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ABSTRACT: Astrocytes comprise the most abundant cell type in the central nervous system (CNS) and play critical roles in
maintaining neural tissue homeostasis. In addition, astrocyte dysfunction and death has been implicated in numerous neurological
disorders such as multiple sclerosis, Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), and Parkinson’s disease (PD). As such,
there is much interest in using human pluripotent stem cell (hPSC)-derived astrocytes for drug screening, disease modeling, and
regenerative medicine applications. However, current protocols for generation of astrocytes from hPSCs are limited by the use of
undefined xenogeneic components and two-dimensional (2D) culture surfaces, which limits their downstream applications where
large-quantities of cells generated under defined conditions are required. Here, we report the use of a completely synthetic, peptide-
based substrate that allows for the differentiation of highly pure populations of astrocytes from several independent hPSC lines,
including those derived from patients with neurodegenerative disease. This substrate, which we demonstrate is compatible with both
conventional 2D culture formats and scalable microcarrier (MC)-based technologies, leads to the generation of cells that express
high levels of canonical astrocytic markers as well as display properties characteristic of functionally mature cells including
production of apolipoprotein E (ApoE), responsiveness to inflammatory stimuli, ability to take up amyloid-f (Af3), and appearance
of robust calcium transients. Finally, we show that these astrocytes can be cryopreserved without any loss of functionality. In the
future, we anticipate that these methods will enable the development of bioprocesses for the production of hPSC-derived astrocytes
needed for biomedical research and clinical applications.
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B INTRODUCTION CNS pathologies and disorders such as multiple sclerosis,

Astrocytes are an abundant, specialized non-neuronal cell type Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS),
in the central nervous system (CNS) that have numerous

functions in maintaining healthy neural tissue including axonal Received: January 15, 2020
development and guidance, synapse formation and function, Accepted: May 6, 2020
ion and neurotransmitter balance, and energy metabolism.'~* Published: May 6, 2020

In addition, astrocytes are important mediators in response to

L . . 45
traumatic injury and infectious agents.”” Moreover, death or

dysregulation of astrocytes has been implicated in numerous
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and Parkinson’s disease.’ Because of the diverse roles that
astrocytes play in CNS homeostasis and disease, there is a
critical need for models to study astrocyte biology in vitro and
strategies to replace diseased astrocytes in vivo.

Advances in cellular reprogramming have allowed for the
generation of human induced pluripotent stem cells (hPSCs)
that can be used to dissect disease mechanisms on a cellular
level, evaluate potential therapeutics on human cells with
euploid karyotypes, and provide the unlimited raw material for
cell-based therapies. Specifically, hPSC-derived astrocytes have
allowed for the study of a variety of neurodegenerative diseases
in a simplified and accessible system.® In addition, astrocytes
generated from hPSCs have enabled a variety of novel
neurotoxicity and drug screening paradigms.”® Finally,
astrocytic populations produced from hPSCs have shown
promise in replacing the diseased and damaged tissue in
conditions such as ALS, stroke, and AD.”™""

Despite these advances, according to several technology
road maps developed by the regenerative medicine industry,
scalable and adaptable culture methods that employ cost-
effective, chemically defined substrates are still needed to
generate the large quantities of cells required for downstream
applications in disease modeling, drug screening, and cell-
based therapies.'”~"> More specifically, current biomanufactur-
ing techniques are limited by the following. First, current
differentiation protocols employ undefined substrates such as
Matrigel'® or extracellular matrix proteins (ECMPs) isolated
from animal sources.'””2° In turn, such heterogeneous
xenogeneic components not only pose a risk of transmitting
adventitious pathogens but also suffer from batch-to-batch
variability, which might limit their compatibility with down-
stream clinical applications.”"** Second, conventional astrocyte
generation strategies employ traditional two-dimensional (2D)
culture techniques, which do not allow for production of large
cell quantities needed for drug screening and cell-based
therapies. For example, it has been estimated that 10° to
10" cells will be required to screen a 1 million compound
library or provide a single therapeutic dose,”>** which will not
be achievable with typical 2D differentiation methods. Lastly,
existing schemes require the differentiation of astrocytes in
real-time immediately prior to their application and do not
allow for their long-term storage to enable point of use.”>*°

In previous work, we identified a completely synthetic
substrate, termed vitronectin-derived peptide (VDP), that
allowed for the long-term expansion and neuronal differ-
entiation of multiple human neural progenitor cell (hNPC)
lines.”” Here, we significantly expand upon this work to use
this peptide as a fully defined surface for the differentiation of
astrocytes from multiple independent hPSC lines. We
demonstrate that these cell populations express high levels of
canonical astrocytic markers and display a genome-wide
transcriptional profile that is indistinguishable from cells
generated on conventional animal-derived ECMP-based
surfaces. Moreover, these populations displayed properties of
functionally mature astrocytes including production of
apolipoprotein E (ApoE), responsiveness to inflammatory
stimuli, ability to take up amyloid-# (Af), and presentation of
robust calcium transients. In addition, we demonstrate that this
defined peptide substrate is compatible with scalable micro-
carrier (MC)-based techniques. Finally, we establish that these
astrocytes can be cryopreserved without any loss of
functionality. Overall, the strategies developed here will enable
biomanufacturing processes for the large-scale production and
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long-term storage of hPSC-derived astrocytes needed for
downstream application in disease modeling, drug screening,
and regenerative medicine.

