-
cess of L13a-dependent translational control, which plays
a critical role in delaying inflammation in cells [73, 74].
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H,0,

The next large set of up- and downregulated transcripts
were involved in processes related to the regulation of the
stress response, including the MAPK cascade or protein
phosphorylation. The last group of mainly up-regulated
transcripts were involved in processes related to the
development of the neuronal system after injury or brain
diseases (Fig. 7). In the case of H,O, treatment, there was
an up-regulation of transcripts related to the processes of
signal perception and transduction, regulation of meta-
bolic processes, cell communication or nervous system
development and show a high similarity with previously
characterized changes in astrocytes within oxidative
stress-induced senescence [53].

Discussion

In the past decade, it has become evident that astrocytes
play a vital role in synapse formation and function, neu-
rotransmitter release and uptake, neuronal metabolism,
and amyloid-beta (AP) clearance [2, 75-77]. Therefore, it

is crucial to comprehend the astrocyte subtypes related
to AD to discover new pathophysiological mechanisms
of the disease. Recent advances in iPSC technology have
provided groundbreaking opportunities in AD research
[78, 79]. Multiple protocols for differentiating iPSCs into
astrocytes are available [18, 20, 24, 50, 80, 81], but the
research community is continuing to refine these meth-
ods to increase the yield, purity, and maturity of cells in
the most efficient and cost-effective way possible. The
aim of our study was to compare methods that represent
two basic methodological approaches. The first approach
represents two methods referred to as LSFP and SSFP.
These methods are based on chemically defined media
and do not use FBS [23, 24] (cited more than 100 times to
date). The second approach represents a method referred
to as TUSP, based on a method that uses FBS for a limited
time during astrocyte induction. This method is based on
a straightforward, widely employed method [20] (cited
more than 250 times to date). The two approaches differ
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in the media used, time of cultivation, and mainly the
presence of FBS during astrocyte induction. This raises
questions about their applicability to different scien-
tific tasks. Therefore, we performed a comprehensive
transcriptomic analysis and compared it with previ-
ous RNAseq studies included astrocyte cultures derived
from hPSCs [54], NPCs [22], fetal tissue [53] and primary
astrocytes [25].

The use of serum for the differentiation of astrocyte
cultures is a controversial issue. Although most serum
proteins are unable to cross the blood-brain barrier,
astrocytes are in contact with blood vessels in-vivo, and
serum may contain unknown signals that are necessary
for astrocyte differentiation. Some authors have opposed
the use of FBS in astrocyte differentiation due to con-
cerns about batch inconsistencies and the unknown
amount of growth factors and hormones, which may lead
to lower experimental reproducibility. However, stud-
ies conducted on astrocyte differentiation prior to the
expansion of the iPSC method provide evidence that dif-
ferentiation under serum-containing conditions favors
the generation of astrocytes over neurons and reduces
the presence of neuronal cells. This approach is benefi-
cial when aiming to establish a purely astrocytic model
through cultivation. Studies have described a reduction
in the number of neurons in culture and a preference for
differentiation into astrocytes in the presence of serum
when investigating the effect of FBS on the differentia-
tion of various cell types, including those derived from
hiPSCs, mouse spinal cord astrocytes [82], human pluri-
potent stem cells [50], rat-derived hippocampal neurons
[83], and neural stem/progenitor cells isolated from rat
embryos [84, 85] and human iPSC lines [28]. Our find-
ings support this phenomenon as certain neuronal
markers showed an increase, indicating possible con-
tamination with neurons during the later stages of induc-
tion and maturation in both FBS-free methods (LSFP and
SSFP). However, cells from the TUSP method that were
cultured with FBS during the induction phase exhibited
reduced expression of all neuronal markers. This was
further supported by the deconvolution analysis, which
reveals the cell type proportions in cell culture after the
maturation phase. The TUSP method shares expression
signatures that are more similar to an astrocytic profile,
while the LSFP and SSFP methods tend to lean towards
a neuronal profile. This supports previous findings that
serum has a positive effect on the preferential differen-
tiation of progenitor cells into astrocytes, while minimiz-
ing neuron formation [28, 83, 85]. Moreover, the results
of our SSFP method suggest that attempting short-term
astrocyte differentiation without FBS is unlikely to be
successful and FBS is currently the only way to minimize
neuron formation during cultivation if a pure astrocyte
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culture is desired in a short time. This is consistent with
the approach of Mulica et al. [28], who used a short-term
serum-containing protocol instead of long-term serum-
free culture in their research.

