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Human iPSC-derived endothelial cells promote CNS
remyelination via BDNF and mTORC1 pathway
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Abstract

Damage of myelin is a component of many diseases in the central nervous system
(CNS). The activation and maturation of the quiescent oligodendrocyte progenitor
cells (OPCs) are the crucial cellular processes for CNS remyelination, which is influ-
enced by neuroinflammation in the lesion microenvironment. Endothelial cells derived
from human induced pluripotent stem cells (hiPSC-ECs) have shown promise in
restoring function in various preclinical animal models. Here we ask whether and
whether transplantation of hiPSC-ECs could benefit remyelination in a mouse model
of CNS demyelination. Our results show that in vitro, hiPSC-ECs increase OPC
proliferation, migration and differentiation via secreted soluble factors including
brain-derived neurotrophic factor (BDNF). hiPSC-ECs also promote the survival of oli-
godendrocyte lineage cells in vitro and in vivo. Transplantation of hiPSC-ECs into a
toxin-induced demyelination lesion in mouse corpus callosum (CC) leads to increased
density of oligodendrocyte lineage cells and level of myelin in demyelinated area,
correlated with a decreased neuroinflammation and an increased proportion of pro-
regenerative M2 phenotype in microglia/macrophages. The hiPSC-EC-exposed oligo-
dendrocyte lineage cells showed significant increase in the level of phosphorylated

S6 ribosomal protein (pS6) both in vitro and in vivo, indicating an involvement of
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1 | INTRODUCTION

Damage of myelin is a component of many CNS diseases, these include
multiple sclerosis (MS), traumatic injury, neurodegenerative diseases such
as Alzheimer's disease, and mental disorders such as schizophrenia
(Barateiro et al, 2016). Failure of remyelination eventually leads to
progressive neuronal loss and irreversible functional deficits, therefore,
promoting remyelination emerges as a potentially effective clinical inter-
vention such as for progressive MS (Franklin & ffrench-Constant, 2017).
Remyelination involves activation and recruitment of OPCs, the residen-
tial stem cells in CNS. They proliferate, migrate and differentiate into
new mature oligodendrocytes and form new myelin sheaths (Crawford
et al, 2013; Franklin & ffrench-Constant, 2017). Currently there is no
treatment directly promoting remyelination in the clinic.

Progression of OPCs to mature myelinating oligodendrocytes
involves complex interactions from several intrinsic signaling path-
ways, including the MAP kinase pathway, the mTOR pathway, and the
Wht signaling pathway. They are also modulated by an array of extrin-
sic factors (Adams et al., 2021). It has been known that the micro-
vessels play crucial roles in myelin development and repair by provid-
ing vascular scaffold for OPC migration mediated by signaling mole-
cules expressed from endothelial cells (Niu et al., 2019; Rajani
et al., 2018; Tsai et al., 2016). Cerebral endothelial cells secrete tro-
phic factors that support the survival and proliferation of OPCs, and
this OPC-supportive phenomenon is mediated by Akt and Src signal-
ing pathways (Arai & Lo, 2009).

Remyelination is orchestrated by multiple cell types in the micro-
environment of demyelinated area (Baaklini et al., 2019). Upon demy-
elination, microglia/macrophages are activated, they remove myelin
debris, secrete cytokines and growth factors which create a conducive
environment for generation of oligodendrocytes from OPCs (Rawiji
et al., 2020). Inflammation plays an important role in remyelination.
Remyelination involves an efficient proinflammatory M1 to anti-
inflammatory M2 phenotype switch. Overreaction of inflammation or
late switch is unbeneficial to the process (Franklin & Simons, 2022).
Developing interventions which can effectively alter the physical and
biological attributes in environment favoring new oligodendrocyte
production presents a promising direction for clinical translation.

Human iPSC-ECs have been shown to be able to improve tissue
restoration after ischemic damage in heart, limb and brain, either by
direct cell replacement or by cell interaction (Jang et al, 2019;
Nakagomi et al., 2009). Transplantation of iPSC-derived vascular
endothelial cells improves white matter recovery from ischemic dam-

age via increased number of oligodendrocyte lineage cells and

mTORC1 pathway. These results suggest that hiPSC-ECs may benefit myelin protec-
tion and regeneration which providing a potential source of cell therapy for a wide

range of diseases and injuries associated with myelin damage.

BDNF, endothelial cell, iPSC, mTORC1, neuroinflammation, oligodendrocyte, remyelination

suppressed the inflammatory response (Xu et al., 2020, 2023). How-
ever, the effects of hiPSC-EC on oligodendrocyte lineage progression
during CNS remyelination and the underlying mechanisms have not
been sufficiently explored.

In the present study, we test the effects of exogenous hiPSC-ECs
on remyelination in toxin-induced CNS demyelination mouse model.
We first demonstrate an improved induction rate and efficiency of ECs
differentiated from human iPSCs by minor modification of the known
protocol. We then show that transplantation of hiPSC-ECs promotes
myelin repair through soluble released factors such as BDNF, which
facilitates oligodendrocyte linage progression mediated by mTORC1
signaling pathway. hiPSC-ECs also promote microglial M2 polarization.
The results suggest that hiPSC-ECs may have therapeutic potential for
the diseases and injuries related to myelin damage in CNS.

2 | MATERIALS AND METHODS

21 | Animals
Sprague-Dawley rats, wild-type C57BL/6 mice and NOD-SCID immu-
nodeficient mice were purchased from Charles River (Margate, UK).
SOX10-GFP reporter carrier line with C57BL/6 background was pro-
vided by Richardson lab from University College London. The animals
were housed in pairs or groups under standard conditions on a 12-h
light/dark cycle with constant access to food and water. The animals
were randomly allocated to experimental groups. All animal studies
were conducted under the Animals (Scientific Procedures) Act 1986
Amendment Regulations 2012 following ethical review by the Univer-
sity of Cambridge Animal Welfare and Ethical Review Body (AWERB).
Immunosuppression in C57BL/6 mice (including SOX10-GFP
reporter carrier line) was induced by administration orally of cyclo-
sporine A (210 mg/L, Sigma-Aldrich, 32425) in drinking water supple-
mented with sucralose at 1 mg/L from 1 day before demyelination

lesioning till the animal being perfused at the end of the experiments.

2.2 | Generation of human iPSCs and the
characterization
2.2.1 | Human neonatal dermal fibroblast culture

Cryopreserved human neonatal dermal fibroblasts (HDFn, Thermo-

Fisher Scientific, C0045C) were thawed and immediately seeded into
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culture flasks in complete culture medium DMEM (ThermoFisher Sci-
entific, 10569010) supplemented with 10% foetal bovine serum (FBS,
ThermoFisher Scientific, A4766801), 100 U/mL Penicillin and
100 pg/mL Streptomycin (ThermoFisher Scientific, 15140122). When
the cells reached 80%-90% confluence they were detached by twice
diluted Accutase (PromoCell, C-41310) and sub-cultured up to 3rd

passage.

2.2.2 | Production of hiPSC by Epi5 episomal
reprogramming

Reprogramming of the human neonatal dermal fibroblasts was per-
formed by using Epi5™ Episomal reprogramming kit with Yamanaka
factors + Lin28 (ThermoFisher Scientific, A15960) according to the
protocol provided by manufacturer. In brief, reprogramming factors
(Oct3/4, Sox2, Klf4, Lin28, and L-Myc) were delivered in episomal
vectors with an oriP/EBNA-1 (Epstein-Barr nuclear antigen-1) back-
bone. Electroporation was performed at 1600 V in three pulses for
10 ms for 1 x 10° cells in 100 pL reaction system through the Neon
electroporator (ThermoFisher Scientific, NEON1). The cells were then
seeded at a density of 1 x 10° cells/cm? on plates that had been pre-
coated with the Matrigel matrix (Corning, 356238) in fibroblast cul-
ture medium. At day 7 after reprogramming, the medium was changed
to TeSR-E8 (Stemcell Technologies, 05940). Human iPSC colonies
were mechanically picked by capillary under inverted microscope from
days 17 to 25 and transferred to separate wells of a 24-well plate.
Subsequent passaging was performed using Accutase. hiPSCs were
maintained on tissue-culture plates that had been precoated with
Matrigel in TeSR-E8 medium. The medium was changed daily, and
they were passaged every 3-4 days for 8-10 passages before used
for further EC differentiation.

2.2.3 | Alkaline phosphatase staining

Undifferentiated hiPSCs possess high expression level of alkaline
phosphatases. To identify this characteristic, cultured hiPSCs were
fixed by 4% paraformaldehyde (Merck, 158127) in 1xPBS and stained
with NBT/BCIP (Merck, 72091) according to the manufacture's proto-
col. After 1-h incubation in dark, cells were washed twice with water
to remove the background staining. They were then observed and
imaged by Nikon T2 microscope.

224 | Immunostaining of undifferentiated hiPSCs

To characterize the clones by various iPSC markers, cultured
hiPSCs were fixed by 4% paraformaldehyde in 1xPBS and immune-
stained for TRA-1-60, or SSEA-4, or NANOG, or OCT4 antibodies at
4°C for overnight (for antibodies see Table 1). After a brief wash with
1xPBS, Alexa488 or 594 conjugated donkey anti-rabbit or anti-mouse
secondary antibodies were used for a 2-h incubation at room

temperature together with DAPI (Merck, D9542) nuclear staining. The

cells were then observed and imaged by Nikon Ti-E microscope.

225 | Teratoma assay

Five to eight million of hiPSCs were harvested by Accutase digestion,
washed with 1xPBS and re-suspended in 200 pL diluted (1:1) Matrigel
solution. Cells were injected subcutaneously into NOD-SCID immuno-
deficient mice. Teratomas were excised 8 weeks after the injection.
The mice were fixed by 4% paraformaldehyde in 1xPBS, and the tis-
sue were dissected out. After sectioning, slides containing various
regions of teratomas were stained by H&E method (Abcam,
ab245880). The sections were then observed and imaged by Nikon

T2 microscope.

