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Introduction

Given the clinical experience of fetal mesencephalic transplanta-
tion in Parkinson’s disease (PD), a neurodegenerative disorder
characterized by dopamine (DA) neuron loss in the midbrain sub-
stantial nigra (SN), stem cell transplantation is regarded as a poten-
tial future therapy for treating intractable brain disorders. Neural
progenitor cells (NPCs) can be derived from brain tissues or by in
vitro differentiation of embryonic stem cells (ESCs) or induced
pluripotent stem cells (iPSCs). Therapeutic potentials for cultured
NPCs have been shown in both in vitro and in vivo disease mod-
els. However, the general consensus is that therapeutic outcomes
attained by current NPC transplantation techniques do not reach
a level that is satisfactory for the treatment of patients (reviewed
in ref. 1, 2). To overcome this limitation, studies have mainly cen-
tered on the improvement of intrinsic donor cell qualities. What is
ignored, however, is that the host brain becomes hostile to grafted
cells after transplantation due to immunogenic and inflammatory
reactions induced by mechanical injury occurring during cell trans-
plantation (3, 4), which hampers appropriate differentiation, matu-
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Transplantation of neural progenitor cells (NPCs) is a potential therapy for treating neurodegenerative disorders, but this
approach has faced many challenges and limited success, primarily because of inhospitable host brain environments that
interfere with enriched neuron engraftment and function. Astrocytes play neurotrophic roles in the developing and adult
brain, making them potential candidates for helping with modification of hostile brain environments. In this study, we
examined whether astrocytic function could be utilized to overcome the current limitations of cell-based therapies in a murine
model of Parkinson’s disease (PD) that is characterized by dopamine (DA) neuron degeneration in the midbrain. We show
here that cografting astrocytes, especially those derived from the midbrain, remarkably enhanced NPC-based cell therapeutic
outcomes along with robust DA neuron engraftment in PD rats for at least 6 months after transplantation. We further show
that engineering of donor astrocytes with Nurr1 and Foxa2, transcription factors that were recently reported to polarize
harmful immunogenic glia into the neuroprotective form, further promoted the neurotrophic actions of grafted astrocytes in
the cell therapeutic approach. Collectively, these findings suggest that cografting astrocytes could be a potential strategy for
successful cell therapeutic outcomes in neurodegenerative disorders.

ration, survival, and function of the grafted cells (5). Thus, in vitro
success in donor NPC cultures efficiently yielding authentic mid-
brain-type DA (mDA) neurons with improved survival and func-
tions does not guarantee successful therapeutic outcomes after
transplantation without correcting hostile brain environments.
Astrocytes, which outnumber neurons in the CNS, exert physi-
ologic functions to support neuronal cell survival, neuronal func-
tion, and brain homeostasis in the adult brain as well as neuronal
differentiation and synaptic maturation during development (6-
8). The idea of modifying pathologic brain environments by utiliz-
ing the neurotrophic properties of astrocytes has been appearing
on the therapeutic horizon for CNS disorders (9). However, mul-
tiple properties of astrocytes are compromised in various diseas-
es (10, 11), and astrocytes can be activated into the type of cells
establishing harmful and hostile brain environments in diseased
contexts (12, 13) (frequently annotated as M1 activation using the
terminology of macrophage polarization, but the terminology has
not been completely established by research findings in microglia
and astrocytes) (14). A previous study demonstrated that nuclear
receptor-related factor 1 (Nurrl, also known as NR4A?2), originally
known as a transcription factor specific for developing and adult
mDA neurons, could also be expressed in astrocytes/microglia in
response to toxic insults and that Nurrl-expressing glia protect
neighboring mDA neurons by reducing synthesis and releasing of
proinflammatory cytokines from glial cells (15). In a later study,
we showed that forkhead box protein A2 (Foxa2, also known as
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Figure 1. DA neuron differentiation and maturation promoted by coculturing with astrocytes. (A) Schematic for the coculture experiments. (B)
Representative images of TH* DA neurons differentiated from VM-NPCs in the presence of Ctx-NPCs (control), Ctx-Ast, or VM-Ast. Scale bar: 100 um.
Insets, enlarged images of the boxed areas (original magnification, x400). (C) DA neuronal yields at differentiation day 6 (D6). (D-H) Morphometric
measurement of DA neuron maturity assessed by neurite outgrowth lengths (D), soma size (E), and by the Sholl test (F and G). In the Sholl analysis,
the total number of neurite crossings was counted in each circle with the radius increasing in steps of 15 um (F). The critical value (G) is the radius at
which there was a maximum number of neurite crossings. *P < 0.05, significantly different from the control; #P < 0.05, significantly different from
Ctx-Ast, 1-way ANOVA. n = 3-5 wells (C) and 100 (D and E) and 25-30 (F and G) TH* cells in each group.(H) Representative TH* neuronal morphologies
reconstructed in 3D by Neurolucida. (I-L) Synaptic densities on TH* fibers. (I) Representative confocal images of synapsin*TH* fibers. Scale bar: 25
um. Puncta positive for the synaptic vesicle-specific markers SV2 (J), synapsin (K), and bassoon (L) on TH* fibers were counted. *P < 0.05, signifi-
cantly different from the control; #P < 0.05, significantly different from Ctx-Ast. n = 20 TH* fibers for each group. (M) Presynaptic DA release. n =3
independent cultures. DA levels were measured in the media conditioned in the differentiated cultures for 24 hours (D13-D15) and in cultures evoked
by KCI-mediated depolarization for 30 minutes. *P < 0.05; #*P < 0.05, 1-way ANOVA.

HNF3p) is a potent cofactor that synergizes the Nurrl-mediated
antiinflammatory roles in glia (16). Furthermore, forced coexpres-
sion of Nurrl and Foxa2 (Nurrl+Foxa?2) in glia promotes the syn-
thesis and release of various neurotrophic factors, indicating that
engineering of Nurrl and Foxa2 in glia could become a powerful
strategy for treating CNS disorders.
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In this study, we have attempted to exploit the neurotrophic
actions of astrocytes and Nurrl+Foxa2 functions in this cell type to
improve the therapeutic outcomes of NPC transplantation using
an animal model of PD. Our in vitro assays using a coculture sys-
tem and conditioned media treatment revealed that astrocytes,
especially those cultured from the ventral midbrain (VM), where
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Figure 2. DA neurons differentiated with astrocytes are more resistant to toxic insult along with increased midbrain-specific factor expressions. (A-C)
Expression of midbrain-specific markers in the differentiated DA neurons. Expression levels of the midbrain-specific markers in C were determined in indi-
vidual TH* DA neurons by measuring MFI using LAS image analysis (Leica). *P < 0.07; #P < 0.01, 1-way ANOVA. n = 9 microscopic fields (B) and n = 32-36 TH*
cells (C). Scale bar: 50 um. (D-F) Resistance of DA neurons against a toxic stimulus. TH* DA neurons differentiated in the presence of Ctx- or VM-Ast (Ctx-NPCs
as the control) at D12 were exposed to H,0, (1,000 uM) for 10 hours and viable TH* cell counts (E) and fiber lengths (F) were measured on the following day.
Representative TH* cell images after H,0, treatment are shown in D. Scale bar: 100 um. Insets, enlarged images of the boxed areas (original magnification,
x400). Data in E represent percentage of TH* cells that survived after the toxin exposure compared with those that were not exposed to toxin (H,0, = 0 uM).
*P < 0.01; *P < 0.01, 1-way ANOVA. n = 3 independent experiments (2-3 culture wells/experiment) (E) and n = 80-90 TH* cells (F).

mDA neurons are developed and reside (hereafter referred as
dopaminergic), greatly support a series of NPC behaviors associ-
ated with their therapeutic capacity upon transplantation, such
as mDA neuron differentiation, synaptic maturation, midbrain-
specific marker expression, presynaptic DA neuron function,
and resistance against toxic stimuli. Nurrl+Foxa2 engineering in
astrocytes further improved astrocytic function to protect mDA
neurons against toxins, mainly by reducing inflammation. We
further identified potential neurotrophic cytokines, extracellular
matrix (ECM) proteins, and antiinflammatory and antioxidant
factors that may mediate the actions of astrocytes. Based on these
findings, we demonstrate the functional benefits of astrocyte
cotransplantation in NPC-based cell therapy for PD.