Today, there is no dispute that astrocytes differentiated
under serum-containing and serum-free conditions sig-
nificantly differ from each other, both transcriptionally
and morphologically which is supported by studies on
isolated neuronal cells or iPSCs that were differentiated
into astrocytes in the presence or absence of FBS [22, 23,
25, 86]. Our findings are consistent with these reports.
However, the differences between the protocol with and
without FBS are more noticeable at the end of the matu-
ration phase when FBS is absent from the medium. This
demonstrates that the presence of FBS during the induc-
tion phase triggers lasting changes in cells that signifi-
cantly affect overall cellular metabolism, even after its
removal from the medium. During the induction phase,
the LSFP and TUSP methods exhibited significant differ-
ences. In the TUSP method, the cells rapidly transformed
into triangular bodies, which could be attributed to the
upregulation of genes associated with the Rho-GTPase
signaling pathway. These genes are involved in the reor-
ganization of the actin cytoskeleton and cell shape [62,
64]. Furthermore, the activation of the JAK-STAT path-
way was observed to accelerate the switch toward glial
cell differentiation [26], which supports the positive
effect of FBS on short-term astrocyte differentiation.

During the maturation phase of the TUSP method,
the removal of FBS from the medium led to a decrease
in cell proliferation capacity as expected, due to the pres-
ence of growth factors in FBS. However, genes related
to extracellular matrix processes were also significantly
upregulated, which corresponded with the extensive
extracellular matrix formation observed by cells from the
TUSP method under microscopy. In the brain, astrocytes
produce the ECM which supports axonal outgrowth and
neural cell migration, contributing to neural develop-
ment. Additionally, the maintenance of trisynaptic con-
nections, a crucial element of the hippocampal circuitry
involved in memory processing and spatial navigation,
requires a complex interplay of signals and structural
components, including those provided by astrocyte-
derived ECM molecules [65]. The increased expression
of glycoproteins, such as fibrillin and laminins, observed
in the TUSP protocol is consistent with the well-docu-
mented production of these proteins in fetal and primary
cultures of human astrocytes from postmortem brain tis-
sue samples [87-89]. Although the observed expression
of collagen in the brain’s ECM is typically limited, the
spinal cord of astrocyte-depleted mice exhibited signifi-
cantly reduced levels of basement-membrane-associated
ECM molecules, such as laminin and nidogen, as well as
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non-basement membrane-associated ECM molecules,
such as collagen [66]. Proteoglycans represent the next
types of astrocyte-derived matrix molecules essential for
the development and maintenance of trisynaptic connec-
tions. During development and after a lesion, astrocytes
express a wide range of proteoglycans, which contrib-
ute significantly to the glial scar. Membrane-associated
heparin sulfate proteoglycans (HSPGs) play a crucial
role in FGEF-2 signaling. They have also been implicated
in supporting the signaling of morphogens such as Wnt
proteins, which regulate neural stem cell proliferation.
In contrast, CSPGs are expressed by reactive astrocytes
and are enriched in CNS scar tissue after lesions. They
are believed to inhibit axon regeneration. The therapeutic
potential of ChABC has been widely discussed in recent
years due to its ability to eliminate CSPGs and improve
functional recovery in the central nervous system after
injury.

It is noteworthy that in our TUSP method using FBS
for only a short time during the induction of astroglia,
we observed a down-regulation of processes related to
the synthesis of CSPGs. This fact, together with the low
level of typical marker genes whose expression is asso-
ciated with reactive astrocytes [76], suggests that the
short presence of FBS did not result in a reactive pheno-
type of astrocytes, which is not suitable for AD research.
Although in the TUSP method, we observed increased
expression of some genes previously associated with a
reactive phenotype [22], these genes in the majority did
not represent typical markers of reactive astrocytes, and
their expression was repeatedly observed in different
subtypes of astrocytes under physiological conditions.
Moreover, the study of Tcw et al. [20] using FBS during
the whole period of differentiation of hiPSC astrocytes
showed their quiescent expression and proved their use
in the study of neuropsychiatric disorders [20]. The stim-
ulation of hiPSC-derived astrocytes by the TUSP method
with a low non-neurotoxic concentration of AB42 pep-
tide, which exceeds the aggregation concentration [90]
and oxidative stress, results in increased levels of IL-6
and transcriptomic changes in astrocytes with modulated
genes related to the regulation of the stress response,
as observed in previous studies [53]. Consequently, the
TUSP protocol represents an optimal platform for pre-
liminary disease modeling, given the high degree of
maturity of the resulting cells.

Conclusions

In conclusion, we have shown that astrocytes generated
by the TUSP method express typical astrocytic mark-
ers together with a more intense remodeling of the
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extracellular matrix compared to the LSFP and SSFP
methods. The presence of FBS in the TUSP method
increased the purity of the astrocytic culture and elimi-
nated the neuronal phenotype of differentiated astro-
glia. In addition, the need for a long induction was
evident in the FBS-free methods, supporting the use of
FBS in the medium for less time-consuming protocols
suitable for research. We presented a comprehensive
transcriptomic comparison of the protocols, suggesting
that FBS does not necessarily have a negative effect on
the resulting cells and may be crucial for differentiation
under certain conditions. Our findings could provide
researchers with relevant information when choosing
the optimal protocol for their research questions.
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