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Abstract 
Cerebral organoids (COs) in cell replacement therapy offer a viable approach to reconstructing neural circuits for individuals suffering from stroke 
or traumatic brain injuries. Successful transplantation relies on effective engraftment and neurite extension from the grafts. Earlier research has 
validated the effectiveness of delaying the transplantation procedure by 1 week. Here, we hypothesized that brain tissues 1 week following a 
traumatic brain injury possess a more favorable environment for cell transplantation when compared to immediately after injury. We performed 
a transcriptomic comparison to differentiate gene expression between these 2 temporal states. In controlled in vitro conditions, recombinant 
human progranulin (rhPGRN) bolstered the survival rate of dissociated neurons sourced from human induced pluripotent stem cell-derived COs 
(hiPSC-COs) under conditions of enhanced oxidative stress. This increase in viability was attributable to a reduction in apoptosis via Akt phos-
phorylation. In addition, rhPGRN pretreatment before in vivo transplantation experiments augmented the engraftment efficiency of hiPSC-COs 
considerably and facilitated neurite elongation along the host brain’s corticospinal tracts. Subsequent histological assessments at 3 months 
post-transplantation revealed an elevated presence of graft-derived subcerebral projection neurons—crucial elements for reconstituting neural 
circuits—in the rhPGRN-treated group. These outcomes highlight the potential of PGRN as a neurotrophic factor suitable for incorporation into 
hiPSC-CO-based cell therapies.
Key words: hiPSC; organoids; progranulin; cell transplantation; transcriptome profiles; brain injuries.
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Significance statement
The current study substantiates the potential benefits of administering recombinant human progranulin to induced pluripotent stem cell-
derived cerebral organoids before transplantation. Specifically, progranulin significantly augmented both the engraftment process and the 
neurite extension along the corticospinal tracts in the host brains. This evidence supports an approach in which the therapeutic efficacy of 
cell transplants is enhanced by characterizing the host brain environment to identify and exploit potentially beneficial factors as exogenous 
neurotrophic stimulants before and after transplantation.

Introduction
Traumatic brain injury1 or stroke,2 due to damage to the cere-
bral motor cortex, often results in significant motor dysfunc-
tion and disabilities. Present treatment options, encompassing 
medication, surgeries, and rehabilitation, offer limited thera-
peutic effects stemming from the low regenerative potential 
of the central nervous system (CNS). As such, this necessitates 
the development of innovative treatment strategies to target 
fundamental recovery from brain damage. Cell replace-
ment therapy emerges as a prospective alternative treat-
ment, promising to restore the impaired neural circuits and 
facilitate functional recovery.3,4 Earlier studies revealed that 
mouse embryonic brain tissues transplanted into the motor 
cortex formed long-distance efferent projections in the ma-
ture host brain, reconnected suitable cortical and subcortical 
host targets, and most notably, formed reciprocal synaptic 
connections with host tissues.5,6 These findings affirm the po-
tential application of cell transplantation therapy for dam-
aged brains. Nevertheless, the application of embryonic 
tissues in humans is contentious due to ethical concerns.

A proposed remedy for this issue involves using cerebral 
organoids (COs), self-organizing 3D tissue cultures derived 
from pluripotent stem cells, which replicate the structure 
and physiology of the cerebrum and can serve as a renew-
able source of transplant material. A prior study reported that 
axonal extension along the corticospinal tract, a descending 
neuronal pathway from the cerebral cortex terminating at 
lower motor neurons or intermediate neurons in the spinal 
cord, was evident following the transplantation of human 
pluripotent stem cell (hiPSC)-derived COs into the cerebral 
cortices of mice.7 Yet, acute post-transplantation cell death 
remains a prevalent issue for stroke, spinal cord injury, or 
other neurological disease models.8 Thus, enhancements to 
the transplantation methodology, particularly concerning the 
engraftment of transplanted cells and subsequent neurite ex-
tension, are essential.

A multitude of strategies aiming to amplify the effects 
of transplants has been reported. One potential approach 
encompasses refining the host brain environment. Adeno-
associated virus-mediated delivery of L1CAM, an axon guid-
ance molecule, successfully promoted the axonal extension 
of grafted cells in a recent study.9 In addition, an earlier re-
port using viral delivery of glial cell line-derived neurotrophic 
factor (GDNF) to the host brain also showed encouraging 
results.10 Given the adult brain’s lower availability of neu-
rotrophic or morphogenic proteins, crucial for cell survival, 
differentiation, and axonal connectivity compared to the 
developing brain,10 another promising approach involves 
co-transplantation with growth factors. One study revealed 
that the viability and differentiation of transplanted neural 
stem cells and the protrusion of nerve fibers were significantly 
enhanced by co-transplantation with epidermal growth 
factor and basic fibroblast growth factor (bFGF).11 However, 

validation studies concerning the benefits of neurotrophic 
factors on neural cell transplantation remain limited.