B MATERIALS AND METHODS

Synthesis of Vitronectin-Derived Peptide (VDP). Peptide
synthesis was performed as we previously described.*®

Human Neural Progenitor Cell (hNPC) Generation and
Expansion. Human neural progenitor cells (hNPCs) were §enerated
and cultured similar to the previously described methods.”" Briefly,
hNPCs were cultured on laminin (LN)- or VDP-coated tissue culture
plates in the presence of neural expansion medium [NEM; 1xX
DMEM-F12 (Thermo Fisher), 0.5% (v/v) N2 supplement (Thermo
Fisher), 1% (v/v) B27 supplement (Thermo Fisher), 1% (v/v)
GlutaMAX supplement (Thermo Fisher), 1% (v/v) Penicillin
Streptomycin (Thermo Fisher), 30 ng/mL FGF2 (STEMCELL
Technologies), and 30 ng/mL EGF (STEMCELL Technologies)].
Every 3—4 days, hNPCs were enzymatically passaged with Accutase
(Thermo Fisher) onto freshly coated LN or VDP plates.

Differentiation of hNPCs to Astrocytes on 2D Surfaces.
hPSC-derived astrocytes were generated as previously described.”®
Briefly, astrocytes were differentiated for a minimum of S0 days
(unless otherwise noted) on LN- or VDP-coated plates by culturing
high passage (greater than passage 6) hNPCs in astrocyte differ-
entiation medium [ADM; 1X complete astrocyte medium (Scien-
Cell), 10 ng/mL human recombinant BMP4 (STEMCELL
Technologies), 10 ng/mL human recombinant heregulin-f (STEM-
CELL Technologies), and 10 ng/mL human recombinant CNTF
(STEMCELL Technologies)].

VDP and LN Coating of Microcarriers (MCs). MCs (Corning
Enhanced Attachment Microcarriers) were coated with VDP or LN
using methods similar to those previously described.*®

Differentiation of hNPCs to Astrocytes on MCs. hNPCs were
seeded on VDP-coated MCs in 6-well ultralow attachment plates
(Corning) with 1.5 X 10° cells per well and 1 mg/mL MCs. The cells
and MCs were suspended at half the final culture volume of 4 mL in
NEM supplemented with S M Rho kinase inhibitor (ROCKi Y-
27632). The plates were then placed in the incubator for 12 h to allow
for cell attachment. The rest of the media and ROCKi were added to
the cultures after 12 h, and the cells were placed on an orbital shaker
at 95 rpmy; the cultures were agitated for the rest of the culture period.
Twenty-four hours after seeding the hNPCs on MCs, the media was
switched to ADM to start hNPC differentiation to astrocytes. Cells
were maintained in ADM for S50 days with half media changes every
day until further analysis or replating. Cells were removed from the
MCs by incubating in a papain solution containing Earle’s balanced
salt solution (Alfa Aesar), 20 U/mL papain (Worthington), 1 mM -
cysteine, 22.5 mM D-glucose, 26 mM NaHCO;, and 125 U/mL
DNase (Roche) for 20 min at 37 °C and then triturated with an
inhibitor solution containing 1 mg/mL ovomucoid inhibitor (Roche)
and 1 mg/mL BSA (Sigrna).29 A 40 pm cell strainer was used to
separate the cells from the MCs, and the cells were seeded on freshly
coated VDP MCs.

Differentiation of hNPCs to Neurons on Microcarriers.
hNPCs were differentiated to neurons on MCs as previously
described.®> hNPCs were differentiated on MCs for a minimum of
30 days before further analysis or replating.

Flow Cytometry Analysis. Cells were processed for flow
cytometry analysis using an ACCURI C6 (BD Biosciences) as
previously described.*® For viability assessment, cells were stained
with 0.01 mg/mL propidium iodide (Thermo Fisher) in PBS.
Supplementary Table 1 lists antibodies and isotype negative controls
used in this study.

Quantitative PCR (qPCR). Gene expression was measured usin
gPCR and normalized to 185 rRNA levels as described previously.™
The list of specific primer sequences that were employed in gPCR
analysis is provided in Supplementary Table 2.

Immunofluorescence. Immunofluorescence staining of cells on
2D and MC surfaces as well as subsequent image analysis was
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Figure 1. Generation of hPSC-derived astrocytes on a completely synthetic peptide substrate. (A) Representative phase contrast images of D50+
hPSC-derived astrocytes generated (scale bar = 200 ym). (B) Representative flow cytometry plots of CD44 expression of D30+ astrocytes on VDP
(green traces) and LN (red traces) substrates. Gates were determined using isotype antibody only controls listed in Supplementary Table 1. (C)
Quantitative PCR (qPCR) analysis for expression of astrocyte markers GFAP and VIM in D50+ cultures. Gene expression fold changes were
calculated relative to expression levels in undifferentiated hNPCs. (D) Immunofluorescence analysis for expression of GFAP and S100f in D50+
cultures. (E) Representative flow cytometry plots of S1005 expression of DSO+ astrocytes. Gates were determined using isotype or secondary

antibody only controls listed in Supplementary Table 1.

performed as previously described.*® Primary and secondary antibod-
ies that were used are listed in Supplementary Table 1. All images
were acquired on an automated confocal microscope (Leica TCS
SPS) or EVOS microscope.