2.2.6 | Karyotype analysis

For karyotype analysis, iPSCs were treated with 20 pg/mL Colcemid
(Merck, 234109-M) at 37°C for 30 min, detached by 0.125% Trypsin
(ThermoFisher Scientific, 25200056) and then treated with 0.075 M
KCI. The cells were stained with freshly prepared 4% Giemsa stain in
Gurr buffer (ThermoFisher Scientific, B21172.18) and examined under
Nikon Ti-E microscope. The karyotype was printed by assigning a

number to each sister chromatid pair.

2.3 | Differentiation of hiPSC-ECs and the
characterization

2.3.1 | Differentiation of hiPSC to EC

Human iPSCs generated by Epi5 reprogramming from human der-
mal fibroblasts were maintained in TeSR-E8 medium. The hiPSCs
were then differentiated to ECs based on a 2D monolayer, serum-
free culture according to the method of Patsch et al. (2015). To
improve the induction efficiency and yielding, we modified the pro-
tocol in several steps, including an optimized cell seeding density,
adding additional inductive factors Activin A (StemCell Technolo-
gies, 78001) and ALK inhibitor SB431542 (StemCell Technologies,
72232), and removing insulin in the whole differentiation progress
(Lian et al., 2013). For details of modification, see Figure Sla. The
endothelial differentiation procedure is summarized in Figure 2a.
Briefly, Activin A was added into iPSC priming medium at a final
concentration of 50 ng/mL on day O, then it was withdrawn on
day 1. Insulin was removed out from all medium in the whole
differentiation progress (Lian et al.,, 2013). SB431542 was added
into the induction medium at a final concentration of 10 uM from
day 3, then it was removed after 1 day by fresh medium. On
day 5, the cells were directly re-plated onto fibronectin (Corning,
356008) coated plates without MACS or FACS sorting, followed by
a medium change on the next day for further differentiation. On
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TABLE 1 Antibody list.

Antibody

Anti-APC (Ab-7) (CC-1)

Anti-Argl

Anti-BDNF

Anti-BDNF

Anti-CD11b

Anti-CD11b

Anti-CD31

Anti-CD31

Anti-CD34

Anti-GFP

Anti-human mitochondria

Anti-lbal

Anti-Ibal

Anti-KDR

Anti-Ki67

Anti-MBP

Anti-MOG

Anti-Nanog

Anti-Neurofilaments 200

Anti-O4 clone 81

Anti-Oct4

Anti-Olig2

Anti-Olig2

Anti-PDGFRa

Phospho-Sé Ribosomal Protein (Ser240/244)
Anti-SSEA4

Anti-TNFa

Anti-TRA-1-60

Anti-vWF

Anti-VE-Cadherin

Hoechst 33258

Donkey anti-Mouse IgG (H + L) Alexa Fluor 488
Donkey anti-Mouse IgG (H + L) Alexa Fluor 594
Goat anti-Mouse 1gG2b Alexa Fluor 594
Donkey anti-Rabbit IgG (H + L) Alexa Fluor 488
Donkey anti-Rabbit IgG (H + L) Alexa Fluor 568
Donkey anti-Rabbit IgG (H + L) Alexa Fluor 647
Donkey anti-Goat IgG (H + L) Alexa Fluor 488
Donkey anti-Goat IgG (H + L) Alexa Fluor 647
Donkey anti-Rat I1gG (H + L) Alexa Fluor 488
Donkey anti-Rat 1gG (H + L) Alexa Fluor 594

day 8-9, the differentiated ECs were harvested, and they were
detected by EC characteristic markers CD31, VE-Cadherin and Von
Willebrand Factor (VWEF). For antibodies see Table 1. The hiPSC-
EC purity was measured by immunocytochemistry against these

MA ET AL.

Host Resource Dilution for IHC Dilution for ICC Cat#
Mouse Millipore 1:150 1:150 OP80
Goat Santa Cruz, Dallas, TX 1:200 N/A Sc-18355
Rabbit Proteintech 1:1000 1:1000 28205-1-AP
Rabbit Peprotech For neutralization 500-P84
Rat Biolegend 1:200 1:200 201819
Mouse Bio Rad 1:100 1:100 MCA275
Mouse Abcam 1:100 1:100 ab9498
Rat BD Biosciences 1:200 N/A 557355
Mouse abcam N/A 1:100 ab54208
Rabbit Abcam 1:1000 1:1000 ab290
Mouse Millipore 1:100 N/A MAB1273
Rabbit Woako Osaka, Japan 1:1000 1:1000 019-10741
Goat Abcam 1:300 1:300 Ab5076
Rabbit Abcam N/A 1:100 ab2349
Mouse Abcam 1:100 1;100 ab16667
Rat AbD Serotec 1:300 1:300 MCA4095
Rabbit Abcam 1:1000 1:1000 Ab255266
Rabbit Abcam N/A 1:100 ab109250
Rabbit Abcam 1:1000 N/A ab8135
Mouse Millipore N/A 1:100 MAB345
Rabbit Abcam N/A 1:100 ab19857
Rabbit Millipore 1:1000 1:1000 AB9610
Mouse Millipore 1:100 1:100 MABN50
Rabbit BD Biosciences 1:1000 N/A 558774
Rabbit Cell Signaling 1:1000 1:1000 #5364
Mouse Abcam N/A 1:100 ab16287
Rabbit ThermoFisher Scientific 1:1000 1:1000 ARC3012
Mouse Abcam N/A 1:100 ab16288
Rabbit ThermoFisher Scientific N/A 1:1000 BS-10048R
Rabbit Cell Signaling N/A 1:100 2158S

Sigma-Aldrich 1 pg/mL 1 pg/mL B2883
Donkey Thermo Fisher Scientific 1:500 1:500 A-21202
Donkey Thermo Fisher Scientific 1:500 1:500 A-21203
Goat Thermo Fisher Scientific 1:500 1:500 A21105
Donkey Thermo Fisher Scientific 1:500 1:500 A-21206
Donkey Thermo Fisher Scientific 1:500 1:500 A-10042
Donkey Thermo Fisher Scientific 1:500 1:500 A-31573
Donkey Thermo Fisher Scientific 1:500 1:500 A-11055
Donkey Thermo Fisher Scientific 1:500 1:500 A-21447
Donkey Thermo Fisher Scientific 1:500 1:500 A-21208
Donkey Thermo Fisher Scientific 1:500 1:500 A-21209

markers. The hiPSC-EC induction were repeated for five times.
hESC-ECs were differentiated by the same modified protocol. The
induced hiPSC-ECs were purified by MACS with CD31 Microbeads
(Miltenyi Biotec, 130-091-935) according to the manufacture's
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instruction, the hiPSC-ECs with more than 98% purity were
obtained.

2.3.2 | hiPSC-derived EC culture

hiPSC-EC expansion and passages were carried out in Stem-pro34
medium (ThermoFisher Scientific, 10639-011) plus 50 ng/mL VEGFA
(StemCell Technologies, 78073) directly on culture dishes. A proportion of
the hiPSC-ECs were cryopreserved by 10% DMSO in their culture
medium. For in vitro and in vivo experiments, the passages were restricted
within three times both before and after cryopreservation. They were then
recovered or/and maintained in EGM-2 medium (Lonza, CC-3124). They
were detached by TrypLE™ Express Enzyme (1X) (ThermoFisher Scientific,
12604013) and the pellets were re-suspended by either EGM-2 medium

for co-culture or 1xPBS for transplantation.

2.3.3 | GFP lentiviral vector transduction

After initial passage, a proportion of the hiPSC-ECs were transduced
with lentivirus that carried GFP, to enable transplanted hiPSC-ECs to
be traced in vivo. GFP-lentivirus were packaged in 293T cells with
pLVX-AcGFP1-N1 Vector (Clontech, Takara Bio, 612354) and Lenti-
X™ HT Packaging System (Clontech, Takara Bio, 632160 and 632161)
according to manufacturer's protocol. Both GFP-transduced and non-

transduced hiPSC-ECs were used for the following angiogenesis tests.

2.34 | Tube formation in vitro

The in vitro matrigel tube formation assay were performed according
to Patsch et al. (2015). Briefly, the GFP positive hiPSC-ECs (7 x 10%
were plated on a 48-well plate coated with 300 pL Matrigel and cul-
tured for 24 h in EGM-2 medium. The cells were then fixed by 4%
paraformaldehyde for 10 min at room temperature, then they were
observed by Zeiss inverted microscope (Axio Observer A1) either
directly for GFP positive cells or after labeled for CD31 by immunocy-
tochemistry. The hESC-ECs were also tested by the same protocol.

2.3.5 | Matrigel plug angiogenesis assay in vivo

To evaluate the ability of the hiPSC-ECs in angiogenesis in vivo, a mix-
ture of 5mg/mL Matrigel and hiPSC-ECs with a final density of
2000 cells/pL in ice-cold 1xPBS was injected subcutaneously into the
flank of immunosuppressed C57BL/6 mice (6-8 weeks old, n = 3) at
200 pL per mouse. The negative controls contained Matrigel 1xPBS
only. After 7 days, the mice were perfused by 4% paraformaldehyde;
the Matrigel plugs were harvested, post-fixed and sectioned by cryo-
stat (Bright Instruments, UK). The presence of capillaries in the Matri-
gel was detected by immuno-staining of GFP or CD31, the sections

were observed with Zeiss inverted microscope (Axio Observer A1).