Peron et al12 and Kitahara et al7 demonstrated that 
transplantations undertaken a week post-injury signifi-
cantly enhanced both engraftment and neuronal elonga-
tion compared to instances with no delay. The underlying 
mechanisms contributing to this phenomenon remain elu-
sive, yet some potential contributors have been proposed. 
These include the release of neurotrophic and pro-angiogenic 
factors from cells in the area surrounding the injury and a 
reduction in both the inflammatory response and neurotoxic 
substances.13 Accordingly, it was postulated that brain tissue 
assessed 1 week post-traumatic brain injury (1wpTBI) could 
provide a more conducive environment for cell transplanta-
tion when contrasted with immediate transplantations. Here, 
we performed a comparative transcriptome analysis to in-
vestigate the gene expression profiles between these 2 brain 
states. This approach established that progranulin (PGRN), 
a growth factor also known as granulin, epithelin precursor, 
or acrogranin,14 markedly improved both engraftment and 
neurite elongation in hiPSC-COs in vitro and in vivo animal 
studies. Altogether, these findings underscore the potential of 
PGRN as a neurotrophic factor to be harnessed for cell trans-
plantation therapy involving hiPSC-COs.

Material and Methods
Maintenance culture of human iPSCs
All experiments using hiPSCs were approved by the Ethics 
Committee of Kyoto University Graduate School and Faculty of 
Medicine. hiPSCs were maintained and cultured as previously 
described.15 In brief, hiPSCs (S2WCB3) were maintained on 
a 6-well dish (MS-80060; Sumitomo Bakelite, Tokyo, Japan) 
coated with iMatrix-511 silk (MATRIXOME, Osaka, Japan) 
in StemFiT AK02N medium (Ajinomoto, Tokyo, Japan). 
When passaging the cells onto iMatrix-coated plates, iPSCs 
were dissociated into single cells with Cell Therapy Systems 
TrypLE Select CTS (Thermo Fisher Scientific, Waltham, MA, 
USA) containing 0.5 mmol/L-EDTA/PBS solution (Nacalai 
Tesque, Kyoto, Japan) and replated at a density between 1.0 
and 2.0 × 104 cells per well with StemFit medium.

Differentiation culture of human iPSCs
Neuronal differentiation of human iPSCs was conducted 
using the serum-free floating culture of embryoid body-
like aggregates with a quick reaggregation culture (SFEBq) 
method7,16 with minor modification involving preconditioning. 
Several reports have reported the efficacy of pre-conditioning 
of iPSCs for the generation of organoids.17-19 In brief, 1 day 
before inducting differentiation, the medium was changed to 
StemFiT AK02N medium (with components A and B but not 
component C) and 5 μM SB431542 (transforming growth 
factor β inhibitor; TOCRIS Bioscience, Bristol, UK). Several 

D
ow

nloaded from
 https://academ

ic.oup.com
/stcltm

/article/13/11/1113/7789553 by guest on 28 N
ovem

ber 2024



Stem Cells Translational Medicine, 2024, Vol. 13, No. 11 1115

lots of undifferentiated iPSCs were used to evaluate the effi-
cacy of pretreatment, which generated organoids with more 
well structured, rosette-like structures (RLSs) compared to 
the conventional protocol (Supplementary Figure S1 A-C). 
On the day the SFEBq culture was started, hiPSCs were dis-
sociated into single cells with Cell Therapy Systems TrypLE 
Select CTS (Thermo Fisher Scientific) containing 0.5 mmol/
L-EDTA/PBS solution and 50 μM Y-27632 (Fujifilm Wako 
Pure Chemicals, Osaka, Japan), and quickly reaggregated 
using low-cell-adhesion-coated V-bottomed 96-well plates 
(PrimeSurface MS-9096V; Sumitomo Bakelite, Tokyo, Japan) 
in the differentiation medium (9000 cells/well, 100 μL) under 
5% CO2. The differentiation medium was DMEM/F12 with 
GlutaMAX (Thermo Fisher Scientific), supplemented with 20 
% (vol/vol) Knockout Serum Replacement (Thermo Fisher 
Scientific, Waltham, MA, USA). Defining the day on which 
the SFEBq culture was started as day 0, 5 μM SB431542 
(transforming growth factor β inhibitor; TOCRIS Bioscience, 
Bristol, UK; day −1 to day 18), 3 μM IWR1e (Wnt Inhibitor; 
Merck Millipore, Burlington, MA, USA; day 0 to day 18), 
and 50 μM Y-27632 (day 0 to day 3) were added to the cul-
ture. Culture medium (100 μL) was added on day 3. Medium 
change (120 μL removal and 80 μL addition on day 6; 70 
μL removal and 80 μL addition on day 9 to day 15) was 
performed once every 3 days. At day 18, floating aggregates 
were transferred to 90-mm non-adhesive dishes (MS-1390R; 
Sumitomo Bakelite, Tokyo, Japan) and cultured further in 
suspension using a rotational culture system. After day 18, 
the differentiation medium was changed to DMEM/F-12 with 
GlutaMAX, supplemented with 1% (vol/vol) N-2 Supplement 
(Thermo Fisher Scientific), 1% (vol/vol) Chemically Defined 
Lipid Concentrate (Thermo Fisher Scientific), 0.25 μg/mL 
Amphotericin B (Thermo Fisher Scientific), 1% (vol/vol) 
penicillin-streptomycin (Thermo Fisher Scientific). Floating 
aggregates were cut into one-half or one-quarter with micro 
scissors under a stereo microscope between days 35 and 40 to 
avoid central necrosis. All medium was changed once every 3 
days after day 18.