RNA-seq Analysis. All sequencing was performed at BGI
Americas Corporation using BGISEQ-500 for a single end 50 bp
run as described previously.”® Reads were subsequently mapped to
the hg19 human reference genome using STAR 2.5.2b.”° Differential
analysis was performed using gene counts obtained from featur-
eCounts’' in EdgeR.*” Gene ontology analysis was performed using
lists of differentially expressed genes in DAVID.>

Cytokine Bead Array. Astrocytes were seeded in a 24 well plate
at a density of 25 X 10* cells per well. Three days later, cells were
treated with 25 ug/mL lipopolysaccharide (Thermo Fisher) for 24 h
as previously described.** The cell supernatant was collected after
lipopolysaccharide treatment, stored at —20 °C, and thawed on ice
before cytokine analysis using the LEGENDplex Human Inflamma-
tion Panel (Biolegend) as directed by the manufacturer. The samples
were subsequently analyzed on an Attune NxT flow cytometer
(ThermoFisher), and cytokine concentration was determined using
the LEGENDplex data analysis software.

Apolipoprotein E (ApoE) ELISA. Astrocytes were seeded in a 12
well plate at a density of 1 X 10° cells per well. Three days later, the
cell supernatant was concentrated using Amicon Ultra filters (EMD
Millipore) and stored at —80 °C until analysis. ApoE levels in the
medium were measured with the Human ApoE (AD2) ELISA Kit
(Thermo Scientific).

Calcium Imaging. For calcium imaging analysis, astrocytes were
seeded at a density of 2 X 10° in a glass 40 mm dish. Cells were
incubated with 2 yM Fluo-4 AM (ThermoFisher) and 0.02% Pluronic
F-127 in DMEM for 1S5 min at 37 °C. After one wash in HEPES-
buffered Tyrode’s solution (Alfa Aesar), the dye was allowed to de-
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esterify by incubating the cells at room temperature for 20 min prior
to imaging on a Zeiss AxioObserver Z1. Fluorescent time-lapse
images were acquired (20X objective) at 1 s intervals for 360 s.
Calcium spike traces were generated by quantifying the mean pixel
intensity of manually identified regions of interest using the Image]
software. For astrocytes cultured on microcarriers, cells differentiated
for at least 45 days were replated at a density of 1.4 X 10° cells onto
VDP-coated glass 40 mm dishes and cultured for 2—4 days prior to
staining and imaging.

p-Amyloid and Dextran Uptake Assay. FAM-labeled f-amyloid
peptide (AB-FAM 1—42; Anaspec) was reconstituted using a minimal
volume of 1% NH,OH and immediately diluted to a 1 mg/mL
solution in PBS. Single-use aliquots were stored at —20 °C until use.
For the uptake assay, astrocytes seeded in a 24 well plate were treated
with 500—1000 nM AB-FAM, 50 pg/mL dextran-Alexa Fluor 647
(ThermoFisher), or both for 24 h. For flow cytometry, cells were
washed with cold PBS and dissociated using trypsin (ThermoFisher)
for S min at 37 °C to remove any surface-bound peptide. Samples
were placed on ice and 5000—10000 live cells were analyzed on an
Accuri C6 flow cytometer (BD Biosciences) to quantify median
fluorescence intensity. For fluorescence microscopy, cells were imaged
on a Nikon Ti2 Eclipse.

Cryopreservation of Differentiated Astrocytes. After a
minimum of 45 days of differentiation, astrocytes that were 85%
confluent were dissociated using Accutase and resuspended in
cryopreservation medium. The cells were first gradually cooled to
—80 °C in a Mr. Frosty freezing container (ThermoFisher) for 24 h,
after which the vials were transferred to —150 °C for long-term
storage. For the functional comparison experiments, astrocytes were
thawed 7 days after freezing.

Statistical Analysis. Student’s t-test and ANOVA were used to
analyze the data, with a Bonferroni post hoc correction where
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Figure 2. Transcriptional profiling of astrocytes generated on VDP and control LN surfaces. (A) Heat map for differentially expressed genes (FDR
< 0.05; llog,(fold change)l > 1.5) identified between NDC-1 derived hNPCs, astrocytes, and neurons cultured on VDP and LN surfaces. Genes
related to postmitotic neurons and astrocytic phenotype are highlighted. The entire RNA-seq data set can be found in Supplementary Table 4 and
the differentially expressed genes can be found in Supplementary Table S. (B) Pearson’s correlation between RNA-sequencing data of hNPCs,
astrocytes, and neurons generated on VDP and LN substrates. (C) Multidimensional scaling (MDS) plot measuring differences in the
transcriptional profiles of hNPCs, astrocytes, and neurons differentiated on VDP- and LN-coated surfaces. (D) Gene ontology (GO) analysis
identified biological processes (left panels), cellular components (middle panels), and molecular function (right panels) that were upregulated in
neuronal (top panels) and astrocyte (bottom panel) populations derived on both VDP- and LN-coated surfaces.

appropriate. Significance represents a p-value < 0.05. Additionally, all
data are displayed as mean + standard error of the mean (SEM)
unless otherwise specified.

