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Abstract

The therapeutic effect of a cell replacement therapy for Parkinson's disease (PD) depends on the proper maturation of grafted dopaminergic
(DA) neurons and their functional innervation in the host brain. In the brain, laminin, an extracellular matrix protein, regulates signaling pathways
for the survival and development of neurons by interacting with integrins. The heparan sulfate (HS) chain binds mildly to various neurotrophic
factors and regulates their intracellular signaling. Perlecan-conjugated laminin 511/521-E8 fragments (p511/p521) were designed to contain an
integrin-binding site and HS chains. Here we examined the effect of treating DA progenitors with p511/p521 prior to transplantation in rodent
PD models. In vitro and in vivo experiments showed that p511/p521 treatment enhanced the maturation and neurite extension of the grafted
DA progenitors by activating RAS-ERK1/2 signaling. This strategy will contribute to an efficient cell replacement therapy for PD in the future.

Key words: Parkinson’s disease; dopaminergic neurons; cell transplantation; laminin; perlecan.

Graphical Abstract

Laminin-E8 fragment

I ’ Perlecan-conjugated
\ I ’ laminin-E8 fragment
Perlecan domain | I li

~—— Heparan sulfate chains -

’ Human iPSC-derived
dopaminergic progenitor sphere '
©® ® Growth factors

(Glial cell line-derived neurotrophic factor: GDNF> .'
Brain-derived neurotrophic factor: BDNF ‘J

o GDNF and BDNF receptor

® > N
Laminin-binding Integrin | H | /'// / ’K }t%&
e s 55
) &

Mature d _ N Maturation 1 2
ature dopamine neuron eurite extension
ERK1/21 (Tyrosine hydroxylase +)

€20z Aey G| uo Jasn Alisiaaiun 0104y ‘ainynouby 10 [00yoS alenpels)/ainnolby Jo JAnoe4 Ateiqi] Aq G580659/29//2/1 |/aI1Ke/W)01S/Woo dnoolwapeoe//:sdiy Woll papeojumod

Received: 23 December 20215 Accepted: 18 April 2022.

© The Author(s) 2022. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com.


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
mailto:morizane@cira.kyoto-u.ac.jp?subject=
mailto:jbtaka@cira.kyoto-u.ac.jp?subject=
mailto:sekiguch@protein.osaka-u.ac.jp?subject=

K oF

KYOTO UNIVERSITY

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

768

Stem Cells Translational Medicine, 2022, Vol. 11, No. 7

Significance Statement

The therapeutic effect of a cell replacement therapy for Parkinson's disease depends on the proper maturation of grafted dopaminergic
neurons and their functional innervation in the host brain. This study revealed the potential application of a new generation of laminin,
the perlecan-binding laminin-E8 fragment, as an extracellular matrix to promote the maturation and neurite extension of dopaminergic
progenitors after transplantation. Furthermore, this effect was mediated by the activation of the RAS-ERK1/2 pathway. This strategy will
contribute to an efficient cell replacement therapy for Parkinson's disease in the future.

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative
disorder caused by the loss of dopaminergic (DA) neurons
in the midbrain. Pharmacological treatment is standard and
effective in the early stages of the disease but becomes less ef-
fective as the disease progresses and is associated with severe
side effects. As an alternative to this pharmacological treat-
ment is surgical treatments such as deep brain stimulation.
However, current pharmacological and surgical therapies are
symptomatic. On the other hand, cell replacement therapy
is expected to be disease modifying. After many clinical
and non-clinical studies on cell therapies using fetal tissues,
human pluripotent stem cells, including embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs), are being
considered as promising sources of donor cells, and several
clinical trials are already in progress.

One of the challenges of cell therapies in PD is the sur-
vival of functional DA neurons. There are several phases in
this therapy to optimize the survival. First, the transplanta-
tion procedure causes mechanical stress, hypoxia, hypogly-
cemia, the production of free radicals, and growth factor
deprivation, resulting in apoptosis or anoikis: a type of ap-
optosis induced by detachment from the extracellular ma-
trix (ECM) or adjacent cells, as occurs in cell dissociation.
According to previous reports on fetal tissue transplantation,
only 3%-20% of grafted DA neurons survive the procedure.!
Notably, some reports have shown that donor cells at the pro-
genitor stage survive better than fully mature DA neurons.>?
Additionally, treatments with ROCK inhibitor* and the anti-
oxidant Lazaroid® were reported to inhibit anoikis, improving
the survivability of the transplanted cells. Furthermore, the
depletion of neurotrophic factors after transplantation leads
to apoptotic cell death in the early post-grafting period.'
Especially, brain-derived neurotrophic factor (BDNF)”® and
glial cell line-derived neurotrophic factor (GDNF)*!? are not
only required for the survival of DA neurons but also for their
long-term maturation. Secondly, the survived progenitors
need to become mature DA neurons in the host brain. Thus,
the induction of authentic DA progenitors (DAP) cells from
pluripotent stem cells is crucial.!' Thirdly, these DA neurons
should extend neurites and interact appropriately with host
neurons through synaptic connections. Escaping from the
immunological response is also required. The survival rate
of cells that develop into properly matured functional DA
neurons in the brain is reported to be approximately 6%
for ESC-derived DAPs transplanted into rats'?> and 2.7% for
iPSC-derived DAPs transplanted into a primate PD-model."?