Neuronal dissociation culture
For dissociated neuronal cultures, neural cells were disso-
ciated from iPSC-COs using a papain-containing Neuron 
Dissociation Solutions (291-78001; Fujifilm Wako Pure 
Chemicals, Osaka, Japan) on days 42-70 and plated onto 
plates coated with iMatrix-511 silk in DMEM Ham’s/F12 
(042-30795, Fujifilm Wako Pure Chemicals, Osaka, Japan) 
supplemented with 1% (vol/vol) l-glutamine (Thermo Fisher 
Scientific), 2% (vol/vol) B-27 supplement (Thermo Fisher 
Scientific), 1% (vol/vol) N-2 supplement, and 1% (vol/vol) 
penicillin-streptomycin.

Oxidative stress test and quantification of cell 
viability
Dissociated neurons derived from iPSC-COs were seeded at 
4.0 × 104 cells in each well of a 96-well plate (92096, TPP, 
Schaffhausen, Switzerland) coated with iMatrix-511 silk and 
cultured at 37°C, 5% CO2 in the same medium used for dis-
sociation culture. The medium was removed 24 hours after 
seeding, and recombinant human proteins diluted in medium 
were added (100 μL/well). The concentrations of each re-
combinant human protein were as follows: apolipoprotein 
D, APOD (NBP1-99548; Novus Biologicals, Centennial, CO, 
USA), 250, 500 mg/dL; cathepsin D, Ctsd (1014-AS-010; 

R&D Systems, Minneapolis, MN, USA), 250, 500 mg/dL; 
cathepsin S, Ctss (1183-CY-010; R&D Systems, Minneapolis, 
MN, USA), 250, 500 mg/dL; lysozyme, LYZ (ab158839; 
abcam, Cambridge, UK), 250, 500 mg/dL; osteopontin, 
OPN (1433-OP-050 CF; R&D Systems, Minneapolis, MN, 
USA), 250, 500 mg/dL, progranulin, PGRN (2420-PG-
050; R&D Systems, Minneapolis, MN, USA), 5, 10 μg/mL; 
secreted protein acidic and cysteine rich, SPARC (941-SP-
050; R&D Systems, Minneapolis, MN, USA), 500, 1000 mg/
dL. Hydrogen peroxide; H2O2 (Santoku Chemical Industries, 
Tokyo, Japan) diluted with medium (100 μL) was added to 
each well (the final concentration of H2O2 was 0.1 mM) and 
incubated at 37°C, 5% CO2 for 24 hours. Dilution of H2O2 
was made fresh from a 30% stock solution immediately be-
fore each experiment. Due to the highly reactive nature of 
H2O2 and its short half-life in diluted solution,20 H2O2 was 
added within 3 minutes of dilution. Quantification of live 
cells was performed using alamarBlue Cell Viability Reagent 
(Thermo Fisher Scientific). The medium was replaced with 
medium containing 10% alamarBlue, and the fluorescence in-
tensity (excitation 560 nm, emission 590 nm) was measured 
after incubating at 37°C, 5% CO2 for 24 hours. Relative cell 
viability (% medium control) in each condition was calcu-
lated by dividing the signal intensity of each condition by that 
of the medium control (without oxidative stress).