B RESULTS

Highly Efficient Generation of Astrocytes from
Multiple Independent hPSC Lines on a Defined
Substrate. We previously described a protocol that employs
a fully defined peptide-based substrate, referred to as
vitronectin-derived peptide (VDP), that allows for the
differentiation and long-term expansion of multipotent
human neural progenitor cells (hNPCs).” To that end, we
derived hNPCs from six independent hPSC lines (Supple-
mentary Table 3), two lines from healthy nondemented
control patients (herein referred to as NDC-1 and NDC-2),
two lines from familial Alzheimer’s disease patients (herein
referred to as FAD-1 and FAD-2), and two lines from sporadic
Alzheimer’s disease patients (herein referred to as SAD-1 and
SAD-2). Similar to our other established hNPC lines, all six
hNPC lines expressed high levels of the canonical hNPC
markers SOX1, SOX2, and NESTIN (Supplementary Figure
1). To determine if VDP could support the differentiation of
hNPCs into functional astrocytes, hNPCs were seeded onto
VDP or control animal-derived laminin (LN) (an extracellular
matrix protein commonly used in astrocytic differentiation of
hPSCs'"~*°) substrates, and the medium was changed from
neural expansion medium (NEM) to astrocyte differentiation
medium (ADM). HNPCs differentiated on both VDP and LN
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substrates rapidly acquired a flat, star-shaped astrocytic
morphology (Figure 1A). By day 30, the majority of the cells
(>90%) on both substrates acquired the astrocyte progenitor
marker CD44°° (Figure 1B). In addition, quantitative RT-PCR
(qPCR) showed that expression of genes associated with an
astrocytic phenotype such as GFAP®” and VIM™® was similar in
astrocytes generated on VDP- and LN-coated surfaces (Figure
1C). Similarly, immunofluorescence (Figure 1D, Supplemen-
tary Figures 2—3) and flow cytometry (Figure 1E)
demonstrated that a high percentage (>85%) of hNPCs
cultured on VDP-coated surfaces expressed the astrocyte
markers GFAP and $1004.”” In sum, this data demonstrates
that VDP can support the differentiation of hNPCs into
astrocytes at an efficiency similar to that on conventional LN
substrates.

Astrocytes Generated on LN and VDP Share a Similar
Transcriptional Profile. To further characterize the extent to
which astrocytes generated on VDP were similar to those
differentiated on LN, we performed RNA-sequencing (RNA-
seq) analysis on hNPCs, neurons, and astrocytes derived from
NDC-1 hPSCs generated on VDP and LN substrates
(Supplementary Table 4). Clustering (Figure 2A), correlation
(Figure 2B), and multidimensional scaling (Figure 2C)
analyses revealed that astrocytes generated on VDP and LN
showed a high degree of similarity and grouped distinctly from
the hNPC and neuronal cell populations. A closer examination
of the genes statistically significantly upregulated (log, FC >
1.5, FDR < 0.0S; Supplementary Table S) in the astrocytic
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secretion when compared to untreated conditions.

populations revealed high levels of not only established
astrocyte markers (e.g, CD44, GFAP, NFIX, VIM) but also
processes associated with astrocytic function including growth
factor production (e.g, BDNF, CTGF, IGF2, TGFBI),
mediation of cell-adhesion (e.g, ICAMI, ITGAl, ITGAS,
ITGAG6, ITGBI, ITGB3, ITGBS), extracellular matrix secretion
(e.g, COLL11AI, FN1, LAMB2, TNC), and inflammatory and
immune response (e.g., CCL2, IL1A, IL6, IL8). In addition,
astrocytes derived on both VDP and LN surfaces did not
display significant levels of hNPC- (e.g, SOXI, SOX2) or
neuronal-associated (e.g, MAP2, RBFOX3, TUBB3) markers.
Gene ontology (GO) analysis further confirmed that genes up-
regulated in both VDP- and LN-derived astrocytes were related
to typical astrocytic biological processes (e.g., immune system
processes, cytokine-mediated signaling”~**), cellular compo-
nents (e.g, cell substrate junction, focal adhesion™™*), and
molecular functions (e.g., cadherin, cell adhesion molecule, and
integrin binding46’47) (Figure 2D). On the other hand, GO
analysis revealed that gene sets concomitantly downregulated
in the astrocyte cell populations but upregulated in neuronal
cells were typical of the biological processes, cellular
components, and molecular functions of electrophysiologically
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active neurons. Overall, these results indicate that astrocytes
generated on VDP substrates are not only transcriptionally
indistinguishable from those derived on control LN substrates
but have an expression profile that is characteristic of
functional astrocytes.

VDP-Derived Astrocytes Secrete Robust Amounts of
ApoE. Although the astrocytes generated on VDP expressed
the genes and proteins typically associated with astrocytes, we
next wanted to measure their functional characteristics.
Apolipoprotein E (ApoE) is a lipoprotein transporter involved
in cholesterol transport that is generated and secreted by
functionally mature astrocytes.” In the brain, ApoE also plays
important roles related to neuronal growth, synaptic plasticity,
and membrane repair.*”*’ To determine whether astrocytes
generated on VDP produced ApoE, we measured the amount
of ApoE in the conditioned media by ELISA. Compared to
hNPCs, which produced no detectable level of ApoE,
astrocytes generated on both VDP and control LN substrates
produced ApoE in the range of 50—150 ng/mg protein (Figure
3A), which is consistent with the levels of ApoE produced by
hPSC-derived astrocytes in other studies.”® In addition, there
was no consistent difference between astrocytes generated on
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Figure 5. Measurement of spontaneous calcium activity in astrocytes differentiated on VDP- and LN-coated plates. Plots of changes (AF/F) in
fluorescence of calcium indicator (Fluo-4) in single astrocytic cells. Representative images of Fluo-4 stained astrocytes at the indicated time points.