24 | Isolation and culture of rat oligodendrocyte
progenitor cells and microglia

OPCs were isolated from neonatal Sprague Dawley rats at P2 to P3
by mechanical dissociation of mixed glial cultures as described (Chen
et al., 2007; Mccarthy & de Vellis, 1980; Zhao et al., 2015). Microglia
were removed by differential adhesion to uncoated plastic petri
dishes. OPCs present in the supernatant were pelleted by centrifuga-
tion (200xgmax for 5 min) and seeded on poly-d-lysine (PDL, Sigma,
P6407) coated 24-well cell culture plates at a density of 3 x 10* per
well in OPC medium [DMEM F-12 (ThermoFisher Scientific,
11320033) supplemented with 60 mg/mL N-acetyl cysteine (Sigma,
P4333), 10 mg/mL human recombinant insulin (GIBCO, 12585), 1 mM
sodium pyruvate (GIBCO, 11360070), 50 mg/mL apo-transferrin
(Sigma, T2036), 16.1 mg/mL putrescine (Sigma, P5780), 40 ng/mL
sodium selenite (Sigma, S$5261), 60 ng/mL progesterone (Sigma,
P8783), 330 mg/mL bovine serum albumin (Sigma, A4919), together
with growth factors 10 ng/mL Recombinant Human PDGF-AA
(PDGF-AA, Peprotech, 100-13A) and 10 ng/mL Recombinant
FGF-basic (FGF2, Peprotech, 100-18B)] (Neumann
et al., 2019). Cells were incubated at 37°C with 5% CO, and main-

tained using standard cell culture techniques. OPCs were maintained

Human

in the OPC medium with 4 days in growth factors before switching
to differentiation medium, which is the OPC medium without
growth factors but instead with thyroid hormone (T3, Sigma, T6397)
at 40 ng/mL for 2-4 days. Cells were fixed with 4% paraformalde-
hyde before being analyzed for survival, proliferation, and differenti-
ation by immunohistochemistry.

To obtain primary microglia, the rat mix glia from OPC prepara-
tion were used when they reached confluence (10-14 days). The flask
was shaken at 150 rpm for 2 h and the floating cells in medium were
centrifuged for collecting the microglia. The pelleted cells were either
suspended and were re-seeded (3 x 10%/cm?) in DMEM F12 contain-
ing 10% FBS and 1 mM of sodium pyruvate in a PDL pre-coated cul-
ture dish (Wu et al., 2020).

25 |
microglia

Co-culture of hiPSC-ECs with OPCs and

For OPC co-culture, 3 x 10% hiPSC-ECs were first seeded on each cul-
ture insert (24-well Millicell hanging cell culture insert, 0.4 um, polyethyl-
ene terephthalate; Millipore) with EGM-2 medium (PromoCell, C-22111),
which contains 2% FBS, and cultured for 2 days. It was then inserted into
the OPC culture well with 40 pL EGM-2 medium, duplicated, when OPC
were seeded with 360 pL OPC medium (with or without growth factors)
for 4 or 6 days, or inserted when OPC was switched to differentiation
condition (withdrawing growth factors and adding T3 at 40 ng/mL) for
2-4 days. In the control group, the empty insert with 40 uL EGM-2
medium was placed into the OPC well. The medium was changed at
every other day. OPCs were fixed with 4% paraformaldehyde before
being analyzed for proliferation and differentiation by immunostaining of

different markers. OPCs were also co-cultured with either hESC-ECs or
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human umbilical vein endothelial cells (HUVEC, Caltag-Medsystems,
ZHC-2102) by the same protocol.

For microglia co-culture, the preparation of iPSC-EC inserts was
the same as for OPCs. The insert was then inserted into the microglia
with 80puL EGM-2 medium, duplicated, after
microglia were seeded with 400 puL microglia medium in PDL pre-

culture well

coated 24-well dish for 1 day. They were co-cultured for 1 day before
exploring different factors for 24 h. The microglia were then fixed

with 4% paraformaldehyde for immunocytochemical analysis.

2.6 | Migration assay

The transwell migration assay was adapted from the published proto-
cols for rat OPCs (Abbott et al., 2006). Briefly, immediately after isola-
tion, 3 x 10* OPCs in 200 pL of OPC medium with growth factors
were seeded onto a 24-well Millicell hanging cell culture insert (8 um
polyethylene terephthalate; Millipore), which was placed in a 24-well
culture plate containing 700 pL of OPC medium with growth factors
with or without 1 x 10% hiPSC-ECs seeded in the wells 2 days ago,
duplicated. The OPCs were incubated for 4 h, then fixed with 4%
paraformaldehyde for 10 min. OPCs remaining on top of the transwell
membrane were removed by swabbing, and the membrane was
inversely mounted on slides. The OPCs were immuno-labeled by
Olig2 antibody with co-stained by DAPI. Cells that had migrated to
the underside of the membrane were imaged by Zeiss Inverted Micro-

scope for 8-10 random fields/well and counted manually.

2.7 | Measurement of BDNF by ELISA

To determine the amount of BDNF secreted by hiPSC-ECs, enzyme
linked
ab212166) was performed on hiPSC-EC mono-cultured medium

immunosorbent assay (ELISA) against BDNF (Abcam,

supernatants, according to manufacturer's instructions in duplicates
from three independent replicates. hiPSC-ECs were seeded at
1 x 10* cell/cm? in EGM-2 medium and cultured for 2 days. Data

were normalized to their final cell densities.

2.8 | BDNF neutralization and inflammatory factor
stimulation

To determine if BDNF was involved in hiPSC-EC-mediated OPC behav-
ior, OPCs grown with hiPSC-ECs, or with equal amount of EGM-2
medium as control were cultured in the presence of neutralizing anti-
body. BDNF antibody (Rabbit IgG isotype, Peprotech, 500-P84) was
added to cultures immediately after OPCs were seeded onto PDL coated
wells and refreshed every other day at a concentration of 1 pg/mL when
changing the OPC medium. Rabbit 1gG (Peprotech, 500-P00) at a con-
centration of 1 ug/mL was used in the control groups with or without
hiPSC-ECs. Cultures were fixed after 4 days (for OPC) or 6 days (for OL)
with 4% paraformaldehyde for immunocytochemical analysis.

To determine if iPSC-ECs affect the inflammatory responses in
OPCs and microglia, the co-cultures were stimulated with pro-
inflammatory cytokine tumor necrosis factor a (TNFa, Recombinant
rat TNFa, Peprotech, 400-14) for 24 h at 50 ng/mL, together with
BDNF neutralization as above. In separated experiment, the microglia
were also stimulated with anti-inflammatory cytokine IL-4
(Recombinant rat IL-4, Peprotech, 200-04) for 24 h at 100 ng/mL
together with BDNF neutralization as above. The cells were fixed
after 24 h with 4% paraformaldehyde for immunocytochemical

analysis.

29 | Focal demyelination and hiPSC-EC
transplantation in mouse corpus callosum (CC)

Both wild-type C57BL/6 mice and SOX10-GFP mice (male and
female, aged 9-10 weeks) were randomly selected and used.
Mouse demyelinating lesions were created in CC by direct injec-
tion of 1% lysolecithin (LPC, Sigma, L4129) (Crawford et al., 2016).
Briefly, immunosuppressed mice were anesthetized with isoflurane
supplemented with buprenorphine (0.03 mg/kg, s.c.), and mounted
onto a stereotactic Stoelting frame. The CC was targeted for LPC
and hiPSC-EC injection, with coordinates at 1 mm lateral and
—0.4 mm rostral to Bregma point as reference. Two microliters of
1% LPC prepared in 1xPBS were injected at a depth of 1.2 mm
below the brain surface at a constant flow rate (0.5 uL/min). At 2-
3 days post lesioning (dpl), when the demyelination injury had
been established, two microliters of hiPSC-ECs suspension in
1xPBS were injected at the density of 2.5 x 10° cells/uL using the
same coordinates for LPC injection, the control group was injected
with 2 uL 1xPBS.

At 6 dpl (4 days after hiPSC-EC transplantation), wild-type mice
(n = 6 control and n = 4 hiPSC-EC) were fixed by 4% paraformalde-
hyde for immunocytochemical analysis and FluoroMyelin
(ThermoFisher Scientific, F34652) staining. At 11 dpl (8 days after
hiPSC-EC transplantation), SOX10-GFP mice (n = 7 controland n = 7
hiPSC-EC) were fixed by 4% paraformaldehyde for immunocytochem-
ical analysis. At 21 dpl (19 days after transplantation), wild-type mice
(n = 4 control and n = 5 hiPSC-EC) were fixed by 4% glutaraldehyde
(ThermoFisher, A10500.22) in 1xPBS for electron microscopy
(EM) observation of remyelination. Also at 21 dpl, wild-type mice
(n = 3) with hiPSC-EC transplantation were fixed by 4% paraformal-
dehyde for tracing the transplanted hiPSC-ECs.

210 |
imaging

Tissue processing, immunofluorescence, and

For histological observation, mice were terminally anesthetized with
pentobarbitone and perfused through the left ventricle with 4% para-
formaldehyde in 1xPBS, pH 7.4. The fixed brains containing the lesion
were dissected, post-fixed in 4% paraformaldehyde overnight at 4°C,
then immersed in 20% sucrose (Merck, S9378) in 1xPBS for 48 h
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before embedding with optimal cutting temperature compound
(Bright Instruments UK). Coronal frozen sections at a thickness of
12 um were thaw mounted onto poly-L-lysine-coated slides (VWR,
631-0107) and stored at —80°C until further use.