Results

Immature and brain region-specific identities of astrocytes cultured
from the cortex and VM of mouse pups. The aim of this study is to
improve NPC transplantation efficacy by utilizing neurotrophic
actions of astrocytes. Based on brain region-dependent diversity
of astrocytes and their potential region-specific roles (17-21), we
cultured astrocytes from 2 brain regions, including the classical
nondopaminergic brain region cortex (Ctx) and dopaminergic
VM. Along with high mRNA expression of astrocytic markers

(Supplemental Figure 1B; supplemental material available online
with this article; https://doi.org/10.1172/JC193924DS1), immu-
nocytochemical analyses revealed that major cell populations in
the Ctx- and VM-astroglial cultures at day in vitro (DIV) 14 were
positive for GFAP (85% and 82%), CD44 (79% and 76 %), GLT-1
(58% and 71 %), and GLAST protein (71% and 77%), respectively
(Supplemental Figure 1A), except SI00B (20% and 32%), a soluble
protein associated with harmful reactivation of astrocytes (22). A
few (0.24% * 0.35% in Ctx-Ast and 0.43% * 0.39% in VM-Ast,
where Ast indicates astrocytes) and none of the cells in these
cultures were Ibal* microglia and O4* oligodendrocyte, respec-
tively. In contrast, none or a few cells were positive for the astro-
glial markers in the NPC cultures derived from embryonic corti-
ces (Ctx-NPCs) used as a control (Supplemental Figure 1A). Along
with abundant cells immunoreactive for the immature astrocytic
markers GLAST and Sox2, the expression levels of the immature
astrocytic genes (Sox2, Nestin, GLAST, and vimentin) in the RNA-
sequencing (RNA-seq) data were high (fragments per kilobase
of exons per million reads [FPKM]: 94-4180, Supplemental Fig-
ure 1C), indicating that the astrocytes cultured in this study had
immature properties. Previous studies have reported that astro-
cytes in culture were electrophysiologically immature compared
with those in vivo (23, 24). Consistently, in patch-clamp analyses,
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Figure 3. Paracrine manner of the astrocyte-mediated neurotrophic
actions. (A) Schematic of the CM treatment experiments. Media condi-
tioned in Ctx- or VM-Ast (or Ctx-NPC as control) was collected and added
to cultured VM-NPCs during the differentiation period. (B) Representative
images for TH* DA neurons at D12. Scale bar: 100 um. Insets, enlarged
images of the boxed areas (original magnification, x400). (C) TH*DA
neuronal yields at D6. *P < 0.05, significantly different from control. n =3
cultures for each group. (D and E) Morphometric measurement of neurite
outgrowth assessed by a time-lapse imaging system. VM-NPCs at D3 were
treated with the CMs. Neurite lengths (D) and branch points of the neurites
(E) in 27 randomly selected microscopic fields from 3 independent cultures
were automatically analyzed for 42 hours using IncuCyte’s NeuroTrack
software. (F-J) Expression of mature neuronal (NeuN) and mDA neuronal
(Foxa2, Nurr1) markers in the differentiated DA neurons. I and ) depict per-
centage of TH* cells expressing the markers and the expression levels (MFI)
in individual TH* DA neurons, respectively. *P < 0.01, significantly different
from control; #P < 0.01, significantly different from Ctx-Ast, 1-way ANOVA.
n =9 microscopic fields (I) and n = 32-36 TH* cells (J). (K-M) Resistance of
DA neurons against a toxic stimulus. TH* DA neurons differentiated in the
presence of Ctx- or VM-Ast-CM (Ctx-NPC-CM as the control) at D12 were
exposed to H,0, (1,000 uM) for 8 hours and viable TH* cells were counted
on the following day (L). Shown in K are representative TH* cell images
after H,0, treatment. Scale bars: 100 um. Insets, high-powered images of
the boxed areas (original magnification, x400). Fiber lengths of surviving
TH* cells were also estimated (M). *P < 0.01; #P < 0.01, 1-way ANOVA. n =

3 independent experiments (2-3 wells/experiment) (L) and n = 80-90 TH*
cells (M). (N) Expression of neurotrophic genes in the cultured Ctx-Ast, VM-
Ast, and Ctx-NPCs, estimated by real-time PCR (gPCR) analyses. *P < 0.07;
#P < 0.05, 1-way ANOVA. n = 3.

astrocytes cultured from cortices in this study (DIV14) exhibited
current (2577 * 401.1 pA, n = 16) and conductance (23.08 + 3.306
nS, n =16) that were significantly lower than those detected in cor-
tical slices in vivo (40 nS) (23, 24). Interestingly, the current and
conductance values of astrocytes cultured from VM at DIV14 were
even lower compared with the cultured Ctx-Ast at DIV14, and
those of VM-Ast increased after a longer culture period (at DIV35)
(Supplemental Figure 1, D and E). Each group of astrocytes had a
population with conductance lower than 10 nS. The percentage of
low conductance cells was the highest in VM-Ast cultures at DIV14
and decreased during maturation in VM at DIV35, while the per-
centages were similar in Ctx DIV14 and Ctx DIV35 (Supplemental
Figure 1F). Of note, it has been shown that transplanted imma-
ture — but not mature — astrocytes exert neurotrophic support in
the injured CNS (25-29). In addition to a wound-healing capacity
superior to that in astrocytes at DIV33-35 (Supplemental Figure
1G) in a scratch injury model (28), astrocytes at DIV12-14 showed
greater capacity growing on high levels of chondroitin sulfate pro-
teoglycans (CSPGs) (Supplemental Figure 1H) in an in vitro model
recreating the strongly inhibitory CSPG gradient observed in the
glial scar in vivo (25). These findings collectively indicated that
cultured astrocytes in this study, especially those at DIV12-14,
were immature and capable of exerting regenerative capacities.
Based on these findings, the following experiments were done
using astrocyte cultures at DIV7-14, unless otherwise noted.
Positional identity, a fundamental organizing principle gov-
erning the generation of neuronal subtype diversity, is relevant to
astrocyte diversification (18, 21). Consistently, Ctx-Ast had high
levels of expression of cortical region-specific genes (Emx2, Lhx2,
FoxGl, and Pax6), whereas expression of the midbrain-specific
markers (Foxal/2, Lmxla/b, and Enl/2) was enriched in VM-Ast
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cultures (Supplemental Figure 1, I and J). While endogenous
expression of Foxa2 was exclusively enriched in VM-Ast, expres-
sion of Nurrl, another major gene of interest in this study, and its
downstream target gene Pitx3 (30) was indistinguishable between
Ctx- and VM-Ast cultures (Supplemental Figure 1, I and ]). This
finding is consistent with the detection of Nurrl expression not
only in the midbrain, but also in cortical layer VI (31) and the hip-
pocampus (32). These findings collectively verify immature astro-
cytic- and brain region-specific identities of the astrocyte cultures
used in this study.

VM-Ast promote the differentiation of NPCs into mDA neurons
with enhanced neuronal maturity, expression of midbrain-specific
markers, and resistance against a toxic stimulus. In order to attain
therapeutic efficacy by NPC transplantation in PD, grafted NPCs
must undergo differentiation into mDA neurons, neuronal matu-
ration with synapse formation, and survival of the grafted mDA
neurons in the hostile environment of the grafted brain. We
first assessed this series of the cellular events in the absence or
presence of Ctx- or VM-Ast in vitro. To this end, NPCs isolated
from rodent embryonic VMs (mouse at E10.5 or rat at E12) were
expanded in vitro for 4 days, harvested, and mixed with the Ctx-
Ast or VM-Ast at a cell number ratio of 2:1 VM-NPCs to astrocytes.
The mixed cells were plated, and differentiation of VM-NPCs was
directly induced in serum-free N2 medium (schematic in Figure
1A). Since cell differentiation is affected by cell density (33, 34),
VM-NPCs in the control cultures were mixed with nondopami-
nergic Ctx-NPCs and we determined that cell density (conflu-
ence) among the tested groups was not largely different during
the assays. When DA neuron differentiation was assessed at dif-
ferentiation day 6 by the number of cells positive for tyrosine
hydroxylase (TH), a key enzyme in DA biosynthesis, the number
of TH* cells was significantly greater in the cultures mixed with
astrocytes compared with control cultures mixed with Ctx-NPCs
(Figure 1, B and C). There was no significant difference in the TH*
cell yields promoted by coculturing with VM-Ast compared with
those promoted by coculturing with Ctx-Ast (Figure 1C).