Apoptosis assay using live cell imaging system
Dissociated neurons derived from iPSC-COs were seeded 
at 4.0 × 104 cells in each well of a 96-well plate coated with 
iMatrix-511 silk and cultured at 37°C, 5% CO2 in the same 
medium used for the dissociation culture. The medium was 
removed 24 hours after seeding, and recombinant human 
PGRN (rhPGRN), diluted in medium (the final concentration 
of rhPGRN was 10 μg/mL), was added (100 μL/well). For ap-
optosis assay, Incucyte Caspase-3/7 Green Dye (4440; Essen 
BioScience, Inc., Ann Arbor, MI, USA) was added to each well 
(1:2000 in culture medium, for a final assay concentration 
of 2.5 μM). When added to the tissue culture medium, the 
inert non-fluorescent substrate enters cells, where activated 
caspase-3/7, if present, could cleave it to release a fluorescent 
DNA dye that stains the nuclear DNA. H2O2 diluted with 
medium (100 μL/well) was added to each well (the final con-
centration of H2O2 was 0.1 mM) and incubated at 37°C, 5% 
CO2 for 12 hours. Phase-contrast microscopic images were 
automatically taken using the IncuCyte S3 Live Cell Imaging 
System (Essen Bioscience, Inc., Ann Arbor, MI, USA) im-
mediately before and at 5 minutes, 3, 6, and 12 hours after 
the addition of H2O2. For inhibiting the PI3K-Akt signaling 
pathway, wortmannin (ab120148; abcam, Cambridge, UK) 
(10 μm) was added. Fluorescent objects were quantified as 
apoptotic cells using the Incucyte integrated analysis soft-
ware. Cell viability was calculated as follows: R = N – n/L, 
where N is the number of dead cells in each image after ex-
posure to H2O2, n is the number of dead cells in each image 
before exposure to H2O2, L is the the number of live cells in 
each image before exposure to H2O2.

Animals experiments
All animal experiments in this study were approved by the 
Institutional Animal Care and Use Committee of the Animal 
Research Facility at Kyoto University and conducted ac-
cording to the Regulations on Animal Experimentation at 
Kyoto University. Animals were cared for and handled in 
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accordance with the Regulations on Animal Experimentation 
at Kyoto University. All mice had access ad libitum to standard 
mouse food and water and were housed under a 12-hour light/
dark cycle for the duration of the study. Eighteen 11-week-
old male mice (C57BL/6NCrSlc) were used for gene expres-
sion and Western blot analysis. Sixty 10-week-old SCID mice 
(male 30, female 30; C.B-17/IcrHsd-Prkdcscid) were used 
as recipients for hiPSC-CO transplantations. All mice were 
purchased from Shimizu Laboratory Supplies Company, Ltd. 
(Kyoto, Japan).

Pretreatment of cerebral organoids before 
transplantation
Three days before transplantation, rhPRGN and rhLYZ were 
added to the differentiation medium. The concentrations 
of rhPGRN and rhLYZ in the medium were 10 μg/mL and 
500 ng/mL, respectively.

Surgical procedures for mice
All surgical procedures for mice were performed under an-
esthesia with intraperitoneal injection of a mixture of 
medetomidine hydrochloride (0.75 mg/kg), midazolam 
(4 mg/kg), and butorphanol (5 mg/kg). During the procedure, 
mice were clamped using a stereotaxic apparatus (Narishige, 
Tokyo, Japan) to maintain their heads in the horizontal posi-
tion. For gene expression and Western blot analysis, 11-week-
old male mice (C57BL/6NCrSlc) were anesthetized, and small 
midline skin incisions were made. Craniotomy (2 × 2 mm) 
over the motor cortex was performed using an electric drill 
(Minitor Co., Ltd., Tokyo, Japan) and a small cavity (0.5-
2.5 mm rostral to the bregma, 0.5-2.5 mm lateral to the mid-
line, and 1 mm in depth from the cortical surface) was made 
by aspirating the cortical tissue. After induction of euthanasia 
by cervical dislocation, whole brains were extracted immedi-
ately (n = 4) or 1 week after the lesion (n = 4). Whole brains 
were then transected using a brain slicer (Muromachi Kikai 
Co., Ltd., Tokyo, Japan), and brain tissues adjacent to the 
cavity with a 1.0-mm margin were collected. For transplan-
tation, small midline skin incisions and a small craniectomy 
over the motor cortex (1.0 mm rostral to the bregma and 
from 2.0 mm lateral to the midline) were made using an elec-
tric drill. Six-week hiPSCs-COs were dissociated into single 
cells and suspended in the same medium used for dissocia-
tion culture supplemented with rhPGRN (10 μg/mL) and 
rhLYZ (500 ng/mL). After centrifugation, the supernatant 
was removed, with the cell pellet kept on ice until immedi-
ately before transplantation. A volume of 0.5 μL per site of 
cell pellet (approximately 2.0 × 105 cells) was injected using 
a stereotaxic apparatus (the injection speed was 0.5 μL/
minute), targeting the frontal motor cortex (1.0 mm rostral 
to the bregma, 2.0 mm lateral to the midline, and 1.0 mm in 
depth from the cortical surface) using a sterile 22 G needle 
(Hamilton, Reno, NV, USA). After transplantation, the skin 
was sutured with 4-0 silk thread (NESCOSUTURE; alfresa, 
Osaka, Japan). The body temperature of mice was maintained 
in the normothermic range (37-38 °C) throughout the 
procedures with a feedback-controlled heating pad and incu-
bator (Biomachinery Co., Ltd., Chiba, Japan).