Frozen sections, or fixed cultured cells, were rinsed in 1xPBS,
then permeabilized and blocked with the blocking solution, containing
0.1% (v/v) Triton X-100 and 5% (v/v) normal donkey serum (Sigma,
D9663) in 1xPBS for 1 h at room temperature (RT). The samples were
then incubated for 12-16 h at 4°C with primary antibodies followed
by incubation with fluorophore-conjugated secondary antibodies for
2 h at RT. Both primary and secondary antibodies were diluted in the
blocking solution. For double labelling, a mixture of primary antibodies
from different animal species and corresponding secondary
antibodies conjugated with distinct fluorophore were used. The
details for primary and secondary antibodies used this study are listed
in Table 1. Cell nuclei were counterstained with DNA fluorescent dye
DAPI. Demyelination lesion was defined by the cellularity through
DAPI staining in CC. For myelin composition measurement, some sec-
tions were also incubated in FluoroMyelin in accordance with the kit
protocol for myelin staining. Slides were then mounted in mounting
media (Vectashield, H-1500).

The images for the stained samples were acquired using Zeiss
Axio Observer Al fluorescence microscope or Nikon Ti-E live cell
imaging system. As indicated below, quantifications were performed
either by eye or using high-content imaging and quantification, where
appropriate.

2.11 | Electron microscopy analysis

For EM observation, mice were perfused at 21 dpl through the left
ventricle with 4% glutaraldehyde in 1xPBS containing 0.4 mm
CaCl,, pH 7.4. The CCs were sliced in sagittal orientation at
~1 mm thickness and treated with 1% osmium tetroxide (Sigma
201030) overnight before going through epoxy resin embedding
process described previously (Zhao et al., 2008). Lesion tissues
were located on semithin (1 um) sections stained with toluidine
blue O (Merck, 198161). Ultrathin sections of the lesion site were
cut onto copper grids and stained with uranyl acetate and lead cit-
rate before image acquisition on Hitachi HT7800 Transmission
EM. G-ratio was quantified on images with 3000x magnification
on a minimum of 70 myelinated and remyelinated axons per ani-

mal, 3-5 mice for each group.

212 | TUNEL assay

TUNEL staining was performed on the cultured OPCs or on the brain
sections from SOX10-GFP mice with CC lesion and hiPSC-EC trans-
plantation, using the Click-iT™ Plus TUNEL Assay for in situ apoptosis
detection with Alexa Fluor™ dyes 594 (ThermoFisher, C10618)
according to the manufacturer's instructions. The Nikon Ti-E micro-

scope was used for observation and image acquisition.

213 | Measurement and quantification

Image data were recorded as common formats such as Tiff or JPEG.
Cell counting or measurement was obtained randomly from at least
three areas (each well) for the cultured cells or three lesion areas
throughout the entire lesion with minimum 0.2 mm intervals across the
center of lesion site from individual mouse. For cell counting in lesion,
the fluorescence-labeled cells were manually counted from the images
captured under the same exposure conditions. The cell density was
then obtained based on the lesion area measured by Zeiss Axivision or
Nikon NIS software. Immunoreactive cells were counted only if they
were clearly associated with DAPI stained nuclei. For measuring immu-
nostaining intensity, the labeled cells or area were corrected with back-
ground then measured by using Image) software (Fiji) to get mean
value for the fluorescence intensity (Fiji Intensity). For the labeling
intensity in cells and in lesion, at least 10 objectives were randomly
captured in each culture field (3x per well) or each lesion area (3x per
mouse), then the average intensity of single cell was obtained. For
immunolabeling intensities in CC lesion area, the whole lesion area (3x
per mouse) was measured, and the average intensity was obtained for
each mouse. Fiji software was also used for measuring the area density
of immuno-labeled structure in lesion area; it was also used for measur-
ing the length of OL branches. For quantifying oligodendrocyte mor-
phology in culture, MBP+ processes >50 microns were considered as
long processes. The images of samples were coded blinded to

assessors.

214 | Statistical analysis

Statistical analysis was performed using GraphPad Prism8. Data were
tested for normality of residuals (Kolmogorov-Smirnov test) and
homogeneity of variance (Levene's test). Datasets passing both cri-
teria were compared by either unpaired Student's t test (if 2 groups),
or one-way ANOVA with Tukey honest significant difference (HSD)
post hoc tests (if >2 groups). Nonparametric data were compared by
Mann-Whitney U test (2 groups) or Kruskal—Wallis test with Dunn's
post hoc test (>2 groups).

3 | RESULTS
3.1 | Generation of human iPSCs and efficient
induction of endothelial cells

Human iPSCs were generated from human neonatal dermal fibro-
blasts by Yamanaka factors (OSKM) (Takahashi et al., 2007) using a
commercially available Epi5 reprogramming Kit. The iPSCs possessed
high expression level of alkaline phosphatases, showing undifferen-
tiated status (Figure 1a). The iPSCs were also characterized and
showed to be positive for the pluripotent markers OCT-4, NANOG,
TRA-1-60 and SSEA-4 (Figure 1b). The iPSCs could develop into tera-
tomas in vivo, and H&E staining showed three tissue types from
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Generation of induced human pluripotent stem cells (hiPSCs) and characterization. (a) The morphology of the hiPSC clones and

their high expression of alkaline phosphatases, showing undifferentiated status. Scale bars, 200 um. (b) Expression of the pluripotent markers
OCT4, NANOG, SSEA-4, and TRA-1-60 in the hiPSC clones. Scale bars, 50 um. (c) The hiPSCs developed into teratomas in NOD-SCID
immunodeficient mice. H&E staining shows three tissue types including ectoderm (neural tissue/tube), mesoderm (adipose tissue), and endoderm
(gastrointestinal tract). Scale bars, 50 um. (d) The hiPSCs showed a normal human cell karyotype (46, XY) after 10 passages.

endoderm, mesoderm, and ectoderm (Figure 1c). The iPSCs also pos-
sessed normal karyotype (Figure 1d).

We then generated ECs from these the iPSCs using an estab-
lished induction protocol (Patsch et al., 2015), with modifications (see
Figure S1a) including an optimized cell seeding density, adding addi-
tional inductive factors Activin A and ALK inhibitor SB431542, and
removing insulin in the whole differentiation progress (Lian
et al., 2013). We consistently obtained ECs via an endothelial progeni-
tor cell (EPC) stage (schematic illustration as in Figure 2a). We gener-
ated the iPSC-ECs with approximately 98% (98.0% + 1.8%, p < .001)
of the cells expressing characteristic EC markers CD31, Von Willeb-
rand Factor (VWF) and VE-Cadherin (Figure 2c,d,f). The modified
method showed an improved iPSC-EC vyield indicating a higher effi-
ciency compared to the original method (Figure 2e). We also induced
ECs from H1 human ES cell line (hRESC-EC) by using the same modi-
fied protocol, which showed similar results (Figure S1b, Sic). The gen-
erated hiPSC-ECs were harvested, and they were purified by
magnetic-activated sorting (MACS) at the end of induction schedule
before further in vitro and in vivo experiments.

To verify the angiogenesis capability of the induced hiPSC-ECs,
we conducted angiogenesis assays both in vitro and in vivo. The iPSC-
ECs manifested typical morphology of ‘tube formation’ on Matrigel
coated dish surface (Figure 2g), and invasion of angiogenic sprouts
post hoc into the Matrigel plug injected subcutaneously in mouse
(Figure 2h). These tests confirmed the EC functional properties of the

hiPSC-ECs induced by the modified method. The hESC-ECs also
showed tube formation in vitro (Figure S1d).

3.2 | hiPSC-ECs directly promote OPC
proliferation, migration and differentiation by secreted
factors

To assess the effects of hiPSC-ECs on OPC proliferation and differenti-
ation, we co-cultured hiPSC-ECs with rat OPCs in transwell insert sys-
tem, where the rat OPCs were seeded in the bottom of the wells and

the hiPSC-ECs were plated on the membrane in the hanging inserts.

3.2.1 | hiPSC-ECs increase OPC proliferation,
migration and differentiation

After co-cultured with hiPSC-ECs in OPC medium (with PDGF-AA and
FGF2) for 4 days, there was a significant increase in OPC proliferation, as
detected by a higher proportion of Ki67+ OPCs in total Olig2+ cells
(11.60% control vs. 16.81% hiPSC-EC. p < .05), and an increased density
of Olig2+ cells (109.40/field control vs. 178.20/field hiPSC-EC p < .05)
(Figure 3a). OPC migration was tested with transwell insert system, in
the presence of hiPSC-ECs, there was a significant increase in the num-

ber of OPCs migrated to the underside of the membrane through the
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FIGURE 2 Generation of human iPSCs-derived endothelial cells (hiPSC-ECs). (a) Schematic illustration of the procedure of EC differentiation
from human iPSCs. The method was based on Patsch et al. (2015) with minor modifications (see Supplementary Figure S1). (b) Bright field image
showing the morphology of hiPSC-ECs. Scale bars, 200 um. (c) Representative image of induced hiPSC-ECs, which produced characteristic EC
markers CD31 (green) but lost iPSC marker Oct4. Scale bar, 50 um. (d) Representative image of the induced hiPSC-ECs, which produced
characteristic EC marker VE-Cadherin. Scale bar, 50 um. (€) Comparison of modified and original protocols on hiPSC-EC yield and induction
efficiency at day 9, showing the improvements on both parameters. All data are presented as mean + SE, n = 5, **p < .01. Unpaired t test. (f)
Representative image of induced hiPSC-ECs which expressed characteristic EC markers CD31 and vWF. Scale bar, 50 um. (g) Angiogenesis test
in vitro, showing Matrigel tube forming by hiPSC-ECs after 24 h culture which were labeled with CD31. Scale bar, 100 um. (h) Angiogenesis test
by Matrigel plug assay in vivo, showing the tube forming by GFP expressing hiPSC-ECs in matrigel plug after 7 days growing subcutaneously.