TH* DA neurons differentiated in the presence of astrocytes
exhibited more mature neuronal morphology than control cultures
(Figure 1B, insets), which was quantified by neurite length (Figure
1D) and soma size (Figure 1E) of the TH* cells. The morphomet-
ric maturity of TH* DA neurons was further assessed based on the
complexity of neurite outgrowth using the Sholl test (Figure 1, F
and G). In contrast to the lack of difference in TH* cell yields pro-
moted by Ctx- versus VM-Ast, TH* DA neurons cocultured with
VM-Ast exhibited significantly greater neurite outgrowths than
those cocultured with Ctx-Ast (Figure 1, B, D, F-H). In images cap-
tured by a confocal microscope, puncta positive for the synaptic
vesicle-specific markers SV2, synapsin, and Bassoon were more
abundantly localized in the neurites of the TH* DA neurons dif-
ferentiated with astrocytes, and the puncta densities were great-
est in those cocultured with VM-Ast (Figure 1, I-L). The types of
synapses formed were further analyzed by using neurotransmit-
ter specific pre- and postsynaptic markers. Nigral mDA neurons in
the midbrain physiologically receive glutamatergic excitatory and
GABAergic inhibitory synaptic inputs from several regions of the
brain (35). Excitatory postsynaptic density protein 95 (PSD95) clus-
ters were found on dendritic shafts of TH* DA neuronal cells, and
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Figure 4. Potential molecules mediating the dopaminotrophic functions of astrocytes. (A-E) mRNA-seq analyses for the DEGs among VM-Ast, Ctx-Ast,
and control Ctx-NPCs. Genes upregulated and/or downregulated by over 2-fold were selected for analysis. (A) Venn diagram summarizing the overlap
between DEGs from VM-Ast versus Ctx-NPCs (left circle) and Ctx-Ast versus Ctx-NPCs (right circle). The numbers of genes are indicated in the Venn
diagram. To calculate overlap with DEGs, statistical analysis was performed using the y? test based on a 2 x 2 table using R version 3.3.2 of the MASS pack-
age. (B) GO and KEGG analyses for the 4,445 overlapping genes (common astrocytic genes). Purple bars indicate the number of genes under the designated
GO term/KEGG pathway. Yellow bars indicate P values, and negative logs of the P values (bottom) are plotted on the x axis. (C and D) Volcano plot (C) and
GO/KEGG analyses (D) for the DEGs between VM-Ast and Ctx-Ast. (E) Heatmap showing fold changes of the selected genes in VM- and Ctx-Ast compared
with control Ctx-NPCs (Iog2 folds, VM-Ast/Ctx-NPC and Ctx-Ast/Ctx-NPC). (F) Expression of important pro- and antiinflammatory and secretory antioxi-
dant genes was further confirmed by gPCR analyses. *P < 0.05, significantly different from control; #P < 0.05, significantly different from Ctx-Ast, 1-way
ANOVA. n = 3 PCR reactions.

many of them were juxtaposed with the vesicular glutamate trans-  only with VM-Ast, further indicating more mature neuronal mor-
porter 2 (vGlut2) puncta, which indicates the presence of aspiny  phology with VM-Ast. GABAergic inhibitory (vGAT*Gephyrin®)
glutamatergic shaft synapses in TH'DA neurons (Supplemental  synaptic puncta were also more abundantly localized in the fibers
Figure 2A). We found that vGlut2'PSD95" clusters were more  of TH* DA neurons cultured with astrocytes (Supplemental Figure
abundantly detected in TH* DA neurons cocultured with astro- 2, A and B). We further observed that DA release, especially when
cytes than in control cultures (Supplemental Figure 2, A and B).  evoked by KCl-induced depolarization, was significantly promot-
Along with significantly more vGlut2'PSD95* clusterson TH* cells ~ ed in the cultures differentiated with astrocytes; the presynaptic
cocultured with VM-Ast than those with Ctx-Ast (P =00002),the =~ DArelease promoted by astrocytes was greater in the cultures with
glutamatergic synapses on spine-like structures were also found =~ VM-Ast than in the cultures with Ctx-Ast (Figure 1M).
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Figure 5. Forced expression of Nurr1+Foxa2 in VM-Ast potentiates astrocyte-mediated dopaminotrophic actions. (A) Schematic of procedure of the
coculture experiments. VM-Ast were transduced with Nurrl+Foxa2-expressing lentiviruses (or control mock viruses), harvested, and mixed with VM-NPCs.
After differentiation was induced in the VM-NPCs mixed with the astrocytes, TH* DA neuronal yields (B), morphologic (C) and synaptic maturation (D),
expression of midbrain-specific markers (E), presynaptic DA release (F), and resistance to a toxic stimulus (G and H) were assessed in the TH* DA neurons
in the differentiated cultures. (I-L) CM treatment experiments. CM was prepared from Nurrl+Foxa2-transduced VM-Ast (or mock-transduced VM-Ast as
control) and added to VM-NPCs during the differentiation period. The differentiated cultures at D12 were exposed to H,0, (1,000 pM, 10 hours), and the
number (K) and neurite length (L) of surviving TH* cells were estimated as described in the Figure 3 legend. *P < 0.05; #P < 0.05, 2-tailed Student’s t test.
n =3 culture wells (F, H, K) and 80-90 TH* cells (L). Scale bars: 100 pm.
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-1) in Nurr1+Foxa2-VM-Ast (NF-Ast) compared

with control VM-Ast (Cont-Ast) (FPKM > 1). (B) Gene ontologies only for
the genes downregulated in NF-Ast vs. control-Ast (log, < -1, FPKM>1). (C)
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and inflammatory response gene sets enriched

in Nurrl+Foxa2-VM-Ast versus VM-Ast. (D) Heatmap of the expression lev-
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in B. Expressions of selected immune/inflammatory, inhibitory ECMs, and
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pro- and antiinflammatory and neurotrophic factors were further confirmed

by real-time gPCR analyses.
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*P < 0.05, 2-tailed Student’s t test. n = 3.
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mDA neurons are specified based on the expression of sev-
eral midbrain-specific genes, such as Nurrl, Foxa2, Lmxla/b,
Pitx3, and Enl/2. As these midbrain markers play critical roles
in DA phenotype maintenance, survival, and function (36-39),
their expression is critical in the preparation of mDA neurons
for therapeutic purposes. However, we and others have recently
shown that the expression of midbrain-specific markers in mDA
neurons is largely affected by in vitro and in vivo environments
and thus easily lost during passages, long after differentiation
in vitro and after transplantation in vivo (16, 40, 41). Indeed,
expression of Foxa2, Nurrl, and Lmxla was detected only in
64%, 44%, and 46% of TH" cells at day 12 of differentiation,
respectively (Figure 2, A and B). The percentages of TH* DA
neurons expressing the midbrain markers (Figure 2B) and their
expression levels in individual TH* cells (estimated by mean
fluorescence intensity [MFI]) in the nucleus of TH* cells (Figure
2C) were significantly greater in the cultures mixed with astro-
cytes. The coculture with VM-Ast had the greatest effect, with
almost all TH* cells coexpressing the midbrain-specific mark-
ers, further supporting the functional superiority of VM-Ast over
Ctx-Ast in their midbrain dopaminotrophic actions.

When the differentiated cultures were exposed to the ROS-
producing agent H,0, (1000 pM for 10 hours), only 15% of the
toxin-untreated TH* DA neurons survived in the control cultures
mixed with Ctx-NPCs (Figure 2, D and E). As expected, remarkably
lower proportions of DA neurons died after the toxic stimulus in the
presence of astrocytes. In addition, TH* cells in the cultures mixed
with astrocytes survived the toxin treatment and displayed healthy
neuronal morphology with extensive neurite outgrowths, while
most of the surviving TH* cells in the control cultures had blunted
or fragmented neurites (Figure 2D, insets), a neuronal aging and
degenerative phenotype (42). This finding was further supported by
quantification of the fiber length in the surviving TH* cells (Figure
2F). Again, VM-Ast exerted significantly greater protective effects
on mDA neurons than Ctx-astrocytes (Figure 2, D-F). Collectively,
these findings suggest that cultured astrocytes facilitate VM-NPC
differentiation toward authentic mDA neurons that are morpho-
logically, synaptically, and functionally mature and are resistant to
toxic insults. In addition, our data show that astrocytes of VM ori-
gin are superior to astrocytes from the Ctx in terms of their trophic
actions on mDA neuron differentiation and survival.