VDP or LN surfaces in terms of levels of ApoE secretion.
These results indicate that hPSC-derived astrocytes generated
on VDP secrete robust and comparable amounts of ApoE to
those astrocytes generated on LN control substrates.
Astrocytes Derived on VDP Are Responsive to
Inflammatory Stimuli. Astrocytes play a chief role in the
inflammatory response in the central nervous system through
secretion of cytokines and growth factors that mediate tissue
damage, repair, and survival.**"** Given the importance of
astrocytes regulating the neuroinflammatory processes in the
central nervous system in response to neurodegenerative
disease, ischemia, or acute brain injury, we wanted to
determine if astrocytes differentiated on VDP substrates were
responsive to inflammatory stimuli. To that end, we utilized a
cytokine bead array to measure the amount of inflammation-
related cytokines in the conditioned media of astrocytes
derived on VDP and control LN surfaces. In the absence of any
stimulation, we found that astrocytes on VDP and LN secreted
modest or undetectable levels of numerous pro-inflammatory
(IFN-@, IL-15, TNF-a, MCP-1, IL-6, IL-8, IL-10, IL-18, IL-23,
IL-33) and anti-inflammatory cytokines (IFN-y, IL-12, IL-17a)
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(Figure 3B), consistent with previous reports in primary and
hPSC-derived astrocytes, which show low levels of such
cytokines in unstimulated conditions.””****™>" In order to test
if these astrocyte populations altered their cytokine secretion
profile in response to inflammatory stimuli, we treated cell
populations generated on both VDP and LN with lip-
opolysaccharide (LPS), a bacterial cell wall endotoxin widely
used to study cellular responses to inflammation.”*™*° Across
all astrocytic populations tested, we observed an increase of IL-
6, IL-8, and MCP-1, which is consistent with previous studies
in primary and hPSC-derived astrocytes showing that these
cytokines are the prime mediators of the inflammatory
response’ 373> (Figure 3C). Moreover, there was no
obvious difference in the responses of VDP- or LN-derived
astrocytes. Together, these findings indicate that astrocytes
generated on VDP are capable of responding to inflammatory
stimuli through modulation of their secreted cytokine profile.

VDP-Generated Astrocytes Have the Ability to
Uptake Amyloid (Af). Amyloidogenic processing of the
full-length transmembrane protein f-amyloid precursor protein
(APP) is a multistage process that results in generation of Af
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Figure 6. Scalable generation of hPSC-derived astrocytes on VDP-coated microcarriers (MCs). (A) Representative phase contrast images of
astrocytes cultured on VDP-coated MCs (scale bar = 250 ym). (B) Cell counts of astrocytes generated on VDP-coated two-dimensional (2D)
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panels) in astrocyte cultures derived on VDP-coated MCs (scale bar = 100 um). (D) Representative flow cytometry plots of S100/ expression of
astrocytes derived on MCs. Gates were determined using isotype or secondary antibody only controls listed in Supplementary Table 1. (E) Plots of
changes (AF/F) in fluorescence of calcium indicator (Fluo-4) in single astrocytic cells grown on MCs. Inset images of Fluo-4 stained astrocytes are

shown at the indicated time points.

peptides of various lengths, most commonly Af338, Ap40,
Ap42.°* Under healthy physiological conditions in the central
nervous system, Aff peptides play important roles related to
synapse function and neuronal activity.*** The levels of A in
the extracellular space are, in part, regulated by astrocytes
which play a significant role in Af clearance.”® To that end, to
determine whether the astrocytes generated on VDP and LN
surfaces were able to internalize Af, we treated astrocytes with
FITC-conjugated Af(1—42) and measured uptake 24 h later
with flow cytometry (Figure 4). In addition, fluorescent image
analysis of astrocytes treated with FITC-Af and fluorescently
labeled dextran confirms cell internalization of Af via the
endosomal pathway (Supplementary Figure 4).

This analysis revealed that astrocytes generated on both
substrates were capable of significant uptake of A (Figure 4).

VDP-Generated Astrocytes Display Spontaneous
Calcium Activity. A hallmark property of mature astrocytes
is the ability to exhibit spontaneous calcium transients.*~** As
such, we used Fluo-4AM to monitor calcium signaling in
hPSC-derived astrocytes differentiated on VDP and control
LN substrates in a subset of our lines, NDC-1, FAD-1, and
SAD-1. We found that cells on both surfaces displayed
spontaneous waves of calcium transients with characteristics
similar to those in previous reports with primary or hPSC-
derived astrocytes,”****® with no distinguishing features
between those on VDP and those on LN (Figure S). In
addition, single cell quantification of the amplitudes of the
calcium spikes revealed no obvious differences in the
distribution of these responses among the cell populations
on VDP and LN substrates (Supplementary Figure S). Finally,
astrocyte populations on both surfaces displayed continuous
propagation of waves of calcium transients among neighboring
cells suggesting networks of connected astrocytes (Supple-
mentary Movies 1—6). Taken together, these results suggest
that hPSC-derived astrocytes produced on VDP and LN
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substrates exhibit characteristic calcium responses typical of
functionally mature cells.