Transcriptome analysis
Using the Cap Analysis Gene Expression (CAGE) method, 
we conducted gene expression analysis comparing 2 kinds 
of mouse brain tissue, immediate after injury and 1wpTBI. 

The CAGE method can be taken as a variation of RNA-seq, 
specialized in capturing the 5ʹ end of mRNAs at cap sites 
and identifying transcription start sites (TSSs).21 By precisely 
defining TSSs, an RNA molecule generates only one tag per 
transcript in the CAGE method,22 which provides an accu-
rate high-throughput measurement of RNA expression.23 We 
adopted the CAGE method in the present study for improved 
quantitative analysis. CAGE library preparation, sequencing, 
mapping, and gene expression and motif discovery analysis 
were performed by DNAFORM (Yokohama, Kanagawa, 
Japan), and the details of the method were described previ-
ously.24 In brief, RNA quality was assessed by Bioanalyzer 
(Agilent) to ensure that RIN (RNA integrity number) is 
over 7.0 and A260/280 and 260/230 ratios were over 1.7. 
First-strand cDNAs were transcribed to the 5ʹ end of capped 
RNAs, attached to CAGE “barcode” tags, with sequenced 
CAGE tags mapped to the mouse mm9 genome using BWA 
software (version 0.5.9) after discarding ribosomal or non-
A/C/G/T base-containing RNA sequences. For tag clustering, 
CAGE-tag 5ʹ coordinates were input for RECLU clustering, 
with the maximum irreproducible discovery rate and min-
imum count per million value both set to 0.1.

Statistical analysis
All statistical analyses were performed using a commer-
cially available software package (GraphPad Prism 9; 
GraphPad Software, La Jolla, CA, USA). Statistical signif-
icance was tested with the Mann-Whitney test (unpaired, 
non-parametric) for 2-group comparisons, the Kruskal-Wallis 
test with Dunn’s multiple-comparisons test (unpaired, non-
parametric) for multiple-group comparisons, and the 2-way 
ANOVA with Tukey’s or Sidak’s multiple-comparisons 
test. Experimental data were expressed as means ± SD or 
mean ± SEM. Differences with P < .05 were considered sta-
tistically significant.

Results
Gene expression analysis unveiled candidate 
proteins to bolster engraftment
We have previously reported that 1-week-delayed transplan-
tation after lesioning enhanced both CO engraftment and 
neurite extensions from the grafted cells along the host CST 
significantly.7 These findings suggest that the brain environ-
ment at 1wpTBI is more conducive to transplantation and 
may provide additional support for grafted neurons compared 
to transplantation immediately after lesioning. Based on this 
hypothesis, the present study compared the gene expres-
sion profile between mouse brains of no-delay and 1wpTBI 
groups (Figure 1A) to discern novel factors that could po-
tentiate the therapeutic impact of cell transplantation. Gene 
expression analysis for these brain tissues was based on 
CAGE (Cap Analysis of Gene Expression) transcriptomics, 
which led to the detection of 17 621 genes and the identi-
fication of 940 differentially expressed genes (DEGs). The 
full list of DEGs is shown in Supplementary Table S1 (GEO 
accession number: GSE269438). The established thresholds 
for DEGs were a log2 fold change (log2 FC) > 2 and a false 
discovery rate < 0.05. We then selected secreted proteins 
using secretomeP and performed a UniProt search to identify 
conserved human extracellular proteins among significantly 
upregulated genes (top 20) in 1wpTBI mouse brain tissues. 
Ultimately, 7 candidate genes were selected, all of which code 
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Figure 1. Gene expression analysis to identify candidate genes encoding novel host environment factors supporting grafted neurons. (A) Schematic 
flowchart describing the selection process of candidate genes. (B-H) Gene expression levels of the 7 candidate genes selected, as represented by 
count per million, for (B) Apod, (C) Ctsd, (D) Ctss, (E) Lyz2, (F) Spp1, (G) Grn, and (H) Sparc. Data are represented as the mean ± SEM, n = 4, Mann-
Whitney test; *P < .05.
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for secreted and extracellular proteins (apolipoprotein D, 
Apod; cathepsin D, Ctsd; cathepsin S, Ctss; lysozyme 2, Lyz2; 
secreted phosphoprotein 1, Spp1; granulin, Grn; secreted pro-
tein acidic and cysteine rich, Sparc) (Figure 1B-H).

In vitro characterization of human iPSC-derived 
cerebral organoids
Next, the effects of these candidate proteins were evaluated 
using hiPSC-COs induced by our earlier protocol7,16 with 
some modifications (Figure 2A). Six-week organoids 
contained RLSs (Figure 2B), primarily composed of neural 
progenitor cells expressing PAX6 and Ki67 (Figure 2C). 
Many deep-layer neurons (CTIP2+) and a few upper-layer 
neurons (SATB2+) were found surrounding these RLSs (Figure 
2D and E). Cells positive for forebrain markers EMX1 and 
FOXG1 were found more extensively inside and outside the 
RLSs (Figure 2F and G).