To improve the outcome of a cell transplantation, we fo-
cused on the combination of the ECM of the transplanted cells
and growth factors. The ECM not only serves as a scaffold for
cell adhesion but also inhibits cell death caused by anoikis
and contributes to transmembrane signal transduction from
integrin family and cell surface growth factor receptors.'*

Laminin (LM) and proteoglycan are major components of
the ECM. Laminins containing subunit a5 (LAMAS) support
the survival and network formation of neurons.”” LMS511, in
particular, has been shown in vitro to promote the survival
and differentiation of midbrain DA neurons by mediating
integrin signaling.'® In animals, proteoglycans consist of gly-
cosaminoglycan and core proteins. Those that have heparan
sulfate (HS) as a glycosaminoglycan are called heparan sul-
fate proteoglycans (HSPGs).!” Heparan sulfate proteoglycans
control the diffusion of growth factors to establish protein
gradients during development. Many reports have focused on
HS for its binding ability to basic fibroblast growth factor
(FGF), FGF receptor,'®?° and neurotrophic factors such as
BDNF and GDNE?*> Perlecan is a secreted HSPG found in
the ECM and binds to many growth factors, including FGFs
and VEGFs, which are required during differentiation, tumor-
igenesis, and angiogenesis.?®’

Based on the above, a chimeric protein (perlecan-conjugated
LM-ES8 fragment) was developed by combining an integrin-
binding fragment of LM (LM-ES8 fragment) with perlecan do-
main I (PDI). LM-ES8 fragment is a truncated protein consisting
of the C-terminal regions of the a, 8, and vy chains and is a
functionally minimal form that fully retains the capability
of LM to bind integrins.?® Notably, LM-E8 fragment has
a higher adhesive affinity for human pluripotent stem cells
than intact LM and supports vigorous proliferation of the
cells.?”” PDI carries several HS chains and an LM-binding site
(Fig. 1A). Therefore, perlecan-conjugated LM-E8 fragments
are expected to provide a coordinated input of integrin sig-
nals through LM and signals from neurotrophic factors that
bind to HS. Accordingly, we aimed to increase the efficacy
of integrin and neurotrophin signaling pathways involved in
neuronal survival and differentiation. Thus, in this study, we
examined the effect of perlecan-conjugated LM-ES8 fragments
in the context of the transplantation of iPSC-derived DAPs.

Materials and Methods

Human iPSC Culture

Human iPSCs (1039A1) were maintained on iMatrix-511
(Matrixome)-coated ~ plates in  StemFiT  AK-02N
(Ajinomoto).*® When passaging the cells onto iMatrix-coated
plates, the iPSCs were dissociated into single cells with x0.5
TrypLE select (ThermoFisher Scientific) and replated at a den-
sity of 3.0 x 10* cells per 6-well plate with StemFit medium
(Ajinomoto).

Induction of DAPs from Human iPSCs

Human iPSCs were dissociated into single cells after 10
minutes of incubation with TrypLE select and plated on
iMatrix-coated 6-well plates at a density of 5 x 10°¢ cells
with midbrain floor plate induction medium [GMEM
supplemented with 8% KSR, 0.1 mM MEM nonessential
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Figure 1. Effects of matrix coatings and growth factors in vitro. (A)
Schematic diagram of LM511/521, E8-fragment, perlecan, and PDI.

(B) Immunostaining of hiPSC-derived DA neurons (day 42) on different
coatings with TH antibody (green) and Foxa2 antibody (red). The growth
factor cocktail contains GDNF, BDNF, ascorbic acid, and dibutyryl-cAMP.
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amino acids (all ThermoFisher Scientific), sodium pyruvate
(Merck), and 0.1 mM mercaptoethanol (Wako)]. We added
100 nM LDN193189 (Stemgent) and 500 nM A83-01 (Wako)
to efficiently induce neuronal differentiation.’! We also added
2 uM purmorphamine and 100 ng/mL FGF8 (Wako) from
days 1 to 7 and 3 uM CHIR99021 (Wako) from days 3 to 12
to induce floor plate cells.??

After sorting with anti-Corin antibodies on culture day
12, the sorted cells were replated on low cell adhesion
U-bottom 96-well plates (Sumitomo Bakelite) at a density
of 2 x 10* cells/well for the sphere culture in neural dif-
ferentiation medium [neurobasal medium supplemented
with B27 supplement, 2 mM vr-glutamine (all ThermoFisher
Scientific), 10 ng/mL GDNE, 20 ng/mL BDNE 200 pM
ascorbic acid (all Wako) and 400 pM dibutyryl-cAMP
(Merck)] as reported previously.? To avoid apoptosis at
the initial plating, we added 30 uM Y-27632 (Wako). For
the in vitro experiments, 5 x 10° cells/well were replated
on 12-well plates without sorting at day 12. After that, we
changed the medium every 3 days until the treatment for
each experiment on day 28.