Scale bar, 50 um.

pores (7.4% control vs. 11.3% hiPSC-EC. p < .05. Figure 3b). Differentia-
tion was assessed by switching to differentiation medium (withdrawal of
PDGF-AA and FGF2, adding T3) in the co-culture system, and continue
to grow with hiPSC-ECs for 2 days. There was a significant increase in
the total number of differentiated OPCs, as labeled by the mature oligo-
dendrocyte marker myelin basic protein (MBP) (38.52/field control
vs. 88.48/field hiPSC-EC p < .05), and the percentage of MBP-+ Olig2+
cells in total Olig2+ oligodendrocytes (10.39% control vs. 16.22%
hiPSC-EC, p <.05) (Figure 3c). There was also an increase in the
proportion of the MBP+ Olig2+ oligodendrocytes which had longer
processes (12.2% control vs. 53.6% hiPSC-EC, p < .01. Figure 3d).
These results indicate that the factors released from hiPSC-ECs promote

oligodendrocyte lineage progression in vitro. We also co-cultured the

OPCs with hESC-ECs and HUVECs, the effects were similar as hiPSC-
ECs exerted on OPC proliferation and differentiation (Figure S2a, S2b).

3.2.2 | hiPSC-ECs promote oligodendrocyte linage
progression via secreted soluble factors including
BDNF via mTORC1 pathway

BDNF is a neurotrophin that has been proven to promote
CNS myelination during development and to enhance remyelina-
tion following myelin injury (Fletcher et al., 2018). Endothelial
cells secrete trophic factors such as FGF and BDNF, which

activate TrKB/Akt and mTORC1 signaling pathway, to sustain
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FIGURE 3 Human iPSC-derived endothelial cells (hiPSC-ECs) enhance oligodendrocyte lineage progression in vitro. (a) Representative images
of rat OPCs co-cultured with hiPSC-ECs in the transwell system in OPC medium. Immunostaining of Kié7 and Olig2 shows an increased OPC
proliferation. Quantification shows a higher percentage of Ki67+ cells in total Olig2+ cells, and a higher total density of Olig2+ cells versus
control. Scale bar, 50 um. All data are presented as mean + SE, n = 4, *p < .05. Unpaired t test. (b) Representative images of migrated OPCs
(Olig2+) through membrane of transwell, and the quantification of the percentage of the migrated OPCs over total seeded OPCs, showing an
increased OPC migration in the presence of hiPSC-ECs. Scale bar, 100 um. All data are presented as mean * SE, n = 3, *p < .05. Unpaired t test.
(c) Representative images of the differentiated rat oligodendrocytes (MBP-) in the hiPSC-EC co-culture system in differentiation condition for

2 days. The quantification shows a significant increased cell density of MBP+- oligodendrocytes and an increased percentage of them in total
Olig2+ cells. Scale bar, 200 um. All data are presented as mean + SE, n = 4, *p < .05. Unpaired t test. (d) Representative images of the rat MBP-+
cells in hiPSC-EC co-culture system showing differentiated oligodendrocytes with long branches in the presence of hiPSC-ECs. The quantification
shows an increased percentage of the MBP+ cells with long branches in the presence of hiPSC-ECs. All data are presented as mean + SE, n = 4.

*p < .05. Unpaired t test. Scale bar, 50 um.

OPCs proliferation, survival and differentiation (Arai & Lo, 2009;
Lebrun-Julien et al., 2014; Xiao et al., 2010). We examined
the BDNF secretion from the hiPSC-ECs and the effects of its
neutralization on OPC proliferation and differentiation. There was
a strong BDNF labelling in hiPSC-ECs by immunocytochemistry
(Figure 4a), with an intensity 1.8 folds higher than that in
SH-SY5Y cells (p<.01, data not
SH-SY5Y cells were used as control because they express

neuroblastoma shown).
low level of BDNF comparing with that of the differentiated
neurons (Attoff et al., 2020). The level of the secreted BDNF in the
hiPSC-EC culture medium were measured by ELISA, it reached
9.14 pg/mL/10° cells after 2 days culture, which was significantly

higher than that in EGM-2 medium (0.15 pg/mL/10° cells,
p < .001. Figure 4b).

To examine whether the effects of hiPSC-ECs on OPCs
were mediated by secreted BDNF, we tested OPCs co-cultured
with hiPSC-ECs in the presence of BDNF neutralizing antibody. To
minimize the compensatory effects from exogenous PDGF-AA and
FGF2 when assessing the hiPSC-EC derived factors in this
experiment, PDGF-AA and FGF2 were excluded from the OPC
medium. This caused a significant reduction in OPC proliferation,
detected by a lower proportion of Ki6é7+ OPCs in Olig2+ cells
(24.05% with PDGF-AA/FGF2 vs. 15.87% without, p < .05), and a
reduction in total OPC number (100.25 vs. 78.00 cells/field, p < .05)
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(Figure S2c), after culture. However, in the

presence of hiPSC-ECs, the OPCs showed a marked increase in

4 days in

proliferation, revealed by a higher density of Olig2+ cells
(81.00/field control vs. 125.20/field hiPSC-EC, p < .05), as well as a
higher proportion of ki67+ cells among them (16.84% control
vs. 30.00% hiPSC-EC, p < .05) (Figure 4c,d,g). Moreover, 6 days
after co-culture, there were more MBP+ Olig2+ oligodendrocytes
(27.3/field control vs. 59.5/field hiPSC-EC, p <.01) and a higher
proportion of MBP+ Olig2+ cells among Olig2+ oligodendrocyte
lineage cells (24.4% control vs. 42.8% hiPSC-EC, p <.01.
Figure 4e,h). Although there was no added T3, the 10% of EGM-2
medium supplement brought to a final 0.2% FBS in the OPC
medium. Again, there were more MBP+ Olig2+ oligodendrocytes
with longer processes (18.68% IgG control vs. 35.90% hiPSC-EC,
p < .01. Figure 4eh). The BDNF neuralisation did not altered
the effect on proliferation (Figure 4d,g), but reduced the OPC
differentiation, represented as a lower number of MBP+ Olig2+
cells, a decreased proportion of MBP+ Olig2+ cells, together
with shorter processes (p < .01, p < .05, Figure 4e,h). These results
indicate that hiPSC-ECs secrete multiple soluble factors that
facilitate OPC proliferation and differentiation; among them BDNF
could be partially attributed to the pro-differentiation effects
on OPCs.

BDNF signaling is known to be involved in the activation of
mTORC1 pathway which is crucial for oligodendrocyte differentia-
tion (Adams et al., 2021; Lebrun-Julien et al, 2014; Xiao
et al., 2010). To elucidate whether the effect of the secreted BDNF
on OPC differentiation was associated with mTORC1 pathway, we
also examined the level of phosphorylated forms of the down-
stream target pSé (Ser240/244) in the OPCs co-cultured with
hiPSC-ECs and BNDF antibody. The average intensity of pSé label-
ling was much higher in the OPCs exposed to hiPSC-ECs (60.18
control vs. 135.56 hiPSC-EC, Fiji Intensity, p <.01. Figure 4f,i),
together with a higher proportion of pSé6+ cells in Olig2+ cells
(35.4% control vs. 57.9% hiPSC-EC, p < .05. Figure 4f,i). However,
the presence of BDNF neutralizing antibody did not revert these

increases (Figure 4f,i), indicating that other factors secreted from

hiPSC-ECs also contributed to mTORC1 pathway activation and
OPC differentiation.

3.2.3 | iPSC-ECs improve OPC survival after pro-
inflammatory stimulation

Overreaction of neuroinflammation cause increased level of
pro-inflammatory mediators such as TNFa which is mainly secreted
from activated microglia (M1), this may lead to neuronal and glial cell
damage (Lyman et al., 2014). Although TNFa stimulates OPC activation
in vivo (Franklin & Simons, 2022), it promotes oligodendrocyte death
and inhibits OPC differentiation in vitro (Bonora et al., 2014). To assess
the effect of hiPSC-ECs on attenuating the damage caused by such
pro-inflammatory factors in OPCs, and a potential protection from EC
derived factors such as BDNF, we treated the OPCs with TNFa in the
co-culture system. Our results showed that TNF« led to a higher per-
centage of TUNEL labelling (10.49% control vs. 19.34% TNFa, p < .01.
Figure 5) and a reduced OPC density (81.00/field control vs. 45.67/field
TNFa, p < .01). hiPSC-ECs partially reversed the change on the percent-
ages (19.34% TNFa vs. 11.61% TNFa-+ hiPSC-ECs, p < .05), which was
blocked by anti-BDNF antibody (11.61% TNFa-+ hiPSC-ECs vs. 20.31%
TNFa+ hiPSC-ECs+ aBDNF, p < .05, Figure 5). These data indicate that
hiPSC-ECs exhibit a protective effect on OPCs against pro-
inflammatory stimulation, which involves their secreted BDNF.

3.3 | hiPSC-EC transplantation enhances myelin
repair in toxin-induced demyelination model

Next, we tested the effects of transplantation of hiPSC-ECs on lyso-
lecithin (LPC)-induced demyelination and remyelination in CC of mice.
We examined the early (6 days post lesion, dpl), middle (11 dpl) and
late (21 dpl) stages to assess myelin protection, OPC processing
and myelin repair. The schematic illustration of the experiment is
shown in Figure 6a. At 11 dpl, we also used the mice with GFP
reporter expression controlled by SOX10 promoter for visualization

FIGURE 4

Involvement of brain derived neurotrophic factor (BDNF) and mTORC1 activation in hiPSC-EC mediated effects on

OPCs. (a) Representative images of hiPSC-ECs and SH-SY5Y cells with immunostaining of BDNF show an intensive labelling in
hiPSC-ECs, compared to a relatively low expression in SH-SY5Y cells. Scale bar, 50 um. (b) Release of BDNF by hiPSC-ECs evaluated by
ELISA, the concentration of BDNF is significantly higher in hiPSC-EC culture supernatant than that in EGM-2 medium. Data are
presented as mean + SE, n = 3. ***p < .001. Unpaired t test. (c) Representative set of bright field images of the OPCs in the presence of
control IgG, or anti-BDNF antibody, or hiPSC-ECs plus IgG or hiPSC-EC plus anti-BDNF antibody for 4 days. Scale bar, 50 um.