Six-week organoids were dissociated into single cells 
and plated on laminin-coated 96-well plates to observe 
neurite extension from individual neurons (Figure 2H). 
Immunofluorescence experiments showed that dissociated 
neurons contained subcerebral projection neurons (SCPNs), 
which were positive for CTIP2 and Tuj1 (Figure 2I). On day 
7, these SCPNs were interlinked by several neurites, indicating 
that the culture system effectively produced neural cells ca-
pable of forming neural circuits (Figure 2J).

Progranulin enhances the viability of dissociated 
neurons derived from cerebral organoids
To quantify the impact of the candidate proteins on neu-
ronal cell survival, a cytotoxicity test with hydroxy peroxide 
(H2O2)—a reagent frequently used to induce oxidative stress—
was performed. The percentage of live dissociated neurons 
was assessed following a 24-hour exposure to 0.1 mM H2O2. 
Whereas Alamar blue assays revealed that exogenous adminis-
tration of recombinant human PGRN (rhPGRN) significantly 
enhanced neuronal viability (H2O2 0.1 mM, 50.3%; H2O2 0.1 
mM + rhPGRN 10 μg/mL, 76.3%) (Figure 3A), other candi-
date proteins showed no substantial effects on cell survival. 
Next, to determine how rhPGRN augments cell survival, we 
performed time-lapse imaging with a fluorescent caspase-3/7-
activated dye. rhPGRN (10 μg/mL) significantly reduced the 
percentage of caspase-3/7-positive cells after 6 to 12 hours of 
H2O2 exposure (Figure 3B and C). These results suggest that 
rhPGRN supports neuronal survival by mitigating apoptosis 
triggered by H2O2-induced oxidative stress. Based on these 
findings, rhPGRN was selected as a candidate protein for fur-
ther investigation to protect transplanted cells.

Lysozyme promotes neurite extension from 
dissociated neurons
Dissociated neurons were plated on 96-well plates 
supplemented with the 7 candidate proteins separately to 
assess the impact of each candidate protein on neurite ex-
tension. Phase-contrast microscopy images were captured 
autonomously over 7 days using a live-cell imaging system. 
The quantification indicated that exogenous administration 
of recombinant human LYZ (rhLYZ) at concentrations of 
500 ng/mL significantly promoted neurite outgrowth by the 
seventh day (control, 0.648 mm ± 0.038 mm; rhLYZ 500 ng/
mL, 0.791 mm ± 0.039 mm) (Figure 4A). These beneficial 
effects of rhLYZ on neurite extension spanned from 24 to 
168 hours post-seeding (Figure 4B and C). Conversely, the 

other candidate proteins showed no marked effects on neurite 
extension. Considering these findings, rhLYZ was identified 
as a candidate protein that could potentially boost the neurite 
extension of transplanted cells.

Progranulin enhances engraftment after 
transplantation of cerebral organoids in mice
Following the encouraging results of our in vitro experiments, 
the in vivo effects of rhPGRN and rhLYZ were evaluated for 
the transplantation of hiPSC-COs into 10-week-old SCID 
mice. The efficacy of these 2 proteins was augmented by a 
3-day pretreatment of hiPSC-COs before transplantation 
(Figure 5A). Cellular composition within each preconditioned 
organoid was analyzed through flow cytometry by evaluating 
the percentages of neural (CTIP2, PAX6, and SATB2) and 
proliferation (Ki67) markers. There were no significant 
discrepancies in the percentages of cells expressing these 
markers between preconditioned groups (Figure 5B-E). 
Dissociated hiPSC-COs were implanted into the frontal motor 
cortex at specific coordinates (1.0 mm rostral to the bregma, 
2.0 mm lateral to the midline, and 1.0 mm in depth from the 
cortical surface). Immunofluorescence experiments revealed 
successful cell engraftment and neurite extension originating 
from these engrafted cells at 3 months post-transplantation 
(Figure 5F). The survival rate of donor cells positive for the 
human-specific nucleic marker (Ku80 or hNuclei) was higher 
in the group treated with rhPGRN compared to the control 
group (Figure 5G). Next, we evaluated neural (CTIP2, PAX6, 
and SATB2) and proliferation (Ki67) markers in the grafts 
from each treatment group (Figure 5H). We found that the ab-
solute number of graft-derived PAX6+, CTIP2+, SATB2+, and 
Ki67+ cells was significantly elevated in the rhPGRN-treated 
group compared to the control group (Figure 5I-L). Notably, 
except for CTIP2+ cells in the rhPGRN-treated group, there 
were no significant differences between the treated and con-
trol groups when comparing the percentages of cells positive 
for those markers in the grafts (Figure 5M-P). In addition, 
we analyzed whether rhLYZ and rhPGRN treatment affected 
cell migration after transplantation. In the present study, we 
grafted iPSC-derived cortical neurons into the mouse cortex 
and found cell migration toward the ipsilateral striatum and 
not to other locations, such as the ipsilateral internal cap-
sule, cerebral peduncle, or contralateral hemisphere. We fur-
ther quantified the engrafted cell number in the cortex and 
ipsilateral striatum and observed no changes in Ku80-positive 
cells relative to the total number of grafted cells in either the 
cerebral cortex or striatum (Supplementary Figure S2A and 
B). These results showed that exogenous administration of 
rhPGRN nor rhLYZ alters the degree of cell migration after 
transplantation.