Production of LM-E8 and Perlecan-Conjugated
LM-E8 Fragments

Expression vectors for recombinant human LM-aSES,
LM-B1E8, LM-B2E8, LM-y1E8, and full-length human
perlecan were constructed using a pSecTag2B plasmid as
described previously.>*3¢ A pcDNA3.4-based expression
vector for LM-aSE8 (pcDNA3.4-05E8) was also constructed
by inserting the Nhel/Notl fragment of pSecTag2B-aSE8
encoding LM-05E8 (Ala2534-Pro3305) into the same restric-
tion sites of pcDNA3.4 (Thermo Fisher Scientific), which had
been modified to contain the multicloning site derived from
pSecTag2A.8

An expression vector for a chimeric protein of LM-aSE8
(Ala2534-Pro3305) and PDI (Gly25-Pro196), which were
connected through a linker segment derived from LM-al
(Asp2684-Pro2698), was constructed as follows. cDNA
encoding LM-0SE8 with a C-terminal LM-a1 linker segment
and the ¢cDNA encoding PDI with an N-terminal LM-al
linker segment were separately amplified by PCR using ex-
pression vectors for LM-aSE8 and human perlecan as
templates and then ligated by extension PCR. The resultant
c¢DNA was cleaved by Ascl/Notl and ligated into Ascl/Notl-
cleaved pcDNA3.4-05E8 to generate the expression vector
encoding LM-aSE8-PDI chimeric protein. The DNA sequence
was verified using an ABI PRISM 3130x| Genetic Analyzer
(Thermo Fisher Scientific).

LMS511E8 and LMS521E8 were produced using the
FreeStyle 293 Expression System (Thermo Fisher Scientific)
by transfecting ¢cDNAs encoding LM-aSE8, LM-B1ES8/
B2E8, and LM-y1E8 into FreeStyle 293-F cells as described
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Standard concentration is described as “x1.0” and contains GDNF

(10 ng/mL), BDNF (20 ng/mL), ascorbic acid (200 uM), and dibutyryl-
cAMP (400 uM). Scale bars, 100 um. (C and D) Number of live cells was
measured as fluorescence intensity objectively by the Alamer blue assay.
(E-H) TH expression level was measured as absorbance objectively by
ELISA. (E and F) Comparison of LM511E8/LM521E8 and p511/p521. (G
and H) Heparinase Il (Hepa) blocked the effect of the HS chains. Data
are represented as the mean + SD, n =5 (E and F) and 3 (C, D, G and H)
independent experiments. Two-way ANOVA with Bonferroni’s multiple
comparisons test; *P < .05, **P < .01, **P < .001, ***P < .0001.
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previously. Perlecan-conjugated LMS11E8 (p511) and
LMS521E8 (p521) were expressed similarly using the
FreeStyle 293 Expression System by transfecting ¢cDNA
encoding the LM-0SE8-PDI chimeric protein instead of
LM-a5E8 cDNA. The recombinant proteins secreted into the
culture medium were purified by sequential chromatography
on Ni-NTA-agarose (Qiagen) and anti-FLAG M2-agarose
(Sigma) columns.*> The purified proteins were dialyzed
against phosphate-buffered saline (pH 7.4), and the protein
concentrations were determined using a BCA protein assay
kit (Thermo Fisher Scientific) using bovine serum albumin
as a standard.

In Vitro Assay

For in vitro assays, DAPs at day 28 were dissociated,
replated at a density 3.0 x 10* cells/well on a flat-bottom
96-well plate coated with different matrices (LMS11ES,
LMS521E8, p511, and p521), and cultured in neuronal
differentiation media containing GDNF, BDNF, ascorbic
acid, and dibutyryl-cAMP until day 42. For HS inhi-
bition experiments, heparinase III (0.5 Sigma unit/mL,
Sigma-Aldrich) was added to some wells before seeding
the cells and incubating at 37 °C for 2 hours. On day
42, the cells were fixed with 4% paraformaldehyde and
stained immunocytochemically with primary antibodies
for tyrosine hydroxylase (TH) (Merck) followed by the
secondary antibody (donkey anti-rabbit IgG conjugated
HRP, Abcam). For high-throughput signal detection, TMB
ELISA Substrate Solution and Stop Solution (Abcam)
were used. The absorbance was read by an Envision 2104
microplate reader (PerkinElmer) at the 450 nm range and
620 nm as the reference. At the same time, we quantita-
tively evaluated live cells on day 42 using Alamar blue cell
viability reagent (ThermoFisher Scientific). The medium
was replaced with medium containing 10% Alamar blue,
and the fluorescence intensity (excitation 560 nm, fluo-
rescence 590 nm) was measured after incubating at 37 °C
for 3 hours.

Animal Experiments

All animal procedures described in this study adhered to
the guideline for Animal Experiments of Kyoto University
and the Guide for the Care and Use of Laboratory Animals
of the Institute of Laboratory Animal Resources (ILAR;
Washington, DC).

Pretreatment Before Cell Transplantation

On differentiation day 28, DAP spheres were collected and
centrifuged, and the supernatants were removed. The DAP
spheres were incubated in neural differentiation medium
supplemented with LMS11E8/LM521E8 (MW 147000) or
p511/p521 (MW 166 000) after adjusting the molar con-
centration (LMS11E8/LMS21E8: 10.0 pg/mL, p511/pS521:
11.2 pg/mL) and with the growth factor cocktail (GDNE,
BDNEF, ascorbic acid, and dibutyryl-cAMP) for 1 hour at
37 °C just before the transplantation. Also before the trans-
plantation, the samples were centrifuged, and the superna-
tant was removed. The clumps of spheres were transplanted
without dissociation.