Paracrine manner of the observed astrocytic actions. The
observed astrocytic actions could be mediated by factors released
from the astrocytes and/or cell-cell contact signaling. To test the
possibility of paracrine effects, the medium was conditioned in
the astrocyte cultures (or differentiated Ctx-NPC cultures as the
control) for 2 days and the conditioned medium (CM) was added
to undifferentiated VM-NPC cultures (Figure 3A). The astrocyte-
CM more efficiently promoted VM-NPC differentiation into DA
neurons compared with the control-CM,as estimated by TH* cell
yields 6 days after differentiation (Figure 3, B and C). In addition,
fiber outgrowth (Figure 3D) and branching (Figure 3E) during the
42 hours of CM treatment increased in the differentiating cultures
treated with astrocyte-CM compared with the control-CM, with
the greatest increase by VM-Ast-CM treatment. Along with the
morphologic maturation effects, similar patterns of the astrocyte-
CM effects were manifested in the expression of NeuN, a mature
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neuron marker, in TH* DA neuronal cells (Figure 3, F, I, and ]).
Expression of the midbrain-specific factors Nurrl and Foxa2 (Fig-
ure 3, G-J) and TH* cell survival with H,0, toxin treatment (Figure
3, K-M) were greatly improved by VM-Ast-CM treatment, com-
pared with that in cultures treated with control-CM or Ctx-Ast-
CM. These findings collectively indicate that the astrocyte func-
tions observed in Figures 1 and 2 were at least in part mediated by
paracrine factors secreted from the astrocytes.

We next sought to identify the paracrine factors responsible
for the astrocyte-mediated neurotrophic actions. Consistent
with neurotrophic factor secretion from astroglial cells (43), cul-
tured astrocytes expressed elevated levels of mRNAs for various
neurotrophic factors (Figure 3N). Of note, the expression of glial
cell-derived neurotrophic factor (Gdnf), sonic hedgehog (Shh),
and Fgf8 was greatly elevated in VM-Ast compared with Ctx-Ast
or control Ctx-NPCs. GDNF has physiologic neurotrophic roles
specific for mDA neurons (44), and SHH, by establishing an auto-
regulatory loop with Foxa2, is one of the most important factors
in mDA neuron development and survival (45, 46). The coopera-
tive actions of FGF8 and SHH are critical for mDA neuron devel-
opment (47), and thus, this cytokine combination is commonly
used for in vitro mDA neuron patterning from stem cells (48, 49).
In addition, crucial roles for Wnt/p-catenin signaling from mDA
neurogenesis to regeneration and secretion of Wntl and Wnt5a
proteins from VM-Ast have been reported (50, 51). Consistently,
cultured VM-Ast abundantly expressed not only Wnt cytokines
(Wntl, Wnt4, Wnt5a), but also spondin-2 (SPO-2) (Figure 3N), a
secreted protein of the R-spondin family, which activates Wnt/f-
catenin signaling by preventing clearance of the Frizzled-LRP Wnt
receptor complex (52). In addition, cultured astrocytes exhibited
an elevated expression of thrombospondin-1 (Thbs-1), Glypicans
(GPC) 4 and 6, and secretory ECM proteins, which promote syn-
apse formation (53, 54); Thbs-1 mRNA levels were higher in VM-
Ast cultures than in Ctx-Ast, suggesting that these factors were
responsible for the synaptic maturation of DA neurons in the pres-
ence of VM-Ast (Figure 1, I-L, and Supplemental Figure 2).

Differentially expressed genes among the differentiated NPCs,
Ctx-Ast, and VM-Ast. To gain further molecular insight into the
observed astrocyte functions, we performed RNA-seq analysis
of the differentiated Ctx-NPCs (control), Ctx-Ast, and VM-Ast
used in the coculture and CM experiments. The differentially
expressed genes (DEGs) in Ctx-Ast compared with differenti-
ated Ctx-NPCs (FPKM > 1, log, > 1) significantly overlapped with
DEGs in VM-Ast compared with differentiated Ctx-NPCs (N-1' 2
=9059.4,df =1, P < 2.2 x 107, Figure 4A). In a gene set analysis,
the overlapped genes (hereafter, referred to as common astrocytic
genes) were enriched in the gene ontologies associated with cell
adhesion/ECM, immune/inflammatory response, and neuron dif-
ferentiation (Figure 4B). Surprisingly, the top-ranked gene ontolo-
gies for DEGs between Ctx-Ast and VM-Ast also fell within simi-
lar gene categories (Figure 4, C and D). The gene sets enriched
in cultured astrocytes (versus control NPCs) and VM-Ast (versus
Ctx-Ast) were further confirmed in gene-set enrichment analysis
(GSEA) (Supplemental Figure 3A). Specifically, the differential
expression patterns for the neurotrophic factors determined by
quantitative PCR (qQPCR) (Figure 3N) were similarly replicated in
the RNA-seq analyses (Figure 4E), indicating fidelity of the RNA-
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Figure 7. Improvement of host brain environments by grafting cultured
astrocytes. Rats were transplanted with VM-Ast, Ctx-Ast, or Ctx-NPCs
(control). (A) gPCR data for gene expressions associated with neurotrophic
or hostile brain environments among the grafted groups. The PCR analyses
were carried out in the graft-host interfaces dissected as described in
Methods at 1 month after transplantation. *P < 0.05; #P < 0.05. n = 3.

(B) Immunohistochemical analyses for the glial cells immunoreactive for
proinflammatory/cytotoxic (iNOS, CD11b, CD16) and antiinflammatory/
neuroprotective (Arginase, CD206) factors. The immunoreactive cells along
the graft-host interfaces were counted in 6 cryosectioned slices from 3 ani-
mals/each group at 7-10 days after transplantation. Data are expressed as
percentage of immunoreactive cells out of DAPI* cells, of GFAP* astrocytic,
and of Iba1* microglial populations. *P < 0.05; #P < 0.05, 1-way ANOVA. n =
6. Scale bar: 100 um.

seq analysis and further confirming that these neurotrophic fac-
tors are responsible for the observed trophic effects of astrocytes.
Cell adhesion/ECM that was annotated to one of the top-ranked
ontologies is of prime interest due to the importance of cell-to-cell
and cell-to-ECM contacts in stem cell behaviors and regenerative
processes in damaged tissues (55-57). The heatmap for the cell
adhesion/ECM molecules exhibiting increased levels of expres-
sion in VM-Ast (compared with Ctx-Ast and/or control NPCs) is
shown in Figure 4E and Supplemental Figure 3B. Of note, among
these genes, the upregulated expression of fibronectin 1 (FN1) and
integrin (Itgb4) in astrocytes (VM-Ast) seems to be based on a
recent study reporting that successful engraftment of DA neurons
requires cell-to-ECM adhesion through the interaction between
integrin and fibronectin in an animal model of PD (58). In addi-
tion, tenascin (Tnc), another upregulated gene in VM-Ast, has
been reported to augment grafted DA neuron attachment and sur-
vival after brain injury and transplantation (59). CSPGs are known
to inhibit axonal regeneration and neurogenesis (60). Notably, the
expression of Neurocan (Cspg3) and Brevican (Cspg7) was greatly
downregulated in the VM-Ast cultures compared with Ctx-Ast and
control NPC cultures (Figure 4E). In addition, the cultured Ctx-
and VM-Ast commonly showed a remarkable reduction in the
expression of myelin-basic protein (Mbp) and myelin-associated
protein (Mag), which inhibits neurite outgrowth (61), and myelin
oligodendrocyte glycoprotein (Mog35-55), a peptide causing neu-
roinflammation (62).