Progranulin enhances neurite extension along the 
corticospinal tract from the grafted cells in mice
Next, we examined the extension of graft-derived axons 
along the host corticospinal tract (CST) by immunostaining 
(Figure 6A) and quantified the human NCAM (hNCAM)-
positive area. The rhPGRN-treated group exhibited a signifi-
cantly larger hNCAM+ area in the striatum, internal capsule, 
and cerebral peduncle compared to the control group (Figure 
6B-D). To determine whether this enhancement in neurite ex-
tension was directly mediated by rhPGRN treatment or was 
an indirect effect of the increased number of grafted cells, we 
subsequently reevaluated the neurite extension data in each 

D
ow

nloaded from
 https://academ

ic.oup.com
/stcltm

/article/13/11/1113/7789553 by guest on 28 N
ovem

ber 2024

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szae066#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szae066#supplementary-data


Stem Cells Translational Medicine, 2024, Vol. 13, No. 11 1119

Figure 2. In vitro characterization of human iPSC-derived cerebral organoids and neuronal specification and maturation as dissociated neuronal 
cultures. (A) Schematic diagram of conditions for inducing cerebral organoids from hiPSCs. (B) Bright-field image of 6w-hiPSC-COs. Scale bar = 1 mm. 
Immunohistochemistry of 6w-hiPSC-COs. Immunofluorescence analysis for (C) PAX6 and Ki67, (D) PAX6 and CTIP2, (E) SATB2, (F) EMX1 and PAX6, 
(G) and FOXG1, with DAPI (nuclei). (H) Representative phase-contrast image of the dissociated neuronal culture of hiPSC-COs. Immunofluorescence 
analysis of dissociated neurons stained with CTIP2 and Tuj1 antibodies on (I) day 0 and (J) 7, respectively. Scale bars, 100 μm (C-H).
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Figure 3. Progranulin enhanced the viability of dissociated neurons derived from cerebral organoids. (A) Relative cell viability (% medium control) under 
oxidative stress was measured by the alamarBlue assay. Data are represented as the mean ± SD, n = 4 independent experiments using quadruplicates 
for each group. Kruskal-Wallis test with Dunn’s multiple comparisons test; ** P < .01. (B) Temporal change in the percentage of caspase-3/7-positive cells 
during oxidative stress as measured by live cell imaging system. The experiment was repeated 5 times using quadruplicates for each group. Two-way 
ANOVA with Dunnett’s multiple comparisons test; *P < .05. (C) Representative phase-contrast images captured from live-cell imaging coupled with 
a fluorescent caspase-3/7-activated dye. Fluorescent green objects (white arrowheads) represent cells undergoing caspase-3/7-meditated apoptosis. 
Scale bars = 100 μm.
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group by normalizing to the number of graft-derived CTIP2+ 
cells. Consequently, the positive effect of rhPGRN on neurite 
extension diminished after adjusting for the number of graft-
derived CTIP2+ cells (Figure 6E-G). By contrast, although the 
beneficial effects on neurite extension by rhLYZ treatment 
were observed only in the striatum (Figure 6B), this enhance-
ment remained even after adjusting for the number of graft-
derived CTIP2+ cells (Figure 6E).

To confirm the axonal extension from the grafts, we 
retrograde-labeled the CST with a neuronal tracer 9 months 
post-transplantation in mice (Figure 6H). Briefly, we infused 
Fast Blue into the dorsal column of the spinal cord (contra-
lateral to the transplantation site) 1 week before perfusion 
and examined for Ku80 and Fast Blue by immunofluores-
cence (Figure 6I). Notably, Ku80 (nucleus) and Fast Blue (cy-
toplasm) double-positive cells (Figure 6J-L) were observed in 
the rhPGRN-treated group (2 out of 3 mice, 66.7%), thus 
indicating graft cells had successfully extended axons down 
to their targets in the contralateral spinal cord. By contrast, 
no Ku80 and Fast Blue double-positive cells were observed in 
the control group (0 out of 3 mice, 0 %).