Stem Cells Translational Medicine, 2022, Vol. 11, No. 7

Cell Transplantation into Severe Combined
Immunodeficiency Mice

Spheres untreated or treated with LMS511E8, LMS521ES,
p511, or p521 were injected into the striatum of adult severe
combined immunodeficiency (SCID) mice (C.B-17/lcrHsd-
Prkdcscid, 7 = 8). The cells were injected stereotactically at
2 x 10° cells/pL/minute through a 26-G needle. The coordi-
nates were calculated with reference to the Bregma: anterior
-0.5 mm, lateral -1.8 mm, ventral -2.5 mm. At 12 weeks
after the transplantation, the animals were euthanized with
pentobarbital and perfused with 4% paraformaldehyde.
The brains were sliced 50-um thick with a cryostat and
examined.

Cell Transplantation into PD Model Rats

Adult athymic nude rats (F344/NJcl-rnu/rnu, CLEA Japan,
Inc.) were lesioned in the medial forebrain bundle with
6-hydroxydopamine (6-OHDA) to generate the PD model. The
coordinates were calculated with reference to the Bregma: an-
terior —=2.8 mm, lateral -2.0 mm, ventral -7.5 mm. A total of
16 ng 6-OHDA per rat in 2.5 pL saline with 0.02% ascorbic
acid was injected. Five weeks later, all rats were checked for
rotational asymmetry by administering methamphetamine
(dose of 2.5 mg/kg). Only the rats that showed more than 6
rotations per minute were used as graft recipients, and 20 rats
were divided into 3 groups (untreated, p511, and p521) with
no rotation bias. Cell transplantation was performed with the
stereotactic injection of 4 x 10° cells in 2 pL (400000 cells/
pL/minute.) through a 22-G needle into the right side of the
striatum The coordinates were calculated with reference to
the Bregma: anterior -1 mm, lateral -3 mm, ventral -5 and
4 mm. Twenty weeks after the transplantation, the animals
were euthanized with pentobarbital and perfused with 4%
paraformaldehyde. The brains were sliced at 50 um thickness
with a cryostat and examined.

Behavioral Analysis

The methamphetamine-induced rotation assay was performed
to evaluate behavioral recovery pre-transplantation and every
4 weeks after transplantation using a rotameter apparatus
(RotoRat; Med Associates Inc.). A dose of 2.5 mg/kg of meth-
amphetamine (Dainippon Sumitomo Pharma) was injected
intraperitoneally, and the rotations were automatically re-
corded for 90 minutes.

Active RAS ELISA Assay

DAPs cultured on a LMS511E8-coated 12-well plate until day
28 as above were used. On day 28, the DAPs were dissociated
and replated at a density of 1.0 x 10° cells/well on a 12-well
plate coated with different matrices (LMS511E8, LM521E8,
p511, and p521) and cultured in neuronal differentiation
media containing GDNFE, BDNE, ascorbic acid, and dibutyryl-
cAMP until day 42. The cells were harvested in lysis buffer
containing a protease inhibitor and incubated at 4 °C for 15
minutes to detect RAS-ERK1/2 pathway activity downstream
of GDNF and BDNFE. After centrifugation, the supernatant
was collected. Prior to the ELISA, the protein concentra-
tion of each sample was adjusted to 50 ug/100 pL using the
Bradford assay (Bio-Rad). We used the RAS GTPase ELISA
kit (Abcam) for this analysis. First, we coated a plate with the
Glutathione S-Transferase (GST)-fused RAS-binding domain
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(RBD) of Raf. EGF-treated HeLa whole-cell extract was used
as a positive control. The samples, positive control, and blank
were assayed with duplicates. After one hour at room tem-
perature, the wells were washed 3 times, and the primary an-
tibody (rat anti-H-RAS antibody, 1:500) was added to the
wells. After another hour at room temperature, the secondary
antibody (anti-rat I[gG HRP-conjugated, 1:5000) was added
after washing 3 times. Finally, after 1 hour at room temper-
ature, the wells were washed 4 times, and chemiluminescent
working solution was added. Then, the luminescence inten-
sity was measured using an EnVision2104 microplate reader
(PerkinElmer) within 15 minutes. Data were standardized by
the value of the positive control.

Quantitative RT-PCR

Total RNA was isolated using an NucleoSpin RNA XS
(Macherey-Nagel), and ¢cDNA was synthesized from 0.4
pg of RNA using PrimeScript RT reagent Kit with gDNA
EraserIll (TaKaRa). Quantitative PCR was carried out
with Power SYBR Green PCR Master Mix (Thermo Fisher
Scientific) and QuantStudio 3 (Thermo Fisher Scientific).
The data were assessed using a delta-Ct method and
normalized by the glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) expression. The primer sequences used are
as follows: nuclear receptor subfamily 4 group A member 2
(NR4A2), CGAAACCGAAGAGCCCACAGGA (forward)
and GGTCATAGCCGGGTTGGAGTCG (reverse); and
GAPDH, GGTCGGAGTCAACGGATTTG (forward) and
TCAGCCTTGACGGTGCCATG (reverse).