The enrichment of DEGs in the category of immune/inflam-
matory response in astrocytes compared with control NPCs
is not surprising, considering that astrocytes are commonly
believed to be a cell type mediating brain inflammation. Expres-
sion of proinflammatory cytokine mRNAs was elevated in astro-
cyte cultures, and interestingly, levels were higher in VM-Ast
than in Ctx-Ast (Figure 4E and Supplemental Figure 3, A-C).
Proinflammatory cytokines can trigger cellular defense mecha-
nisms and are frequently linked to enhanced neuronal differ-
entiation and survival (63-66). Despite these positive aspects,
the common idea is that proinflammatory cytokines establish a
cytotoxic inflammatory milieu. Along with the proinflammatory
gene-expression increase, gene expression of antiinflammatory
and neurotrophic glial markers also increased in the astrocyte
cultures (Figure 4E and Supplemental Figure 3B). For example,
the gene with the top-ranked expression enriched in the VM-Ast
cultures was I/-19, an antiinflammatory cytokine from the IL-10
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family (Supplemental Figure 3F). The mRNA expression levels of
the other antiinflammatory markers arginase 1 (Argl, an enzyme
inhibiting NO biosynthesis) and IL-1receptor antagonist (ILIRN)
were much higher in the cultured VM-Ast than in Ctx-Ast and
control NPC cultures: FPKMs of ARG1 were 49.9, 5.5, and 0.03,
and FPKMs of ILIRN were 14.0, 1.4, and 0.04 for VM-Ast, Ctx-
Ast, and control NPCs, respectively (Figure 4E). The expression
of the antiinflammatory cytokines Il-10 and I/-27 was the high-
est and only detected in the VM-Ast cultures, although they were
excluded from the gene set analysis due to low FPKM values (<1).
IFN-a and -f exert antiinflammatory (67, 68) and neuroprotec-
tive activities against mDA neuronal degeneration (69). It has
recently been reported that antiinflammatory actions of type
I IFNs are mediated via the aryl hydrocarbon receptor (Ahr) in
astrocytes (67). Of note, along with the increase in type I IFN
expression in qPCR analyses (Figure 4F), the AHR expression
level in VM-Ast cultures was also greatly unregulated (FPKM:
51.34 [VM-Ast], 6.21 [Ctx-Ast], and 3.21 [differentiated (diff.)
NPC ]) (Figure 4E), indicating that the expression of these anti-
inflammatory cytokines/receptors contributes to improved cell
survival by mitigating proinflammatory cytotoxic effects in the
cultures cocultured with VM-Ast. The increase in expression lev-
els of pro- and antiinflammatory genes was further confirmed by
qPCR analyses (Figure 4F). When gene enrichment analysis was
performed on the genes, expressions of which were lower in VM-
Ast (vs. Ctx-Ast), the category ion channels was the top-ranked
ontology (Supplemental Figure 3, D and E). An expanding idea
is that ion channels in astrocytes contribute to astrocyte biology
and crosstalk between neurons and glia (70). Thus, the differ-
ential expression of ion channels is likely to be valuable in the
understanding of their region-specific functions.

The expression of multiple antioxidant genes was upregulated
in the cultured astrocytes compared with control NPCs (Figure
4E). However, ROS-scavenging activity, as estimated by intra-
cellular glutathione levels, was relatively lower in the cultured
astrocytes than in the control cultures (Supplemental Figure 4A).
Another neuroprotective mechanism of astrocytes occurs via
clearance of glutamate-induced toxicity (71). Along with enriched
expression of the glutamate transporters GLAST and GLT-I in
cultured astrocytes (Supplemental Figure 1, B and C), glutamate
uptake activities were greater in cultured astrocytes than in the
control NPCs (Supplemental Figure 4B). Notably, the much great-
er glutamate uptake in cultured VM-Ast compared with Ctx-Ast
suggests that the enriched glutamate clearance activity contrib-
utes to the observed neuroprotective actions mediated by astro-
cytes, especially VM-Ast.

Forced Nurrl+Foxa2 expression further potentiates the neu-
roprotective actions of VM-Ast. Next, we investigated whether
forced Nurrl+Foxa2 expression in VM-Ast further promotes
the astrocyte-mediated dopaminotrophic actions. VM-Ast were
transduced with Nurrl+Foxa2-expressing lentiviruses or mock
viruses (control). The VM-NPCs harvested were cocultured with
the transduced astrocytes, and the NPC behaviors associated with
their therapeutic capacity upon transplantation were assessed
(Figure 5A). DA neuronal yield (Figure 5B), morphologic (TH*
fiber lengths, Figure 5C) and synaptic maturation (SV2' puncta
density, Figure 5D), and the expression of midbrain-specific mark-
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Figure 8. Effects of Nurr1+Foxa2 priming in donor VM-Ast to improve host
brain environments after transplantation. Neurotrophic or inflammatory
factor expressions in the brains grafted were determined by gPCR (A) and
immunohistochemical (B) analyses as described in Figure 7. *P < 0.05;

#P < 0.05, 2-tailed t test. n = 3 PCRs (A) and 6 slices (B). Scale bar: 100 um.

ers (Figure 5E) in the DA neurons differentiated from VM-NPCs in
the presence of Nurrl+Foxa2-transduced VM-Ast (N+F-Ast) were
indistinguishable from those in cultures cocultured with the con-
trol-Ast. However, presynaptic DA neuronal functionality, as esti-
mated by DA neurotransmitter release, was significantly greater
in the cultures differentiated in the presence of N+F-Ast than in
cultures differentiated with the control-Ast (Figure 5F). In addi-
tion, differentiated TH* DA neurons in the presence of N+F-Ast
were more resistant to the toxic insult induced by H,O, treatment
than differentiated TH* DA neurons cocultured with the control-
Ast (Figure 5, G and H). A larger number of TH* DA neurons along
with healthier neuronal shape were also observed in the cultures
treated with the medium conditioned in N+F-Ast (N+F-CM) com-
pared with cultures treated with control-CM (Figure 5, I-L), sug-
gesting that the Nurrl+Foxa2 neuroprotective actions were medi-
ated in a paracrine manner.

In RNA-seq analysis of the N+F-Ast compared with control-
Ast, the top 10 ranked ontologies enriched by the DEGs included
immune/inflammation, response of wound healing, and cell adhe-
sion (Figure 6A). In addition, when we performed gene set analy-
sis with genes with downregulated expression in N+F-Ast versus
control-Ast (log, < -1), 4 out of the top 5 ontologies were related
to immune/inflammation (Figure 6, B and D), which was further
confirmed by GSEA with curated gene sets immune response and
inflammatory response (Figure 6C), indicating that Nurrl+Foxa2
expression in the VM-Ast may mainly exert extrinsic neuroprotec-
tive roles by reducing immune/inflammation-mediated neurotox-
icity. Specifically, decreased mRNA levels of proinflammatory cyto-
kines (Il-1b, II-6, Tnfa, and iNOS) and myelin-associated proteins
(Mbp, Mag, and Mog) were manifested in the RNA-seq data (Figure
6E) and those were further confirmed by qPCR analyses (Figure
6F). In addition, increased expression of secretory neurotrophic
(Shh, Bdnf, Gdnf, and Nt3) and antiinflammatory (Ifna, Ifub) factors
was also detected in N+F-Ast (Figure 6F), suggesting that they also
contributed to the N+F-CM-mediated neuroprotective actions.

Further examination of the RNA-seq data identified multiple
antioxidant enzymes with upregulated gene expression in N+F-Ast
(Figure 6E). Consistently, significantly greater intracellular glutathi-
one levels were manifested in the N+F-VM-Ast compared with the
control VM-Ast cultures (Supplemental Figure 5A). Consistent with
the upregulated secretory ROS scavenging factors Sod3 and Gpx3
(Figure 6E), ROS levels in mDA neuron-enriched cultures (differ-
entiated from VM-NPCs) were dramatically decreased by N+F-CM
treatment (Supplemental Figure 5B). These findings collectively
indicated that the enhanced ROS scavenging capacity in VM-Ast by
Nurrl+Foxa2 also contributed to N+F-Ast-mediated neuroprotec-
tive actions. Glutamate uptake activity, however, was indistinguish-
able between control and N+F-VM-Ast (Supplemental Figure 5C).