Astrocytes Can Be Generated on VDP Using Scalable
Culture Methods. Although we were able to employ VDP as
a fully defined culture substrate for the generation of
astrocytes, the inadequate surface area-to-volume ratio
provided by such traditional two-dimensional (2D) methods
is not sufficient to generate astrocytic cell populations in
quantities sufficient for uses in disease modeling, drug
discovery, and regenerative medicine. As an alternative,
microcarrier (MC)-based technologies can facilitate the
generation of large numbers of cells in reduced culture
volumes.”” More specifically, in microcarrier culture, cells are
grown as monolayers on the surface of small polystyrene
spheres of approximately 200 ym diameter while suspended in
culture with mild stirring. Importantly, the flexibility of MCs
allows them to be easily employed in a variety of bioreactor
systems including stirred-tank, rotating wall vessel, and vertical
wheel.”””" To that end, we developed a strategy to coat
polystyrene MCs with VDP. As proof-of-principle, hNPCs
derived from our two NDC hPSC lines were seeded onto the
VDP-coated MCs in 6-well ultralow attachment plates. After
seeding, the medium was changed to astrocyte differentiation
medium. We optimized the initial seeding and MC density to
allow for continuous attachment of cells and even distribution
on the MCs through the differentiation period (Figure 6A).
Differentiation on MCs allowed for a 10—15-fold increase in
astrocyte cell number per culture volume when compared to
conventional 2D culture methods (Figure 6B). In addition,
immunofluorescent (Figure 6C) and flow cytometry (Figure
6D) analyses demonstrated that astrocytes generated on MCs
expressed levels of the established astrocyte markers S100/ and
GFAP similar to those cells generated on typical 2D surfaces.
Finally, calcium imaging was performed on astrocytes that were
generated on VDP-coated MCs and then subsequently
replated onto VDP-coated 2D surfaces. This analysis revealed
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Figure 7. Characterization of cryopreserved astrocytes generated on VDP. (A) Representative phase contrast images of pre- and post-cryopreserved
astrocytes generated on VDP-coated surfaces. (B) Representative immunofluorescent images of GFAP (left panels) and S100/ (right panels) in
pre- and post-cryopreserved astrocytes. (C) Representative flow cytometry plots of propidium iodide staining (left panel) and S100f expression
(right panel) in pre- and postcryopreserved astrocytes. Gates were determined using isotype or secondary antibody only controls listed in
Supplementary Table 1 as appropriate. (D) Measurement of secreted ApoE in pre- and post-cryopreserved astrocytes cultured on VDP surfaces.
N.S. = not statistically significant, Student’s ¢t test. (E) Profile of pro- and anti-inflammatory cytokines in pre- and post-cryopreserved astrocytes
cultured under basal conditions. (F) Measurement of upregulated cytokines in pre- and post-cryopreserved astrocytes after treatment with LPS.
Data is shown as fold-change increase in cytokine release compared to untreated astrocytes. (G) Measurement of changes (AF/F) in fluorescence
of calcium indicator (Fluo-4) in single pre- and post-cryopreserved astrocytes. Inset images of Fluo-4 stained astrocytes are shown at the indicated

time points.

that cells generated with the MC-based system displayed
calcium transients with the same properties as those generated
on 2D surfaces (Figure 6E; Supplementary Movies 7 and 8).
Therefore, astrocytes generated with these scalable methods
can be dissociated and replated onto VDP-coated 2D surfaces
without loss of functionality. In sum, these experiments
establish proof-of-principle that VDP is compatible with
scalable culture methods to generate functionally mature
astrocytes in quantities required for downstream applications.

Astrocytes Generated on VDP Can Be Cryopreserved
without Loss of Functionality. Now that we established
that VDP could be used to support the scalable generation of
hPSC-derived astrocytes, we wanted to investigate if these cell
populations could be cryopreserved while maintaining their
functional phenotypes. As proof-of-principle, astrocytes were
generated from NDC-1 hNPCs on VDP-coated surfaces,
dissociated to single cell suspensions, and placed in a DMSO-
based cryoprotectant. Cells were then cooled from room
temperature at a rate of 1 °C/min to —80 °C and then placed
in long-term storage at —150 °C. After a minimum of 7 days in
storage, cells were thawed onto VDP-coated surfaces. Thawed
astrocytes displayed a typical flat, star-shaped morphology that
was similar to cells prior to cryopreservation (Figure 7A). In
addition, cells that were cryopreserved continued to express
high levels of the astrocytic markers S100f and GFAP as
determined by immunofluorescence (Figure 7B, Supplemen-
tary Figure 6) and flow cytometry (Figure 7C). In addition,
there was no significant difference in the levels of ApoE
secreted between pre- and post-cryopreserved astrocytes
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(Figure 7D). Along similar lines, thawed astrocytes retained
their characteristic secretory profile (Figure 7E) and retained
the ability to respond to inflammatory stimuli such as LPS
through upregulation of expression of cytokines IL-6, IL-8, and
MCP-1 (Figure 7F). Finally, cryopreserved astrocytes con-
tinued to display spontaneous calcium transients with profiles
similar to those of cells prior to cryopreservation (Figure 7G;
Supplementary Movies 9 and 10). As a whole, these results
demonstrate that not only can VDP provide for the scalable
generation of hPSC-derived astrocytes but also that the
resultant populations can be cryopreserved without any
adverse effects on their functionality.