Immunofluorescence Studies

Immunohistochemical analysis of the cryosections was
carried out after permeabilization with 0.3% Triton X-200
and 5% normal donkey serum. Immunoreactive cells
were observed using a fluorescence microscope (BZ-9000;
Keyence) and a confocal laser microscope (LSM 800; Zeiss).
The primary antibodies used were as follows: goat anti-
Foxa2 (1:500, Santa Cruz Biotechnology), rabbit anti-TH
(1:400, Merck), mouse anti-human nuclei (hNuclei, 1:200,
Merck), mouse anti-human neural cell adhesion molecule
(hNCAM, 1:400, Santa Cruz Biotechnology), mouse anti-
LAMAS (1:200, Abcam), mouse anti-FLAG M2 (1:1000,
Merck), rabbit anti-phosphorylated ERK1/2 (pERK, 1:400,
Cell Signaling), and rat anti-NR4A2 (1:1000, donated by
the KAN laboratory).

Quantification

Brain slices 50-um thick were prepared, and every sixth
slice was analyzed. In the case of the spheres, samples were
thinly sliced at 20 pm and examined. Immunofluorescence
images were captured on the LSM 800. The number of
TH+, Foxa2+, hNuclei+, and pERK+ cells in the graft
were counted manually through all graft images. The graft
volume (mm?®) was quantified by measuring the entire
hNuclei+ area in the graft. The innervation of DA neurons
originating from the donor cells was quantified by calcu-
lating the co-stained area of TH+ and hNCAM+ cells in the
striatum. The percentage of innervation was automatically
calculated as the ratio of that area to the whole striatum,
excluding the graft itself, using the ZEN system (Zeiss). In
addition, the value corrected by the number of TH+ cells in
the graft was calculated.

Statistical Analysis

Statistical analysis was performed using a commercially
available software package (GraphPad Prism 9; GraphPad
Software). Data from the in vitro and in vivo experiments were
analyzed by a paired or unpaired ¢ test, a one-way ANOVA
with Bonferroni’s or Dunnett’s multiple comparisons analysis,
and a 2-way ANOVA with Bonferroni’s or Dunnett’s multiple
comparisons test. Differences with P < .05 were considered
statistically significant. Data are presented as the mean = SD
or mean = SEM.

Results

Perlecan-Conjugated LM-E8 Fragments (p511/p521)
Enhance the Maturation of DAPs in the Presence of
Growth Factors

Perlecan-conjugated LM-E8 fragments include the integrin-
binding site of LM and HS chains of PDI (Fig. 1A). To inves-
tigate the effect of the HS chains on the adhesion culture of
DAPs induced from human iPSCs, we analyzed the expression
levels of TH and Foxa2, a marker of mesencephalic mature
DA neurons, at differentiation day 42.

We examined 2 isoforms of LM, LM511E8 (laminin511-E8
fragment) and LM521E8 (laminin521-E8 fragment), which
are well established for the differentiation of DA neurons.?37-3
Both isoforms have LAMAS, which has been reported to
support the survival and network formation of neurons.
Two perlecan-conjugated LM-E8 fragments were prepared
using LMS511 and LMS521: p511 (perlecan-conjugated
laminin511-E8 fragment) and p521 (perlecan-conjugated
laminin521-E8 fragment). We compared differences among
the 4 coating matrices (LMS511E8, LM521E8, p511, and
pS521) from day 28. A cocktail of growth factors with GDNEF,
BDNF, ascorbic acid, and dibutyryl-cAMP was added in
graded dilutions to the wells coated with each matrix. The
standard concentration of the cocktail used for our DAP dif-
ferentiation protocol is described as “x1.0”: GDNF (10 ng/
mL), BDNF (20 ng/mL), ascorbic acid (200 uM), and
dibutyryl-cAMP (400 uM).

Immunostaining at day 42 showed that TH+Foxa2+
cells were more abundant in p511/p521 than in LMS11ES8/
LMS521E8 over different cocktail concentrations (Fig. 1B).
Perlecan-conjugation did not increase the number of live cells
for LMS511E8 or LMS521ES8 according to an Alamar blue
assay for cell quantification (Fig. 1C and 1D). On the other
hand, both p511/p521 increased TH expression compared
to LMS11E8/LMS521E8 according to immunocytochemistry
and ELISA results (Fig. 1B, 1E, and 1F). To inhibit the ef-
fect of the HS chain on perlecan, we additionally treated each
matrix with heparinase III, which reduced the TH expres-
sion level in the p511/p521 groups to that of the LMS511ES8/
LMS521E8 groups (Fig. 1G and 1H).

Perlecan-Conjugated LM-E8 Fragments (p511/p521)
Enhance the Maturation of Transplanted DAPs

To examine the possible application of p511/p521 to cell
therapies for PD, DAP donors were pretreated with LM511E8/
LMS521E8 or p511/p521 and transplanted into SCID mice.
As reported previously, we sorted DAPs with anti-Corin
antibodies on day 12, continued the culture as floating spheres,
and transplanted the cells into SCID mice on day 28 [2]. The
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Untreated p511 p521

FLAG/DAPI FLAG

LAMAS/DAPI

Figure 2. Perlecan-conjugated LM E8-fragments (p511/p521) were
expressed on the surface and inside of the sphere after pretreatment.
Immunostaining images for FLAG tag (attached to the LM subunit y of
p511/p521, green), LAMAG (red) and DAPI (blue) in spheres on day 28
pretreated with p511/p521 for 1 h, 37 °C. Scale bars, 50 pm.

spheres were incubated with LMS11E8/LM521ES8 or p511/
p521 with the standard concentration (x1.0) of growth factor
cocktail for more than 1 hour at 37 °C just before the trans-
plantation. To investigate the distribution and penetration of
the matrix by pretreatment of the spheres, we took advan-
tage of the FLAG tag attached to the LM subunit v of p511/
p521. Immunostaining images of the sphere showed FLAG tag
was present not only on the surface but also inside the sphere.
On the other hand, LAMAS was diffusely expressed inside all
spheres, including untreated spheres (Fig. 2), suggesting that
endogenous LM containing LAMAS was expressed within the
neurospheres despite the addition of exogenous LM.