Cografting of astrocytes potentiates the cell therapeutic effects of
VM-NPC transplantation via establishing a neurotrophic host brain
environment. Although our in vitro data clearly supported the neu-
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rotrophic actions of cultured astrocytes, it remains to be deter-
mined whether similar astrocyte-mediated effects occur after
transplantation in the host brain in vivo, where the grafted cells are
inevitably exposed to hostile inflammatory/immunogenic envi-
ronments and interact with endogenous cells such as glia, neu-
ronal cells, and peripheral blood cells that may enter through the
disrupted blood-brain barrier (BBB) during the cell-injection pro-
cess. Of note, it has been reported that glia can be reactivated into
the detrimental phenotype during a delayed injury phase (72-74),
raising concerns that grafted astroglia may also convert into the
harmful phenotype after transplantation. Thus, our first round of
transplantation experiments was performed to determine wheth-
er transplantation of cultured astrocytes could establish a neuro-
trophic environment. Similarly to what was shown in the in vitro
data, the expression of neurotrophic factors (Gdnf, Nt3, Shh, Wnt1,
Wnt3, Wnt5), trophic ECM proteins (Col6a2, Fnl, Thbs-1), and
antioxidant proteins (Gpx3 and Sod3) was upregulated in the stria-
tum transplanted with VM-Ast compared with the striatum grafted
with control Ctx-NPCs (or Ctx-Ast) at 1 month after transplanta-
tion (Figure 7A). In addition, the expression of antiinflammatory
phenotype markers (Ifnb, Ccll7, Il-1r2, Il-1rn, YmI, and II-10) was
also greater in brains grafted with VM-Ast. Notably, in contrast
with what was seen in the in vitro findings, the expression of pro-
inflammatory phenotype genes did not increase, and some genes
(iNOS, II-1B, Cxcl11) were downregulated in brains grafted with
VM-Ast compared with brains grafted with control NPCs (Figure
7A), suggesting that the naive VM-Ast property of high expression
of proinflammatory genes in vitro was altered in the grafted in vivo
brain environments, probably due to the interaction with endog-
enous cells. It is also possible that endogenous microglia/astro-
cytes were activated into the antiinflammatory/neurotrophic phe-
notype due to their interaction with grafted VM-Ast. We further
confirmed the astrocyte-grafting effects by immunohistochemical
analyses (Figure 7B). Cells (astrocytes, microglia) immunoreac-
tive for the markers specific for antiinflammatory/neurotrophic
glia (Argl, CD206) were significantly greater (P < 0.00066) in the
graft-host interfaces of the brain transplanted with cultured astro-
cytes, compared with those grafted with Ctx-NPCs. Reduction
of the cells expressing proinflammatory/cytotoxic factors (iNOS,
CD11b, CD16) also occurred. An upregulated expression pattern of
neurotrophic, antioxidant, and ECM genes was further observed
in the brains grafted with N+F-transduced VM-Ast compared with
brains transplanted with control VM-Ast (Figure 8A). The pheno-
type transition by N+F-VM-Ast transplantation was further clari-
fied in immunohistochemical analyses exhibiting downregulated
expression of proinflammatory/cytotoxic phenotype markers and
upregulated expression of antiinflammatory/neurotrophic pheno-
type markers in the brains transplanted with N+F-VM-Ast com-
pared with brains grafted with control VM-Ast (Figure 8B). Taken
together, these findings indicate that transplantation of cultured
VM-Ast could establish a neurotrophic brain environment and that
Nurrl+Foxa2 expression in the donor astrocytes potentiates the
astrocyte transplantation effect.

We ultimately assessed whether cografting astrocytes could
improve cell therapeutic outcomes in PD. VM-NPCs mixed with
cultured VM- or Ctx-Ast (or Ctx-NPCs as control) were intra-
striatally transplanted into a hemi-parkinsonian rat model, and
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Figure 9. Cografting of astrocytes improves the therapeutic effects of VM-NPC transplantation in a PD rat model. NPCs derived from rat embryonic
VM at E12 were expanded in vitro, harvested, and mixed with Ctx-NPCs (control), Ctx-Ast, VM-Ast, or N+F-VM-Ast before cell injection. The mixed cells
were intrastriatally transplanted into 6-OHDA-lesioned PD model rats. Behavioral (A-C) and histological (D-L) analyses were carried out every month
for the 6 months after transplantation (A) or at 6 months after transplantation (B-L). (A) Amphetamine-induced rotation scores were determined
every month for the 6 months after transplantation. Data are given as percentage changes in rotation scores for each animal compared with the
pretransplantation value. Mean + SEM of the rotation scores is depicted. n = 6 for each group. Significant decreases in rotation scores were seen in
animals that received astrocyte cografts compared with those that received control NPCs alone. *P < 0.05; #P < 0.05, Ctx-Ast; P < 0.05, VM-Ast at
each posttransplantation time point, 1-way ANOVA. Behaviors of the transplanted animals were further assessed by step adjustment (B) and cylinder
(C) tests at 6 months after transplantation. Statistical significances (P < 0.01) among groups are expressed using schematics in the graphs. One-way
ANOVA followed by Bonferroni's post hoc analysis. (D-L) Histologic analyses 6 months after transplantation. (D) Overview of the TH* cell grafts. (E)
Graft volume. (F) Total number of TH* cells. (G) TH* cell density in the graft. *P < 0.05; *P < 0.05, 1-way ANOVA. (H-}) Morphologic maturation of DA
neurons in the grafts estimated by TH* fiber length. Shown are immunohistochemical (H) and Neurolucida reconstruction of representative TH* neuro-
nal images (1). (K and L) Synaptic maturation of TH* DA neurons estimated by synapsin* puncta density. *P < 0.05; #P < 0.05, 1-way ANOVA. Scale bars,
100 pum (D); 50 um (H); 25 um (K).
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Figure 10. Schematic summary for the trophic actions of astrocytes cografted in PD cell therapeutic approach. Astrocytes (VM, N+F-VM-Ast) cografted
with VM-NPCs promote a series of transplanted NPC survival, mDA neuron differentiation, neuronal maturation, and synaptic integration by correcting

hostile host brain environments. The astrocytic actions are attained via secretion of various neurotrophic ECM proteins, antioxidants, neurotrophic cyto-
kines, GLAST/GLT1-mediated clearance of glutamate toxicity, etc. Ultimately, PD behaviors are improved along with enriched engraftment of mature and

functional mDA neurons expressing midbrain-specific markers.

PD-related behaviors were assessed for 6 months after trans-
plantation. An amphetamine-induced rotation test revealed
only a minor reduction in rotation scores compared with pre-
transplantation values in PD rats cografted with VM-NPCs+Ctx-
NPCs (control), but greater behavioral recovery was achieved
by cografting with astrocytes (Figure 9A). Especially, cograft-
ing of N+F-VM-Ast along with VM-NPCs resulted in an almost
complete recovery in the rotation scores (>95% reduction in
rotation score from 3 months after transplantation, n = 6). We
also assessed PD behaviors using nonpharmacological assays at

6 months after transplantation. Similar patterns of behavioral
recovery among the animal groups were observed in the step
adjustment (Figure 9B) and cylinder tests (Figure 9C). Consis-
tent with the data from the in vitro coculture and CM experi-
ments as well as the behavioral assays, histologic analyses per-
formed 6 months after transplantation exhibited formation of a
much larger TH* cell graft in rats cotransplanted with astrocytes
than with control NPCs (Figure 9, D and E). All indices for DA
neuron engraftment (Figure 9, E-G) were significantly greater
in animals cografted with VM-Ast compared with Ctx-Ast, but
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no significant difference in the indices was detected between
the animal groups cografted with VM-Ast and those cografted
with N+F-VM-Ast. TH* cells in the striatum cografted with astro-
cytes exhibited healthier and more mature neuronal maturity
than those in the control grafts (Supplemental Video 1 and Fig-
ure 9, H and I), which was confirmed by the estimation of TH*
fiber length (Figure 9]) and synapsin® puncta density (Figure 9,
K and L). Only a slight but significant increase in the TH* fiber
lengths was detected in the N+F-VM-Ast-cografted groups com-
pared with those cografted with the control-VM-Ast (Figure 9J).
Surprisingly, the midbrain-specific markers Nurrl and Foxa2,
expression of which is easily lost in donor cells after transplanta-
tion (16, 40, 41), were faithfully colocalized in TH* DA neurons
in the grafts generated by astrocyte cotransplantation, especially
by cografting with N+F-VM-Ast, even 6 months after transplan-
tation (Supplemental Figure 6, A-C). TH* DA neuronal cells in
the grafts were surrounded by GFAP* astrocytes (probably both
transplanted and endogenous) (Supplemental Figure 6D) and
Ibal* microglia (endogenous) (Supplemental Figure 6E). The
Ibal* microglia were ramified with a resting or neuroprotective
morphology (75), indicating that the neighboring and covering
of the grafted DA neurons were protective. These findings collec-
tively indicated that cotransplantation of VM-NPCs with astro-
cytes, especially with N+F-VM-Ast, ensured a long-term engraft-
ment of mature authentic mDA neurons via astrocytic actions
to improve host brain environments (schematized summary is
shown in Figure 10).