B DISCUSSION

In the central nervous system (CNS), astrocytes play
numerous roles to maintain the homeostasis of neural
microenvironment such as regulating neurotransmitter levels
in the interstitial tissue, supporting synaptic health and
function, and modulating energy and lipid metabolism. More
broadly, not only are astrocytes mediators of the systemic
inflammatory and injury response in healthy tissue™ but they
also have been implicated as central players in numerous
neurodegenerative diseases.” As such, hPSC-derived astrocytes
provide a unique opportunity to generate accessible models to
understand the molecular underpinnings of neurodegenerative
disease as well as serve as the raw material to replace diseased
or damaged tissue. In this vein, reproducible and defined
methods for the generation of astrocytes from hPSCs will
significantly advance their use in these various downstream
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applications.” To that end, in this study we employed a
completely defined peptide-based substrate, vitronectin-
derived peptide (VDP), for the efficient generation of
astrocytes from hPSCs. Overall, the cells generated on these
substrates not only expressed high levels of conventional
astrocytic markers but also displayed transcriptional and
functional characteristics consistent with hPSC-derived
astrocytes %enera_ted by other groups on undefined xenogeneic
substrates®”****** (Supplementary Table 6) as well as fetal
astrocytes and primary human astrocytes. Specifically, hPSC-
derived astrocytes were generated from six independent hPSC
lines and subject to a series of primary characterization assays
that are broadly accepted in the field”*>>>* as demonstration
of bona fide astrocytes including morphological assessment,
expression of high levels of astrocytic markers, ability to
produce and secrete ApoE, and ability to take up soluble AS. In
addition, we performed more in-depth characterization on a
select number of lines of these hPSC-derived astrocytes using
RNA-seq and calcium imaging. In the future, direct
comparative investigations will be necessary to compare
hPSC-derived astrocytes generated using the defined ap-
proaches described in this study with those isolated from
fetal and primary sources. In addition, these astrocytes can also
be evaluated in the context of other hiPSC-derived neural
populations such as neurons’” and microglia” to understand
and model the complex interactions between these cell types.
Furthermore, we demonstrated that VDP was compatible with
microcarrier (MC)-based cell culture technologies to facilitate
the large-scale generation of astrocytes from hPSCs. Finally,
astrocytes generated on these defined substrates could be
cryopreserved without adverse effects on functionality.
Notably, VDP can be coated onto tissue-culture treated
polystyrene plates or MCs and does not require complex
chemical conjugation or fabrication that is typical of other
peptide-based culture systems for growth or differentiation of
hPSCs.”*”® Because of this ease of use, we contend that VDP
can be widely adopted by researchers as a defined substrate for
the generation of hPSC-derived astrocytes for disease
modeling and regenerative medicine applications.

Loss or dysfunction of astrocytes contributes to a wide
variety of neurological disorders, including Huntington’s
disease, amyotrophic lateral sclerosis (ALS), epilepsy, and
Alzheimer’s disease (AD).”*”” Recent preclinical studies have
provided great enthusiasm for the potential of using hPSC-
derived astrocytes in the treatment of numerous CNS diseases
and disorders. For example, astrocytes generated from hPSCs
have been shown to functionally replace astrocytes in adult
mice.”® More recently, intrathecal delivery of similar astrocyte
populations into mouse models of ALS was able to mitigate
disease onset and progression.”” In this vein, the results
presented here will enable the development of biomanufactur-
ing processes with the following features that will be critical for
the translation of hPSC-derived astrocytes from bench-to-
bedside: (i) Fully defined conditions. Current astrocytic
differentiation protocols exclusively employ substrates from
xenogeneic origins,'”'*7>*"%*" which are subject to batch-to-
batch variation and pose risk for transmission of adventitious
agents in clinical situations.”***" As described in this study,
the use of VDP provides a completely synthetic and off-the-
shelf substrate to generate human induced pluripotent stem
cell (hiPSC)-derived astrocytes in reproducible, animal-free
conditions. In fact, we demonstrate that VDP allows for the
generation of astrocytes that are transcriptionally and func-

3485

tionally indistinguishable from cells derived on conventional
animal-derived substrates such as laminin (LN). (ii) Robust. It
has been widely established that variability between individual
hPSC lines can lead to directed differentiation protocols that
work well in a subset of cell lines and, alternatively, lead to the
generation of heterogeneous cell populations in other
lines.*>** Here, we show that VDP provides for the highly
efficient differentiation of six independent hiPSC lines into
relatively pure, homogeneous astrocyte populations. In
addition, we do not observe any significant differences in cell
phenotype with independent VDP batches or independent
differentiations. As such, we anticipate that VDP can serve as a
universal substrate enabling the development of biomanufac-
turing processes and personalized therapies. (iii) Scalable.
Current astrocyte differentiation strategies utilize planar
culture surfaces that will not be able to facilitate the anticipated
large-scale clinical demands of up to 10°—10' cells per dose.
Alternatively, microcarrier (MC)-based systems have the
ability to enhance production capacity, improve culture
robustness, facilitate scale-up, and reduce costs associated
with cell manufacturing.69 Here, we use VDP in conjunction
with a MC-based culture system to allow for the scalable
generation of functionally mature hPSC-derived astrocytes.
Although we only demonstrate the utility of this MC-based
system in a subset of our hPSC lines, our proof-of-principle
studies demonstrate the broad utility of VDP to be employed
in such scalable formats with minimal optimization. In the
future, we anticipate that such MC-based systems used in
conjunction with established bioreactor systems " will allow
for the production of astrocytes in quantities sufficient for cell-
based therapy applications. More precisely, in the proof-of-
principle experiments we performed, VDP-coated MCs were
cultured in 6-well ultralow attachment plates placed on an
orbital shaker in a tissue culture incubator. From this culture
system, each well yielded on average 6 X 10° astrocytes
compared to 0.5 X 10° astrocytes obtained from a single well
when cultured using 2D. As such, we estimate that a single 500
mL vessel of a rotating wall vessel (RWV) bioreactor could be
used to generate 10° astrocytes using VDP-coated MCs.* (iv)
Point-of-use. Future clinical applications of astrocytes differ-
entiated from hPSCs will require processes that are compatible
with cryopreservation techniques that allow for the generation
of master banks that can be deployed directly at the point-of-

se.”?>"! Toward this goal, we provide proof-of-concept in a
subset of our hPSC lines that the astrocyte populations
generated on VDP can be dissociated into single cells and
cryopreserved without any loss of phenotypical integrity and
functionality for long-term study.