Three months after the transplantation,
immunohistochemical analysis was performed (Fig. 3A). The
number of survived donor cells positive for the human-specific
marker hNuclei and the number of mature DA neurons pos-
itive for TH were similar across groups (Fig. 3B and 3C).
However, the percentage of mature DA neurons (TH+) among
survived cells (hNuclei+) was significantly higher in the p511
group than in the LMS511E8 group or untreated group
(8.9 £ 0.5%, 5.6 + 0.4%, and 6.2 = 1.1%, respectively, mean
+ SD, Fig. 3D). Similarly, in the p521 group, the percentage of
TH+ neurons was significantly higher than in the LM521ES8
group or untreated group (10.3 = 1.4%, 4.7 = 1.3%, and
6.2 = 1.1%, respectively, mean = SD, Fig. 3D).

Next, to evaluate the behavioral recovery and innervation
of DA neuron fibers within the striatum, we examined the
effect of pretreatment with p511/p521 on 6-OHDA lesioned
PD model rats. Five months after the transplantation,
immunohistology was performed (Fig. 4A). Resembling the
results in mice, the number of hNuclei+ cells and TH+ cells
in the grafts were similar across groups (Fig. 4B and 4C), but
the percentages of TH+/hNuclei+ (Fig. 4D) and TH+/Foxa2+
(Fig. 4E) cells were significantly higher in the p511/p521
group than in the untreated ones. To estimate neuronal fiber

Stem Cells Translational Medicine, 2022, Vol. 11, No. 7

extensions from the graft, fibers double positive for ANCAM
and TH in the striatum, which confirmed these fibers as graft-
origin DA neurons, were automatically detected by software
(ZEN 2, blue edition, Zeiss). The detected values were greater
in the p511/p521 groups than in the untreated group and es-
pecially significant in the p521 group (Fig. 4F and 4G). The
same results were obtained after correcting for the number
of TH+ cells in each group, suggesting that individual DA
neurons were fully matured (Fig. 4H). A behavioral assess-
ment after the transplantation using the methamphetamine-
induced rotation test showed improvement in all groups at
20 weeks (Fig. 41).

Perlecan-Conjugated LM-E8 Fragments (p511/p521)
Activate Signaling in the RAS-ERK1/2 Pathway
Downstream of GDNF and BDNF

To investigate the downstream signaling changes of GDNF
and BDNF by p511/p521, we analyzed the RAS pathway,
which plays a crucial role in increasing the TH activity, plas-
ticity, and specificity of DA neurons.’** We quantitatively
evaluated activated RAS in DA neurons in vitro on day 42
under p511/p521 coating by ELISA. Interestingly, the levels of
RAS activity were significantly increased in the culture under
pS11/pS521-coating compared with LMS11E8/LMS521ES8
coating, respectively (Fig. SA and 5B). Next, to confirm the
activity of the RAS-ERK1/2 pathway in vivo, we analyzed the
phosphorylation level of ERK1/2 in the grafts of the SCID
mice. pERK is active and transduces signaling to the nucleus.
Most TH+ cells were positive for pERK, and the percentage
of pERK/hNuclei positive cells was significantly higher in
the p511/p521 groups compared with groups that received
unconjugated LM or untreated grafts (Fig. 5C and 5D). Since
the activated RAS-ERK1/2 pathway is known to promote the
expression of NR4A2 [also known as nuclear receptor related
1 protein (NURR1)], which directly activates TH expression
in DA neurons, we assessed NR4A2 expression on day 42
under p511/p521 coating. Immunocytochemical analysis
showed that p511/p521-coating increased the percentage of
NR4A2+ cells among Foxa2+ cells compared with LM511/
LM521 coating (Fig. SE-5G), although no significant differ-
ence was shown by RT-qPCR (Fig. SH and 5I).

Discussion

This study showed that p511/p521 promotes the maturation
but not survival or proliferation of DAPs. In vitro experiments
showed that coating with perlecan-conjugated LM increased
the number of TH+ cells compared with only LM coating.
Titration assays for neurotrophic factors, including GDNF
and BDNF, showed the effects of p511/p521 appeared with
a higher dose of neurotrophic factors but was inhibited by
heparinase III treatment, which specifically cleaves the 1-4
linkage of N-sulfated/N-acetylglucosamine and glucuronic
acid to degrade the HS chain into oligosaccharides. Together,
these results indicate that the HS chains of p511/p521 en-
hance the maturation effect of neurotrophic factors on DAPs.