Discussion

It has long been suggested that after transplantation, the host
brain becomes hostile to grafted cells and that this detrimental
host brain environment is mainly responsible for unsatisfac-
tory cell transplantation therapeutic results with poor neuronal
engraftment. Nevertheless, targeting the host brain to improve
cell therapeutic effects has only been addressed in a few studies
(58, 76). Furthermore, none of these studies used an approach
to fundamentally correct inflammatory cytotoxic host brain
environments. Based on the physiologic neurotrophic functions
of astrocytes, utilization of this cell type is a potential strategy
to modify pathologic brain environments. However, few stud-
ies have examined developing an astrocyte-based therapy for
neurologic disorders, mainly because of the potential reactiva-
tion of this cell type into a detrimental/neurotoxic phenotype
in diseased brains (13). However, cumulative studies have dem-
onstrated that cultured astrocytes generally exhibit immature
properties, as shown in Supplemental Figure 1, D-H, of our
study, and that transplanted immature astrocytes do not undergo
harmful reactivation after CNS injury, but rather support neurite
outgrowth and reduce glial scar formation in the injured CNS
(reviewed in ref. 77). Based on these findings, we attempted
cografting with astrocytes to attain an improvement in therapeu-
tic efficacy of cell transplantation for PD.

As shown in Supplemental Figure 1A, astrocyte cultures are
frequently contaminated with microglia. Microglia induce proin-
flammatory/cytotoxic reactivation of astrocytes (13). In addition,
ithas beenreported that neurotrophic functions of astrocytes also
require minor populations of microglia (<1%) (78). To determine
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whether microglia contamination affects neurotrophic functions
of astrocytes, we generated microglia-free astrocyte cultures by
modifying the culture protocol (including one round of mild tryp-
sin treatment step; see Methods). mDA neuronal differentiation,
morphologic maturation, and toxin resistance promoted by CM
derived from pure astrocyte cultures were comparable (or slightly
lower) to those promoted by the CM from the astrocyte cultures
containing the minor microglia population (Supplemental Figure
7), indicating that astrocytes in culture can exert the observed tro-
phic actions in the absence of microglia and that minor microg-
lia contamination (in this study, <0.5%) also does not affect the
naive neurotrophic actions of astrocytes. Whether further, higher
levels of microglia contamination are detrimental or beneficial
remains to be determined.

Like neurons, astrocytes are thought to have regional iden-
tities and play region-specific roles. Thus, astrocytes cultured
from the VM neurogenic niche were expected to be dopami-
notrophic. Previous studies have consistently demonstrated
that astrocytes derived from the VM facilitate DA neuron dif-
ferentiation and survival via secretion of GDNF, FGF2, and
Whats (reviewed in ref. 66). In this study, we carried out further
systematic and comparative analyses both in vitro and in vivo
after transplantation to test the dopaminotrophic functions of
cultured VM-Ast in comparison with astrocytes cultured from
the nondopaminergic region of the Ctx and the effects of prim-
ing the VM-Ast with Nurrl+Foxa2, which has been reported to
potentiate the neurotrophic functions of glia (16). In the niche
established by the VM-Ast, grafted NPCs efficiently differenti-
ated into morphologically, synaptically, and functionally mature
mDA neurons and the differentiated mDA neuronal cells sur-
vived for long periods after transplantation while maintaining
expression of midbrain-specific markers. The expression of
midbrain-specific factors such as Nurrl and Foxa?2 is a critical
indicator for successful mDA neuron engraftment (49), as the
expression of these genes is required for mDA neuron survival,
function, and phenotype maintenance (36-39). Considering
that the expression of midbrain factors is easily lost in stressful
conditions (16, 40, 41), sustained expression of midbrain mark-
ers in the presence of astrocytes is likely to be attained by the
observed astrocyte actions that change the hostile inflamma-
tory host brain milieu into a neurotrophic environment. Mech-
anisms underlying the astrocyte-mediated dopaminotrophic
niche included secretion of the reported neurotrophic factors
as well as other cytokines, such as SHH and FGF8, which had
much greater levels of expression in cultured VM-Ast than in
Ctx-Ast. Based on the previous findings (45, 46), it is likely that
the expression of SHH and FGF8 is regulated by the midbrain-
specific transcription factors Foxa2 and Lmxla, respectively,
expressions of which were maintained at high levels in cultured
VM-Ast in a positive regulatory loop in VM-Ast. In addition, VM-
Ast exhibited increased synthesis of various cell-cell contact and
ECM molecules, including synaptogenic ECMs thrombospon-
dins and glypicans, and enhanced glutamate clearance activity,
both of which were superior to those in Ctx-Ast. Engineering of
the midbrain-specific factors Nurrl+Foxa2 in the VM-Ast fur-
ther improved their neuroprotective action mainly by reducing
inflammation as well as by enhancing ROS-scavenging activity.
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Based on the observed Nurrl+Foxa2 functions, priming these
factor expressions in astrocytes is highly suggested prior to cograft-
ing. However, currently available methods for exogene expres-
sion, including lentiviral transduction used in this study, are toxic
to cells and thus may reduce naive cellular functions. Indeed, a
side-by-side comparative analysis has shown that DA release and
resistance of DA neurons against H,O, toxin were significantly
lower in the mDA neuron cultures treated with the CM prepared
in mock-transduced VM-Ast than in those treated with CM from
nontransduced VM-Ast along with decreased neurotrophic fac-
tor expressions in the viral transduced astrocytes (Supplemental
Figure 8). Forced Nurrl+Foxa2 expression effects were dramatic
and sufficiently overcame the viral transduction-mediated reduc-
tion of astrocyte functions and also showed greater neurotrophic
actions than the effects of the nontransduced control in all the
assays. Nevertheless, development of an exogene expression
system with minimal side effects is required to maximize the
Nurrl+Foxa2-mediated trophic actions.

The effects of astrocyte cografting in this study were dramat-
ic, with almost complete behavioral restoration and extensive
DA neuron engraftments cografted for at least 6 months after
transplantation in PD rats. As donor cell types and conditions
for cell preparation/transplantation are different among stud-
ies, the cell therapeutic effects attained by astrocyte cograft-
ing in this study cannot be compared with those in other stud-
ies. However, the dramatic cell therapeutic outcomes shown in
this study, especially long-term DA neuron engraftment, were
not comparable to those shown in our previous transplantation
data obtained with similar experimental conditions. Specifi-
cally, we have recently reported a striking improvement in cell
therapeutic efficacy by transplanting rat VM-NPCs engineered
with Lin28a (41). Although DA neuron engraftment attained by
Lin28a-NPC transplantation was very dramatic during the first 2
months after transplantation, the number of surviving DA neu-
rons in the grafts decreased from 4,523 cells/animal at 2 months
to 1,328 cells/animal on average at 6 months after transplan-
tation. In contrast, 3,762 and 3,916 TH* DA neuronal cells per
animal were detected in PD rats by cografting NPCs with VM-
Ast and N+F-VM-Ast, respectively (without any modifications
to donor NPCs to improve their therapeutic capacity) 6 months
after transplantation, strongly indicating the necessity of a host
brain modification strategy, especially for long-term donor cell
survival and therapeutic efficacy.