Recently, suspension or “organoid”-based methods have
emerged as a strategy to generate neural cell populations,
including astrocytes, in a format that might preclude an
adhesive matrix.””**"*" It should be noted that while these
organoid-based systems are impressive in their ability to
recapitulate aspects of human neural development, in practical
terms these protocols result in a heterogeneous mixture of
neurons, astrocytes, and other neural progenitor cell types,
which might limit downstream applications where pure cell
populations are required. Specifically, organoid-based systems
suffer from limitations such as batch-to-batch variability in size
and cellular composition, as well as potential issues that arise
from nectrotic cores that develop during prolonged culture. By
comparison, the methods described in this study, which
employ a fully defined substrate that is compatible with both
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conventional 2D and scalable MC-based culture systems, result
in highly pure populations of astrocytes free from any
contaminating (i.e., neuronal, progenitor) cell populations. In
the future, such astrocytic populations could be combined at
precise ratios with other hPSC-derived cell populations such as
neurons’” and microglia”® to generate highly reproducible,
complex culture systems. In addition, these organoid
suspension culture systems rely on the aggregation of cells
into large spheroids which might result in cell necrosis in the
center of the organoid due to limitations in oxygen diffusion
and nutrient mass transfer.”” In this study, the MC-based
cultures form small aggregates with a noncellular MC core that
does not exhibit necrosis. In fact, analysis of astrocytes
generated on MCs revealed no observable necrosis as
measured by propidium iodide staining.”® As such, the MC-
based methods described in this study offer the scalability
advantages afforded by suspension-based systems without
these aforementioned caveats.

The work that we performed in this study also has important
practical implications for the use of hPSC-derived astrocytes in
disease modeling and drug screening applications. In particular,
cellular models for phenotypic drug screens need to be
reproducible and homogeneous.”*”" In addition, such cell
types will need to be generated at large scale given the
estimates that it would take approximately 10'° cells to screen a
1 million compound library. The use of VDP as a fully defined
synthetic substrate to generate relatively pure and homoge-
neous astrocytes from hPSCs will eliminate the batch-to-batch
variability that could arise from the use of animal-derived
substrates. Moreover, VDP does not pose the same potential
complications as undefined matrices such as Matrigel, which
might contain biologically active components that could
potentially interfere with the interpretation of phenotypic
results.””” In addition, we demonstrate that the use of scalable
MC-based technologies and conventional cryopreservation
techniques will enable the generation of large stocks of
consistent cellular identity. In turn, we show that cryopre-
served cells can be thawed directly onto VDP-coated 2D
surfaces, which will enable future downstream high-throughput
phenotypic drug screening assays.

Classically, the roles of astrocytes in CNS function and
neurodegenerative disease have been studied in a variety of
animal models. While these model systems have provided
many insights, the complexity of in vivo experiments make it
difficult to eliminate confounding variables and directly
investigate the specific role of astrocytes in neural tissue
health, damage, and disease. In addition, given the differences
between human and rodent astrocytes including their
morphology, transcriptional profiles, and functionality,”*~
there is significant concern that these models do not fully
recapitulate human disease. As such, considerable effort has
been devoted to developing representative human in vitro
astrocytic models including those from immortalized”””® and
primary sources.”®”” However, immortalized cell lines can be
aneuploid with unknown dosage of key disease relevant genes,
while primary cell systems are difficult to isolate and rapidly
lose phenotypes during prolonged in vitro culture. In this vein,
the hPSC-astrocytes generated in this study have many
functional features that would make them attractive for AD-
related disease modeling and drug screening. In the classic
form of the amyloid cascade hypothesis of AD, generation and
subsequent accumulation of Af peptides is the key step that
leads to neuronal loss and subsequent cognitive decline
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associated with AD.°>'%'" Related to this process, astrocytes

have been shown to play an important role in A clearance.’®
In this study, we demonstrated that astrocytes generated on
VDP had the ability to take up Ap from the surrounding
media. Moving forward, the cells generated as part of this study
will provide for the investigation into the mechanistic
connections between astrocytic amyloid processing and AD-
related phenotypes. Another characteristic of the astrocytes
generated as part of this study that makes them attractive drug
screening models is their ability to secrete ApoE. Given the
broad functions of ApoE in maintaining health in the CNS,"'**
augmenting the functions of ApoE has been explored as a
potential therapeutic strategy in treating AD.”””® As such,
several screens utilizing immortalized and primary cell sources
have identified small molecule enhancers of ApoE produc-
tion.”””® Moving forward, the astrocytes generated in this work
could serve as a more robust human cellular model for such
high-throughput screens. Finally, although the work presented
in this manuscript only focused on the generation of astrocytes
from nondemented control (NDC) or AD hiPSCs, we envision
that the robustness of the VDP-based culture methods will
allow for the generation of astrocytes from other hiPSC lines
derived from patients of other diseases in which astrocytic
dysfunction has been implicated.”*”’

B CONCLUSION

In summary, we developed a completely defined peptide-based
substrate that allows for the generation of highly pure
populations of astrocytes from several independent hPSC
lines. Moreover, this peptide is compatible with conventional
planar culture formats as well as scalable MC-based
technologies. Importantly, astrocytes generated on these
peptide-based surfaces not only displayed typical astrocytic
morphology and high expression of canonical astrocyte
markers but also demonstrated properties characteristic of
functionally mature cells including secretion of ApoE,
responsiveness to inflammatory stimuli, and presentation of
spontaneous calcium transients. In the future, the use of this
peptide-based system as a scalable and defined culture system
will enable the application of hPSC-derived astrocytes in a
variety of downstream applications in drug screening, disease
modeling, and regenerative medicine.
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