In the transplantation experiments, neither pretreatment
with LMS11E8/LM521E8 nor p511/p521 changed the
total number of surviving transplanted cells (hNuclei+). On
the other hand, pretreatment with p511/p521 significantly
increased the percentage of TH+/hNuclei+ cells in SCID mice
and PD model rats. Furthermore, in PD model rats, neurite
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Figure 3. Perlecan-conjugated LM E8-fragments (p511/p521) increased the proportion of mature DA neurons within the grafts in SCID mice. (A)
Immunohistochemistry of the grafts. Scale bars, 200 pm (upper images) and 50 pm (middle and lower images). Number of surviving hNuclei+ donor
cells (B), TH+ DA neurons (C), and the percentage of TH+ cells per hNuclei+ cells (D). Data are represented as the mean + SD, n = 5-7 one-way ANOVA

with Bonferroni's multiple comparisons test; **P < .01, ****P < .0001.

outgrowth was enhanced. These results show that the conju-
gation of HS chains to LM promotes the maturation of DAPs
after transplantation.

The immunostaining of spheres pretreated with p511/p521
indicated that the transplanted DAPs were surrounded by
the LM fragment, to which HS chains were bound. It was
reported that a similar pretreatment procedure had positive
effects on muscle cell transplantation using LM-E8 fragment

(a3/4/5).4* Therefore, we hypothesized that intracellular sig-
nals from the receptors of neurotrophic factors and integrin
can be inputted side-by-side.

We also demonstrated that the maturation-promoting
effects by p511/p521 were mediated through RAS-ERK1/2
signaling downstream of GDNF- and BDNF-receptor acti-
vation. Within DA neurons, BDNF and GDNF trigger sig-
nals through autophosphorylation of the receptor tyrosine
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Figure 4. Perlecan-conjugated LM E8-fragments (p511/p521) increased
the proportion of mature DA neurons within grafts and their neurite
outgrowth in PD model rats. (A) Immunohistochemistry of the grafts.
Scale bars, 500 um (upper images) and 50 um (middle and lower
images). Number of surviving hNuclei+ donor cells (B), TH+ DA neurons
(C), and the percentage of TH+ cells per hNuclei+ cells (D) and per
Foxa2+ cells (E). Data are represented as the mean + SD, n=5 or 6,
one-way ANOVA with Dunnett's multiple comparisons test; *P < .05,
*#*P < 001. (F) Immunohistochemistry of the neurite outgrowth from the
grafts. Scale bars, 100 um. (G) Quantification of neurite extensions from
the graft and into the striatum. Neurites positive for both ANCAM and TH
were measured as the area (mm?). (H) Corrected values by the number
of TH+ cells. One-way ANOVA, Dunnett's multiple comparisons test; *P
< .05. () Evaluation of behavioral recovery using the methamphetamine-
induced rotation test every 4 weeks after transplantation. Two-way
ANOVA with Dunnett's multiple comparisons test.
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Figure 5. Perlecan-conjugated LM E8-fragments (p511/p521) mediated
activation of the RAS-ERK1/2 pathway. (A, B) Relative level of activated
RAS evaluated by ELISA coated with LM511E8/LM521E8 or p511/p521.
Data are represented as the mean + SD, n = 5, independent experiments.
Paired t-test; *P < .05, **P < .01. (C) Immunohistochemistry of the grafts
transplanted into SCID mice. Scale bars, 200 pum (upper images) and 50
um (middle and lower images). (D) The percentage of ERK phosphorylated
cells to transplanted cells (hNuclei+ cells). Data are represented as

the mean = SD, n = 5-7 one-way ANOVA with Bonferroni's multiple
comparisons test; *P < .05, **P < .01, ***P < .001. (E) Immunostaining
images of hiPSC-derived DA neurons (day 42) on 4 different coatings

with NR4A2 (NURR1) antibody (green) and Foxa2 antibody (red). (F, G)
The percentage of NR4A2+ cells per Foxa2+ cells. Data are represented
as the mean = SD, n = 6 totally; 3 samples in each of 2 independent
experiments. Unpaired t test; **P < .01, ****P < .0001. (H, I) NR4A2
expression analysis by quantitative RT-gPCR. The expression level of the
cells with LM511E8/LM521E8 was set to 1.0. Data are represented as the
mean = SD, n = 3 independent experiments. Unpaired t test.
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kinases TrkB and Ret, respectively. These signals mainly mod-
ulate the downstream AKT-PI3K and RAS-MAPK (ERK1/2)
pathways.*»* Both pathways play an important role in neu-
ronal survival, proliferation, neuronal differentiation, neurite
growth, and neuronal regeneration.*