(d) Immunocytochemical assessment of OPC proliferation with Ki67 and Olig2 co-labelling in cultures under the same conditions as in (c).
As shown in quantification (g), hiPSC-ECs increased the total Olig2+ cell number per field and the percentage of Kié7+ OPCs in
Olig2+ cells, while the neutralizing anti-BDNF antibody did not altered the effects. Scale bar, 50 um. (e) Immunocytochemical
assessment of OPC differentiation with MBP labelling in Olig2+ cells under the same conditions as in (c), but for 6 days. As shown in
quantification (h), hiPSC-ECs increased the total MBP+ cell number per field and the percentage of MBP+ cells in Olig2+ cells,
neutralizing anti-BDNF antibody partially reduced the enhancing effect. Scale bar, 40 um. (f) Immunocytochemistry shows the pSé
labelling in Olig2+ cells in the conditions as in (c). As shown in quantification (i), the intensity of pSé labelling and the percentage of
pS6-+ cells in total oligodendrocyte linage cells (Olig2+) were both increased in the presence of hiPSC-ECs, neutralizing anti-BDNF
antibody did not attenuate the effect. Scale bar, 50 um. (g) Quantification of (d), Ki67 and Olig2 labelling. (h) Quantification of (e), MBP
and Olig2 labelling. (i) Quantification of (f), pSé and Olig2 labelling. All data are presented as mean + SE, n = 4, **p < .01, *p < .05. One-

way ANOVA with post hoc analysis.
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hiPSC-ECs promote OPC survival against pro-inflammatory stimulation. (a) Representative images of TUNEL labeled OPCs treated

with TNFa, hiPSC-ECs and anti-BDNF antibody. (b) Quantifications of (a) on proportion of TUNEL+ OPCs in total OPCs (here Olig2+). Scale bar,
30 um. All data are presented as mean + SE, n = 4, *p < .05. One-way ANOVA with post hoc analysis.

of oligodendrocyte lineage cells. Demyelination lesion was identified
by a sharp increase of cellularity as shown by an aggregation of DAPI

labeled nuclei in the CC area (Figure 6c).

331 |
hiPSC-ECs

Survival and migration of the transplanted

Double immunohistochemical staining for human specific antibodies
against mitochondria together with antibody against endothelial cell
markers (VWF) showed that the transplanted iPSC-ECs survived and
maintained EC characteristics after 21 dpl (Figure 6b). The transplanted
iPSC-ECs were not only aggregated at the graft site but also migrated into
CC lesion area, either closely or overlapped to the lesion hence close to
the recruited OPCs (Figure 6c). They also migrated to the nearby area into
cortex and along the dorsal edge of CC from 6 to 21 dpl (Figure 6b).

3.3.2 | hiPSC-ECs attenuate demyelination

Observed at demyelinating stage (6 dpl), hiPSC-EC significantly
reduced the loss of myelin component in CC lesion after 4 days trans-
plantation, as shown by a smaller area of the lesion marked by Fluoro-
Myelin staining and immunohistochemistry with antibody against
MOG (0.145 mm? LPC vs. 0.08 mm? LPC+ hiPSC-EC, p < .05,
Figure 7a). These data indicate that hiPSC-ECs protect myelin from
LPC induced demyelination when introduced at early stage of injury.

3.3.3 | hiPSC-EC transplantation increases OPC
repopulation

Comparing with the controls, there was a marked increase in the den-

sity of oligodendrocyte lineage cells in the lesion area after hiPSC-EC

transplantation at both 6 dpl (SOX10+, 60.21 cells/mm? control
vs. 90.09 cells/mm? hiPSC-EC, p < .05. Figure 8a,c) and 11 dpl (GFP+,
53.14 cells/mm? control vs. 127.10 cells/mm? hiPSC-EC, p < .05.
Figure 6c). The GFP+ cells in the lesion area appeared having brighter
GFP labelling and enlarged cell bodies (Figure 6c), representing a char-
acter of injury-activated OPCs or newly formed oligodendrocytes
(Crawford et al., 2013). There was a significantly increased
percentage of Ki6é7+ in total lineage cells in the lesion area with
hiPSC-EC transplantation at 6 dpl (Ki67+ SOX10+/SOX10+, 3.67%
control vs. 7.87% hiPSC-EC, p < .05. Figure 8a,c) but not 11 dpl
(Ki67+ GFP+/GFP+, 11.14% control vs. 8.74% hiPSC-EC, p > .05.
Figure 8b,d). However, at 11 dpl the density of Ki67+ GFP+ cells
were still significantly higher in hiPSC-EC treated lesions (5.33 cells/
mm? control vs. 9.85 cells/mm? hiPSC-EC, p < .05. Figure 8b,d). The
increased density of proliferating cells in oligodendrocyte lineage cells
indicates that the presence of exogenous hiPSC-ECs from early stage
after demyelination promotes OPC proliferation and increases OPC
repopulation, these corroborates the in vitro effects on OPC prolifera-
tion and migration.

To assess how the recruited OPCs processed to oligodendrocytes,
we labeled these GFP+ cells with antibody against APC (CC-1), a
marker for the differentiated OPCs, at 11 dpl. Indeed, the cell density of
APC+ GFP+ oligodendrocytes in the hiPSC-EC treated lesions was
much higher than that in the controls (39.85/mm? control vs. 85.9/mm?
hiPSC-EC, p < .05. Figure 8e,g). However, the percentage of the APC+
GFP+ cells relative to total GFP+ cells was comparable in both groups
(80.33% control vs. 75.41% hiPSC-EC, p >.05. Figure 8e,g). The
increased absolute oligodendrocyte density in lesion corroborates the
in vitro effects of hiPSC-EC on promoting OPC differentiation. It also
indicates that the promoted OPC repopulation leads to increased num-
ber of activated progenitors primed for differentiation.

To determine whether hiPSC-EC transplantation can directly
affect the survival of OPCs and oligodendrocytes in vivo, we per-
formed TUNEL assay to assess the cell death in GFP+ cells in the
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lesions at 11 dpl. Compared with the controls, the proportion of
the TUNEL+ GFP+ cells in total GFP+ cells were significantly

vs. 5.12% hiPSC-EC, p < .05. Figure 8fh). This implies that the
reduced in the hiPSC-EC transplanted lesions (12.51% control

increased amount of OPCs or/and oligodendrocytes in the CC lesions
is also attributable to their increased survival.
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3.34 | hiPSC-EC transplantation increases
activation of mTORC1 pathway in oligodendrocyte
lineage cells during remyelination

We further verified the involvement of mMTORC1 activation in oligo-
dendrocyte lineage progression following hiPSC-EC exposure in vivo
by assessing pSé6 level using immunohistochemistry at 11 dpl.
Consistent with the in vitro observation, the intensity of pSé
labeling in GFP+ cells in the lesion area was significantly higher with
the presence of transplanted iPSC-ECs than that in controls
(65.86 control vs. 118.66 hiPSC-EC, Fiji Intensity, p < .01. Figure 8i,j).
There was also an increased percentage of pS6+ GPF+ cells in total
GFP+ cells in hiPSC-EC group (16.34% control vs. 27.83% hiPSC-EC,
p < .05. Figure 8j). These observations confirmed that the transplanted
hiPSC-ECs enhanced the activation of mMTORC1 pathway at this stage
of the lineage progression during remyelination. In the contralateral un-
lesioned CC, there was no detectable immunolabeling of pSé in GFP+
oligodendrocyte lineage cells in either control and hiPSC-EC group
(Figure 8i,j), further indicating that the mTORC1 activation is an integral
part of the activation and lineage progression of quiescent OPC in

response to remyelination, but less so for myelin maintenance.

3.3.5 | hiPSC-EC transplantation improves
remyelination

To examine the effect of hiPSC-EC transplantation on remyelination,
we labeled the CC lesion area by immunohistochemistry for MBP, also
a marker for myelin sheaths, at 11 dpl. The LPC-induced demyelin-
ation caused a lower MBP labeling level than that in the un-lesioned
area, while after hiPSC-EC transplantation, the lesions exhibited a
higher intensity of MBP labeling (51.20 non-lesion vs. 7.34 LPC lesion
vs. 23.35 LPC + hiPSC-EC, Fiji Intensity, p <.05. Figure 7c,d),
together with evident morphology of myelinated fibers (Figure 7c).
SOX10-GFP also labeled out myelin component, which showed a sim-
ilar increased remyelination in hiPSC-EC group together with a higher
population of GFP+ cells (Figures 6c,d and 7c). This data indicates
that along with myelin protection at early stage, there was an

improved remyelination following demyelination.

To assess the remyelination efficiency, we observed the myelin
structure by EM at the late stage of remyelination (21 dpl). Although
most axons had got remyelinated with thin myelin sheaths in control
group, hiPSC-EC transplantation significantly increased the thickness
of the newly formed myelin sheaths, as shown with a smaller g-ratio
(0.91 control vs. 0.87 hiPSC-EC, p = 8.9—E06, Figure 7e-g). All these
data indicate that hiPSC-ECs promote remyelination.