In conclusion, we propose astrocyte cografting as a future
option in cell therapeutic approaches for PD. In addition, graft-
ing astrocytes alone could exert therapeutic efficacy by improv-
ing brain environments, in which remaining endogenous mDA
neurons in the SN extend axonal outgrowths to release DA into
the striatum and striatal GABAergic interneurons are rescued
(79). Astrocytes exert panneuronal trophic actions, in which total
neuronal yields, including those of glutamatergic and GABAer-
gic neurons, are also promoted by factors released from cultured
astrocytes (Supplemental Figure 9). Thus, the astrocyte cograft-
ing strategy could be utilized to treat other CNS disorders. For the
clinical application of this therapy in PD, our future studies will
address using VM-specific astrocytes and NPCs of human origin
in humanized model systems.
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Methods

Cell cultures

NPC culture. NPCs with DA neurogenic potential were cultured from
the VMs of mouse embryos (imprinting control region [ICR]) at E10.5
or Sprague-Dawley rat embryos at E12. The VM-NPCs were expanded
in serum-free N2 medium supplemented with the mitogens basic FGF
(bFGF) (20 ng/ml; R&D Systems) and epithelial growth factor (EGF)
(20 ng/ml; R&D Systems, only for mouse cultures) to reach a conflu-
ency of more than 70% (usually for 3-4 days) and passaged. After an
additional NPC expansion, cells were harvested for coculture and oth-
er experiments or directly induced to differentiate by withdrawing the
mitogens (in CM treatment experiments). NPCs were also cultured
from the Ctx, a nondopaminergic brain region (mouse at E12 or rat at
E14), and used as control cells in the following experiments.

Astrocyte culture. Astrocytes were isolated from mouse or rat VMs
or Ctx on P5-P7 and cultured in astro-medium (80). In brief, VMs
were removed, triturated in DMEM (Life Technologies) containing
10% FBS (HyClone), and plated in 75-cm? T-flasks. When cell con-
fluence reached 80%-90%, cells were harvested with 0.1% trypsin
and subcultured on a culture surface coated with poly-D-lysine (PDL)
(MilliporeSigma). From 4 to 6 days later, microglia were eliminated by
shaking at 2 g on an orbital shaker. After culturing for 7 days, astrocytes
were harvested for coculture experiments or further cultured for an
additional 8 days in N2 to prepare the CM. As described above, minor
populations of microglia were present even after the microglia elimi-
nation procedure. Astrocyte culture containing a minor microglia pop-
ulation was used in this study. To estimate the effects of minor microg-
lia contamination, microglia-free astrocyte culture was established by
treating the cultures with 0.06% trypsin in DMEM/F12 for 20 to 30
minutes after the shaking procedure and discarding floating cells.

Coculture. VM-NPCs with DA neurogenic potential were harvest-
ed and mixed with the Ctx-Ast or VM-Ast at a 2:1 ratio of VM-NPCs
to astrocytes. The mixed cells were plated, and differentiation of VM-
NPCs was directly induced in serum-free N2 medium. In the control
cultures, VM-NPCs were mixed with nondopaminergic Ctx-NPCs.

CM treatment

As described above, fresh N2 medium (or HBSS) was added to the
astrocyte cultures and CM was collected every other day for 8 days.
The control CM was similarly prepared in the Ctx-NPC cultures dur-
ing 6 days of differentiation. The volume of the CMs was adjusted to
0.1-0.15 mg of protein/ml, filtered at 0.45 um, and kept at -80°C until
use. The CMs were diluted with N2 medium (1:1, v/v) before adding to
the cells in culture.

Nurr1+Foxa2 transduction

Lentiviral vectors expressing Nurrl or Foxa2 under the control of the
CMV promoter were generated by inserting the respective cDNA into
the multi-cloning site of pCDH (System Biosciences). The empty back-
bone vector (pCDH) was used as a negative control. The lentiviruses
were produced and used for transducing in vitro cultures as described
(81). Titers of the lentiviruses were determined using a QuickTiter
HIV Lentivirus Quantitation Kit (Cell Biolabs) and 20 ul each of the
Nurrl and Foxa2 viruses with 10° transducing units (TU)/ml were
mixed with 2 ml of media and added to 1-1.5 x 10° cells per 6-cm dish
for the transduction reaction.
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Immunostaining

Cultured cells were fixed with 4% paraformaldehyde (PFA) in PBS and
blocked in 0.3% Triton X-100 with 1% BSA for 40 minutes, then incubat-
ed with primary antibodies overnight at 4°C. Primary antibody informa-
tion is shown in Supplemental Table 2. The secondary antibodies used
for visualization were as follows: Cy3 (1:200, Jackson Immunoresearch
Laboratories) or Alexa Fluor 488 (1:200, Life Technologies). The stained
cells were mounted with VECTASHIELD with DAPI mounting solution
(Vector Laboratories), and photographs were obtained by an epifluores-
cence microscope (Leica) and confocal microscope (Leica PCS SP5).

Transplantation and histological procedures

Hemi-parkinsonian was induced in adult female Sprague-Dawley rats
(220-250 g) by unilateral stereotactic injection of 3 pl of 6-hydroxy-
dopamine (6-OHDA) (8 pg/ul; MilliporeSigma) into the right side of
the substantia nigra (AP -4.8 mm, ML -1.8 mm, V -8.2 mm) and the
median forebrain bundle (AP -4.4 mm, ML -1.2 mm, V -7.8 mm). The
incisor bar was set at -3.5 mm, and AP and ML coordinates are given
relative to bregma. Rats with 300 turns/h ipsilateral to the lesion in an
amphetamine-induced rotation test were selected. For transplantation,
rat E12 VM-NPCs were expanded and mixed with the Ctx-Ast, VM-Ast,
N+F-VM-Ast, or E14 Ctx-NPCs (control) at a 2:1 ratio. Mixed cells (3 pl,
1.5 x 10° cells/pl) were injected over a 10-minute period into each of 2
sites in the striatum (coordinates in AP, ML, and V relative to bregma and
dura: [a] 0.07,-0.30,-0.55; [b] -0.10,-0.40, -0.50; incisor bar set at 3.5
mm below zero) under anesthesia induced by Zoletil (100 ul/100 g, 50
mg/ml body weight) mixed with Rompun (23.32 mg/ml). The needle
(22 gauge) was left in place for 5 minutes after the completion of each
injection. Rats received daily injections of cyclosporine A (10 mg/kg, i.p.)
starting 1 day before the grafting and continuing for 1 month and were
maintained without the immunosuppressant for the rest of the posttrans-
plantation period. Six months after transplantation, animals were anes-
thetized and perfused transcardially with 4% PFA. Brains were removed
and immersed in 30% sucrose in PBS overnight, frozen in Tissue-Tek
(Sakura Finetek), and then sliced on a freezing microtome (Leica). Free-
floating brain sections (30 um thick) were subjected to immunohisto-
chemistry as described above, and images were obtained with a confocal
microscope (Leica). In the experiment to examine host environments of
the transplanted brains, animals were sacrificed at 1 month after trans-
plantation, grafted brains were sliced at a thickness of 1 mm on a rat
brain slice matrix (ZIVIC Instruments), and 8 to 12 regions of the graft-
host interface (ca 2 x 2 mm) /graft were dissected and subjected to qPCR
analyses. Cells immunoreactive for neurotrophic and proinflammatory
glial markers were also counted along the graft-host interfaces of cryo-
sectioned brain slices at 7 to 10 days after transplantation.
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Behavior tests
Animal behaviors were assessed using amphetamine-induced rota-
tion, step adjustment, and cylinder tests as previously described (16).

Cell counting and statistical analysis

Immunostained and DAPI-stained cells were counted in 9 to 20
random areas of each culture coverslip using an eyepiece grid at a
magnification of x200 or x400. For every figure, data are expressed
as the mean * SEM and statistical tests are use as appropriate. Sta-
tistical comparisons were made using Student’s ¢ test (unpaired),
2-tailed, or 1-way ANOVA followed by Bonferroni’s post hoc analy-
sis using SPSS (Statistics 21; IBM Inc.). A P value of less than 0.05
was considered significant.

Study approval
All procedures for animal experiments were approved by the IACUC
at Hanyang College of Medicine, Seoul, South Korea (approval num-
ber 2016-0113A). Experiments were performed in accordance with
NIH guidelines.

More information, including a list of PCR primers (Supplemental
Table 1), is shown in Supplemental Methods.
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