We found that activated RAS was elevated in DAPs cul-
tured with p511/p521 and that the phosphorylation of
ERK1/2, an indicator of upstream activation of the RAS
pathway, was enhanced in the grafts 3 months after trans-
plantation into SCID mice. Enhanced RAS expression leads
to an increased number and functional protection of DA
neurons.’** The major downstream signaling pathways trig-
gered by RAS activation are the PI3K-AKT-mTOR and RAF-
MEK-ERK1/2 cascades.” PI3K-AKT signaling plays a major
role in cell proliferation and survival by protecting neurons
from diverse stress factors.*** The RAF-MEK-ERK1/2
pathway triggers a wide range of cellular responses, including
neurite growth, differentiation, inflammation, and apop-
tosis.* However, the mechanisms associated with the cell
survival and cytoprotective effects through the RAS-ERK1/2
pathway are poorly understood. Debate remains on whether
ERK1/2 interacts directly with the apoptosis machinery, as
in the PI3K-AKT pathway, or indirectly through impaired
axon outgrowth and reduced access to trophic factors, which
may further vary by the type of neuron.” It has been re-
ported that activation of the RAS-ERK1/2 pathway, but not
the PI3K-AKT pathway, increases the plasticity, specificity,
and maturity of DA neurons in the graft.* It was also re-
ported that activation of the RAS-ERK1/2 pathway increases
the expression of NURR1, which regulates the transcription
of TH.*® That finding is in agreement with our observation
that enhancing the RAS-ERK1/2 pathway did not increase the
number of surviving cells (hNuclei+ cells) but did increase the
percentage of TH+ mature DA neurons.

In order to understand the mechanism of the effect of
p511/p521, LM-integrin interactions should be considered.
LM-E8 fragment is composed of the C-terminal region of the
subunits a, 3, and y and contains the active integrin-binding
site.?” Signals from LM conveyed via integrin could affect
cell adhesion, differentiation, phenotypic stability, and re-
sistance to anoikis.'>*>! Among the LM-binding integrins,
a6f1 and a3p1 integrins are the major receptors for LM511
and LMS521, 2 LM isoforms containing LAMAS.52% 061
integrin induces Fyn-RhoA-ROCK signaling by binding LM
and suppressing the ROCK pathway, and a3f1 integrin se-
lectively activates the PI3K-AKT pathway rather than the
RAS-ERK1/2 pathway to strongly enhance cell survival.’3*
Integrins a3, a6, and f1 have been shown to be abundantly
expressed in the developing ventral midbrain, where DA
neurons are localized.'® The PI3K-AKT and RAS-ERK1/2
pathways do not work independently but cooperatively
with growth factor receptors and integrin signals. Although
enhanced RAS signaling may support the survival of the
grafted DA neurons, coordinated LM-integrin signaling
has a strong suppressive effect on apoptosis via the Fyn-
RhoA-ROCK and PI3K-AKT pathways. These effects are
equally exerted by perlecan conjugated LM (p511/p521) and
unconjugated LM (LMS11E8/LMS521E8). Hence, there was
no difference in the final cell survival after transplantation
between the different treatments.

Contrary to our expectations, the effect of pretreatment
with unconjugated LM (LMS511E8/LM521E8) was not ap-
parent. This result might be due to the form of our donor
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cells as neurospheres, which were generated under 3-dimen-
sional culture. Sphere transplantation causes less damage to
the cells compared with single-cell transplantation, in which
the cells need to be detached from the culture dish enzy-
matically followed by dissociation and centrifugation before
transplantation. Anoikis, which is caused by the prepara-
tion and transplant procedure, is a major cause of transplant
cell death and occurs within a few days after the transplan-
tation."® In the case of single-cell transplantations, several
methods to encapsulate the DA neurons in a hydrogel made
by artificially mimicking ECM (LM, type 1 collagen, hyalu-
ronic acid, etc.) have been reported as effective.’*>® In ad-
dition, it is known that endogenous ECM, including LM,
is expressed inside the neurospheres during the culture.”’
We also found a diffuse expression of LAMAS within the
spheres of all groups used for our transplantation, including
those that were not pretreated. Therefore, we concluded that
endogenous LM in the neurospheres served as a scaffold
for cell adhesion and inhibited apoptosis through integrin
signaling.

In the present study, we examined 2 LM isoforms, LM511
and LMS521. Both isoforms have LAMAS and have been re-
ported to bind several types of integrins (061, a3p1, and
06p4) to support neuronal survival and network forma-
tion." They are structurally very similar and have been used
to differentiate DA neurons with good results. However,
the $2 and B1 subunits differ in their binding affinity for
integrins. LM521 binds to o331 integrin with 4 times higher
affinity than LMS511.3° Because the neurite extensions
originating from the graft in PD model rats were signifi-
cantly enhanced with LM 521 treatment, we suspect the high
affinity for a3f1 integrin is a factor.

Finally, behavioral assessments did not find a significant im-
provement in the p511/p521 groups, probably because even
the untreated groups showed enough surviving DA neurons
to improve the motor symptoms.

In conclusion, pretreating iPSC-derived DAPs with p511/
p521 activated the RAS-ERK1/2 pathway and promoted
their maturation after transplantation in the brain. Further
studies are needed to optimize the time and dose for the
pretreatment with p511/p521 and to clarify their safety for
human use. However, it should be noted that our results are
not directly applicable to the transplantation of dissociated
cells, because we transplanted the cells as neurospheres.
Current clinical trials expect the survival of a minimum of
100 000 mature grafted DA neurons per side, which is about
half the normal number of physiological nigrostriatal DA
neurons that project to the striatum in humans.®®¢! A recent
study in rhesus macaques found that 40 000 to 70 000 ma-
ture DA neurons are required in the putamen to recover up to
50% of motor scores; this range is estimated to be approxi-
mately 160 000 to 300 000 DA neurons for humans.®* Thus,
pretreatment with p511/p521 may support the efficient mat-
uration of DAPs after transplantation and early recovery of
symptoms.
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