3.4 | hiPSC-ECs suppress neuroinflammation and
promote microglial M2 polarization

Microglial phenotypes have differential regulatory functions on
remyelination, and a predominant pro-regenerative response of
microglia/macrophage (M2 phenotype) is required for efficient myelin
repair after damage (Miron et al., 2013). To assess the effects of the
hiPSC-EC on activation of microglia/macrophages, we first tested rat
primary microglia in their responses to pro- and anti-inflammatory fac-
tors. We co-cultured the hiPSC-ECs with rat microglia in the presence
of pro-inflammatory factors TNFa or anti-inflammatory factor IL-4.
Our data showed that after exposure to TNFa, hiPSC-ECs reduced
endogenous TNFa expression in microglia (163.31 TNFa vs. 106.72
TNFa+hiPSC-EC, Fiji Intensity, p < .05, Figure 9a,b), while BDNF
blocking antibody partially abolished this effect (106.72 TNFa-+iPSC-
EC vs. 14520 TNFa+hiPSC-EC + aBDNF, Fiji Intensity, p < .01,
Figure 9a,b). After exposure to IL-4, both IL-4 and hiPSC-EC increased
Arg-1 expression individually in microglia (51.57 control vs. 134.17
IL-4, p < .01, vs. 96.67 hiPSC-EC, p < .05, Fiji Intensity, Figure 9c,d),
while hiPSC-EC did not further enhance the expression by IL-4
(vs. 110.83 IL-4 + hiPSC-EC, p > .05, Figure 9c,d). BDNF blocking did
not lead to any significant change in Arg-1 expression (Figure 9c,d).
These in vitro data indicate that iPSC-ECs suppress M1 while promote
M2 polarization in microglia, and BDNF is involved in attenuated M1
phenotype but not playing major role in promoting M2 phenotype by
hiPSC-ECs.

We further assessed the inflammatory responses in CC lesions.
At 6 dpl when demyelination was almost complete, there were IBA1-+
activated microglia and macrophages densely aggregated within the

CC lesions (Figure 9e). Transplantation of hiPSC-ECs dramatically

FIGURE 6 Transplantation of hiPSC-ECs and its supportive effect on oligodendrocyte lineage cells in lesion area. (a) Schematic illustration of
hiPSC-EC transplantation experiment. White matter demyelination was induced by focal injection of lysolecithin (LPC) in the corpus callosum
(CC) at 0 day of post-lesion (dpl), hiPSC-ECs were injected into the lesion at 2-3 dpl, remyelination was assessed at 6 dpl, 11 dpl and 21 dpl.
Cyclosporine (CsA) was added into drinking water from 1 day before (—1 dpl) demyelination lesioning till the end of experiment to all animals.

(b) Representative images of hiPSC-EC grafts at 6, 11, and 21 dpl showing hiPSC-EC cell survival and migration. hiPSC-ECs were identified by
immunolabeling using antibody against human mitochondria (hMit). The hiPSC-EC grafts are marked with orange dashed line. The insert shows
the sustained EC property of transplanted hiPSC-ECs at 21 dpl with immunolabeling of EC marker vWF. Scale bar, 100 um. (c) Representative
images of the CC lesion area from the control and hiPSC-EC transplanted mice, which had SOX10-GFP reporter expression. CC is marked with
white dashed line; demyelination lesion (determined by the aggregation of DAPI+ nuclei) is marked with yellow dashed line. The hiPSC-EC graft is
marked with orange dashed line. The images show the overlapping of hiPSC-EC graft with the lesion and the aggregating of oligodendrocyte
lineage cells (GFP+) in the lesion area. There is an increased GFP+ cell density in the presence of hiPSC-EC cells (red), and the size of the GFP+
cell bodies appear larger in the hiPSC-EC transplanted lesions. Scale bar, 200 um. (d) Quantification shows an increased cell density of GFP+
OPCs and oligodendrocytes in the lesion area after hiPSC-EC transplantation. All data are presented as mean + SE, n = 4, *p < .05. Unpaired

t test.
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reduced the IBA1+ cell distribution and IBA1+ area density (74.06%
control vs. 42.05% hiPSC-EC, p < .05, Figure 9e,f). When double
labeled with the M2 marker Arg-1, there was a significant increased
proportion of Arg-1+ IBA1+ microglia/macrophages among total
IBA1+ cells in hiPSC-EC group (9.72% control vs. 27.64% hiPSC-EC,
p < .05, Figure 9e,f). These data indicate that hiPSC-ECs suppress
inflammatory response and promote M2 phenotype at early remyeli-
nation stage. A higher proportion of M2 phenotype was also observed
at the 11 dpl (Arg-1+ CD11b+/CD11b+, 52.5% control vs. 90.07%
hiPSC-EC, p < .05, Figure S3), which could be conducive for OPC dif-
ferentiation and maturation. These in vivo data further indicate that
hiPSC-ECs suppress neuroinflammation and promote M2 polarization.

4 | DISCUSSION

Following CNS demyelinating injury, resting OPCs are first activated
and recruited to the damaged area through proliferation and migra-
tion, then they engage with demyelinated axons and differentiate
into mature oligodendrocytes to form new myelin. Therefore,
sufficient activation, recruitment and OPC differentiation are the
key initial events leading to successful remyelination (Franklin &
ffrench-Constant, 2017; Zhao et al., 2015). The present study dem-
onstrates that hiPSC-ECs facilitate oligodendrocyte lineage progres-
sion and transplantation benefits remyelination evidenced by higher
OPC proliferation and differentiation/maturation. hiPSC-ECs also
improve the survival of OPCs against pro-inflammatory cytokine in
vitro and oligodendrocyte lineage cells in vivo, these might contrib-
ute to their myelin protection effect. Overall, our data indicate that
hiPSC-ECs are beneficial to remyelination by protecting myelin and
promoting repair.

OPC proliferation and differentiation are two inversely related
cellular processes, differentiation usually coincides with proliferation
arrest and exit from cell cycle, their enhancement by exposure to
hiPSC-EC is likely a sequential event and mediated by activation of
separate pathways. ECs secrete a cocktail of growth factors and cyto-
kines (Arai & Lo, 2009; Grasman & Kaplan, 2017) which could exert
different effects on oligodendrocyte lineage progression. Among them

FGF and BDNF have been well known to support OPC survival and

proliferation (Arai & Lo, 2009), whereas BDNF and TGFb individually
facilitate OPC differentiation and oligodendrocyte maturation
(Palazuelos et al., 2014; Xiao et al., 2010). Moreover, some of the fac-
tors may play their roles in a context dependent manner, facilitating
OPC proliferation then differentiation by interacting with different
factors. In addition, enhanced proliferation likely leads to subsequent
increased differentiation. It has been reported that ECs improve OPC
differentiation (Miyamoto et al., 2014) and iPSC-ECs promote remye-
lination in brain ischemic models (Xu et al., 2020, 2023). Furthermore,
ECs and OPCs closely interact via both released factors and physical
contact which regulate their functions mutually (Chavali et al., 2020;
Manukjan et al., 2020). ECs change their properties during develop-
mental and pathological conditions (Dejana et al., 2017), including the
transition from acute to chronic inflammation (Miyamoto et al., 2014).
It is conceivable that hiPSC-ECs switch their status with changing
secretome following interactions with OPCs and oligodendrocytes
both in vitro and in vivo. Future studies elucidating the dynamic secre-
tome of ECs exposed to various stages of oligodendrocyte lineage
progression will help pinpoint the underlying mechanisms how iPSC-
ECs benefit myelin regeneration.

There are limited studies on whether and how ECs are directly
beneficial to OPC differentiation; rather, it has been reported that rat
primary ECs isolated from P14 inhibited OPC differentiation in co-
culture system (Su et al., 2023). However, we have demonstrated here
that hiPSC-ECs improved OPC differentiation after co-culture for a
longer period, supported by a higher number of MPB-+ OLs with more
complex morphology. The discrepancy may arise from experimental
settings such as species, age of ECs, and co-culture time (6 days
vs. 2 days). The iPSC-ECs, with more pre-maturation characteristics
(Bezenah et al., 2019; Jang et al., 2019), are expected to resemble
more nascent, less specialized ECs which may have more potent
effects on oligodendrocyte lineage progression compared to mature
ECs. Although the proportion of the proliferating OPCs is higher in
early stage (6 dpl) in lesion, the proportion of the differentiated oligo-
dendrocytes across the whole lineage cells at later stage (11 dpl) was
not reflecting the increase found in vitro. This might be due to the
more complex regulatory process in the lesion environment, subtle
changes in the rate of differentiation may have not been captured at

selected time point in this study.

FIGURE 7

hiPSC-EC transplantation attenuates myelin damage and enhances remyelination after LPC induced demyelination.

(a) Representative images of MOG and FluoMyelin labelling in CC showing the myelin component in non-lesion, LPC lesion and in LPC plus

hiPSC-EC groups at 6 dpl. CC is marked with white dashed line; the center of hiPSC-EC graft (overlapped with CC lesion) is marked by yellow
dashed line. The lesion area is marked by blue dashed line. Scale bar, 200 um. (b) Quantification of the lesion area in (a). (c) Representative images
of MBP immunostaining in CC of SOX10-GFP mouse brains showing the myelin component in non-lesion, LPC lesion and LPC plus hiPSC-EC
groups at 11 dpl. CC is marked with white dashed line; the center of hiPSC-EC graft (overlapped with CC lesion) is marked by yellow dashed line.
Images show that the MBP labelling in lesion area is significantly reduced compared with unlesioned white matter, while it is partially recovered
by hiPSC-EC transplantation. Scale bars, 200 um. (d) Quantification of the MBP staining in (c), showing an increased intensity of MBP labelling in
LPC plus hiPSC-EC group compared with LPC lesion group. All data are presented as mean + SE, n = 4, *p < .05. One-way ANOVA with post hoc
analysis. (e) Representative electron microscopic images of the lesion area at 21 dpl in control and hiPSC-EC groups showing an improved
remyelination with hiPSC-EC transplantation. Note the thin myelin sheaths of remyelination (arrows) in control group and thicker myelin sheaths
in hiPSC-EC group. Scale bar = 10 um. (f) Quantification of (d), dots present g-ratio for each quantified axon. Data are mean + SE. n = 3-5
animals, over 70 axons per animal. ****p < .0001, Unpaired t test.
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BDNF is one of the major mediators for endothelium-
oligodendrocyte interaction (Miyamoto et al., 2014). In this study, we
show BDNF secreted from hiPSC-ECs mediated their pro-
differentiation effects. It has been shown that BDNF promotes OPC
differentiation into mature oligodendrocytes, which is mediated by
Trk-B receptor and ERK pathway, BDNF also promotes myelin plastic-
ity and repair (Fletcher et al, 2018; Xiao et al., 2010). Therefore,
BDNF from hiPSC-ECs might contribute to promoting remyelination
in vivo. BDNF is known to activate mTORC1 pathway which plays cru-
cial roles in OPC differentiation during myelination and remyelination
(Adams et al., 2021; Lebrun-Julien et al., 2014). Quiescent somatic
stem cells in the intestinal epithelium of the fly and in the tracheal epi-
thelium of mice exhibit transient activation of mTORC1 signaling dur-
ing regeneration after injury (Haller et al., 2017). Although it is not
clear whether a transient activation of mTORC1 signaling is also
required for quiescent OPC activation, an increased mTORC1 activity
in OPCs and newly differentiated oligodendrocytes with the presence
of hiPSC-ECs in vitro and in vivo strongly suggests an important role of
mTORC1 signaling pathway in hiPSC-EC mediated effects on oligo-
dendrocyte lineage progression.

CNS injury induces neuroinflammation which involves the activa-
tion of microglia. At early stage, microglia/macrophages release pro-
inflammatory cytokines and chemokines leading to further damage to
the tissue. It has been reported that TNFa can induce oligodendrocyte
and myelin pathology, but is required for OPC proliferation and
remyelination (Arnett et al., 2001; Zahid et al., 2021). TNFa interferes
with oligodendrocyte differentiation and causes their death, the
effects are mediated by TNFR1 (Kim et al., 2011). In contrast, the acti-
vation of TNFR2 which is mainly expressed in OPCs promotes OPC
proliferation and initiates pathways that drive oligodendrocytes into a
reparative mode contributing to remyelination (Arnett et al., 2001;
Madsen et al., 2016; Maier et al., 2013). We have shown in this study
that hiPSC-ECs protect OPCs from TNFa-induced death with involve-
ment of BDNF. This is consistent with a lower death rate in oligoden-
drocyte lineage cells in CC lesions. Therefore, the effect of hiPSC-ECs
on remyelination might be contributed by their protective effects on
OPCs against a proinflammatory environment, which is possibly asso-
ciated with the secreted BDNF.

The oligodendrocyte lineage progression during remyelination is
heavily modulated by neuroinflammation (Rawiji et al., 2020). Microglia
and macrophages manifest distinct M1 and M2 functional phenotypes
at different stage of regeneration to modulate remyelination (Miron &
Franklin, 2014). It has been reported that hiPSC-EC transplantation in
CNS ischemia improves myelin repair via attenuated neuroinflamma-
tion in astrocytes, microglia/macrophages (Xu et al., 2020) and T cells
(Xu et al., 2023). We have further shown in this study that hiPSC-ECs
suppress inflammatory response while promote M2 polarization
in vitro and in vivo. It has been reported that ECs provide an instruc-
tive niche for the differentiation and functional polarization of
M2-like macrophages (He et al., 2012). Newly formed ECs reduce
TNFa and IL-1B expression while increase CD206 (M2 marker) and
IL-4R expression in macrophages which promotes functional recovery
following spinal cord injury (Cohen et al., 2017). Indeed, ECs secret
many factors such as IL-4, IL-13 and TGFb which are strong M2 stim-
ulators. The reduced M1 phenotype and enhanced M2 phenotype by
hiPSC-ECs observed in this study might contribute to both myelin
protection and myelin repair. There is evidence that BDNF modulates
marcrophage activation and promotes M2 polarization via TrkB signal-
ing pathway (Covarrubias et al., 2016; Linton et al., 2019), and pro-
motes M2 polarization of activated microglia after spinal cord injury
(Ji et al., 2015). BDNF also suppresses LPS-induced microglial produc-
tions of pro-inflammatory cytokines (Wu et al., 2020). Our data show
that BDNF is involved in hiPSC-EC attenuated M1 phenotype in vitro.
Thus, the effects of iPSC-EC on oligodendrocyte lineage cells and
neuroinflammation synergistically promote CNS remyelination.

Human iPSC technology is a breakthrough in regenerative medi-
cine. iPSC derived OPCs or oligodendrocytes have been used to study
myelin diseases (Chanoumidou et al., 2020). Comparing to OPCs, ECs
can be derived faster from iPSCs with higher efficiency, although
there are still challenges exiting (Williams & Wu, 2019). We have
modified the EC induction method, which achieved a remarkable effi-
ciency with a purity reaching 98%. Human iPSC-ECs have recently
emerged as an attractive cell type for treating myocardial ischemia,
peripheral vascular disease, and wound healing (Clayton et al., 2015,
2018). Our data show a therapeutic potential of iPSC-ECs in demye-
linating diseases in the CNS.

FIGURE 8

hiPSC-EC transplantation promotes oligodendrocyte lineage progression with increased mTORC1 activation. (a) Representative

images of LPC-induced demyelinated area in CC in control and hiPSC-EC transplantation groups with Ki6é7 immunolabeling in SOX10 positive
oligodendrocyte lineage cells at 6 dpl, or (b) in SOX10-GFP cells at 11 dpl (white arrows). (c) Quantification of (a) shows an increased cell density
and proportion of the proliferating OPCs (Ki67+ SOX10+ cells), or (d) Ki67+ GFP+- cells. After hiPSC-EC transplantation, the proportion of
Ki67+ cells in total SOX10+ cells are increased at 6 dpl while not changed at 11 dpl (in SOX10-GFP+- cells). (e) Representative images of the
demyelinated area in CC in control and hiPSC-EC groups with APC immunolabeling in SOX10-GFP mice at 11 dpl, showing differentiated
oligodendrocytes (APC+ GFP+, white arrows). (f) Representative images of cell death in GFP+ cells (TUNEL+ GFP+ cells, white arrows) in the
demyelinated area in CC at 11 dpl. (g) Quantification of (e) shows an increased cell density of differentiated oligodendrocytes after hiPSC-EC
transplantation. However, the proportion of APC+ cells in total GFP+ cells in transplantation group is comparable to controls. (h) Quantification
of (f) shows a decreased percentage of TUNEL+GFP+ cells among GFP+ cells after hiPSC-EC transplantation. (i) Representative images of pSé
(Ser 240/244) immunolabeling in CC (white dashed lines) of SOX10-GFP mice at 11 dpl. In un-lesion area, the intensity of pSé labelling is
undetectable in GFP+ cells; it becomes stronger in demyelinated area, and the intensity is increased in GFP+ cells after iPSC-EC transplantation.
()) Quantification of (i) shows that both the intensity of pSé labelling in GFP+ cells and the percentage of pS6+ GFP+ cells among GFP+ cells are
significantly higher following hiPSC-EC transplantation. All data are presented as mean + SE, n = 4, *p < .05, **p < .01. Unpaired t test. Scale

bars 50 um.
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FIGURE 9 Human iPSC-ECs suppress neuroinflammation while enhance M2 phenotype. (a) Representative images of rat microglia in culture
treated with TNFa, hiPSC-ECs and anti-BDNF antibody. Microglia are immunolabeled by an antibody against CD11b, inflammatory reaction is
marked by an antibody against TNFa. Scale bar: 50 um. (b) Quantification of (a) shows the level of TNFa expression in microglia under different
treatment, showing that hiPSC-ECs suppress inflammatory reaction and BDNF blocking partially reduces this effect. (c) Representative images of
rat microglia in culture treated with IL-4, hiPSC-ECs and anti-BDNF antibody. Microglia were immunolabeled by an antibody against CD11b, M2
phenotype was immunolabeled by an antibody against Arg-1. (d) Quantification of (c) shows the level of Arg-1 expression in microglia under
different treatment, revealing an increased Arg-1 expression in IL-4 and hiPSC-EC treatments individually, while BDNF blocking did not show
significant change on hiPSC-EC effect. Scale bar: 40 um. (e) Representative images of IBA1 immunostaining of microglia/macrophage in LPC
induced lesions and in hiPSC-EC transplanted lesions in CC at 6 dpl, showing a decreased microglial/macrophage accumulation and an increased
expression of Arg-1 in these cells in the lesions with hiPSC-EC transplantation. Scale bars, 100 um. (f) Quantification of (e) shows a decreased
area density of IBA1+ structures and a higher proportion of Arg-1+ microglia/macrophages in total IBA1+ cells, indicating an increased M2
phenotype among reactive microglia/macrophage in hiPSC-EC group. All data are presented as mean + SE, n = 4, *p < .05, **p < .01. Unpaired

t test. In (b) and (d), one-way ANOVA with post hoc analysis.
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5 | CONCLUSION

We have demonstrated that hiPSC-ECs enhance myelin repair after
myelin injury in CNS. The effects are exerted by directly promoting
oligodendrocyte lineage progression and indirectly modulating neu-
roinflammation. The hiPSC-EC secreted factors including BDNF con-
tribute to these beneficial effects which involves mTORC1 signaling
pathway. Further studies are required to determine the key
signaling molecules. Human iPSCs provide a sustainable source of
human cells for clinical use which overcomes numerous ethical and
practical issues in research and clinical practice. Therefore, hiPSC-ECs
hold the potential to be a source of cell therapy for a wide range of
the diseases and injuries associated with myelin damage.
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