In summary, the 3-day pretreatment of hiPSC-COs by 
rhPGRN significantly promoted the engraftment of hiPSC-
CO-derived neurons and neurite elongation to the stri-
atum, internal capsule, and cerebral peduncle, in addition 
to increasing the proportion of CTIP2+ cells in the grafts. In 
contrast, rhLYZ did not significantly affect engraftment but 
promoted neurite elongation to the striatum.

Progranulin exhibited neuroprotection effects 
against oxidative stress by activating Akt cell 
signaling in dissociated neurons
Finally, we evaluated how PGRN enhanced neuronal survival. 
Before that, we performed Western blot analysis to confirm 
that PGRN increased not only at the gene expression level 
but also at the protein level in host brain tissues at 1wpTBI. 
We found that protein levels of PGRN increased in mouse 
brain tissues at 1wpTBI compared to those with no delay 
(Supplementary Figure S3A). To elucidate the mechanisms 
underpinning the neuroprotective effects of rhPGRN, the 
2 prominent pro-survival cell signaling pathways known 
to mitigate oxidative stress25 were investigated. To assess 
contributions by the PI3K/Akt pathway and the RAS-RAF-
MEK-ERK (MAPK) pathway, we examined phosphorylated 
Akt (pAkt) and activated RAS following rhPGRN treatment. 
Intriguingly, quantitative analysis conducted through ELISA 
indicated a significant enhancement in AKT phosphoryla-
tion (pAkt/Akt) under the influence of rhPGRN (control, 
0.3 ± 0.067; rhPGRN, 0.535 ± 0.22) (Figure 7A). By con-
trast, RAS activation displayed no substantial difference 
(Figure 7B). Next, to elucidate the relevance of the PI3/Akt 
pathway more strictly, co-treatment of wortmannin, a PI3-
Akt inhibitor, with rhPGRN was performed. The rhPGRN-
mediated neuroprotection effects under oxidative stress were 
inhibited by wortmannin (Figure 7C). This phenomenon was 
also confirmed in another iPS cell line (201B7) (Figure 7D). 
Altogether, these findings suggest that the neuroprotective 

Figure 4. Lysozyme promoted neurite extension from dissociated 
neurons derived from cerebral organoids. (A) Neurite length per cell at 
day 7 in vitro was measured using a live-cell imaging system. Data are 
represented as the mean ± SD, n = 5 independent experiments using 
quadruplicates for each group. Kruskal-Wallis test with Dunn’s multiple 
comparisons test; *P < .05. (B) Time-dependent changes in the neurite 
length per cell during 168 hours (7 days) of culture. The experiment was 

repeated 5 times using quadruplicates for each group. Two-way ANOVA 
with Sidak’s multiple comparisons test; **P < .01 and ****P < .0001. (C) 
Representative phase-contrast images captured by live-cell imaging 
during dissociated neuronal culture with and without rhLYZ (500 ng/mL). 
Scale bars = 100 μm.
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Figure 5. Progranulin enhanced engraftment after transplantation of cerebral organoids in mice. (A) Schematic overview of the cell transplantation. (B-E) 
Evaluation of the percentage of CTIP2-, PAX6-, SATB2-, and Ki67-positive cells contained within control, rhPGRN-treated, and rhLYZ-treated organoids 
by flow cytometry. Data are represented as the mean ± SD, n = 4 independent experiments. Kruskal-Wallis test with Dunn’s multiple comparisons test. 
(F) Immunofluorescence analysis of hNCAM and Ku80. Insets show high-magnification images of the corresponding boxed areas. Scale bars = 500 
μm (non-inset) and 50 μm (inset). (G) The number of Ku80-positive cells in the graft. Data are represented as the mean ± SD, n = 9 or 10, Kruskal-Wallis 
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effects of rhPGRN could be attributed to its ability to stim-
ulate Akt cell signaling. Additionally, immunocytochemistry 
analysis was performed immediately after rhPGRN pretreat-
ment to identify target cells of PGRN-induced Akt activa-
tion. Immunostaining showed that exogenously administered 
rhPGRN existed outside of the RLSs of COs and predom-
inantly consisted of CTIP2+ cells (Supplementary Figure 
4A). Consistently, triple-staining for PAX6, CTIP2, and 
phospho-Akt (Ser473) revealed that Akt phosphorylation 
was enhanced by rhPGRN pretreatment only in CTIP2+ cells 
(double positive for CTIP2 and phospho-Akt) but not PAX6+ 
cells (Figure 7E and F). These results indicate that rhPGRN 
acts specifically on CTIP2+ cells.

Discussion
This research aimed to systemically identify new factors ca-
pable of enhancing the efficacy of cell transplantation for 
neural circuit reconstruction with hiPSC-COs. We first used 
CAGE transcriptomics to ascertain host environmental 
factors advantageous for cell transplantation by comparing 
non-supportive and supportive brain environments (no-delay 
vs 1wpTBI) and, through a series of in vitro and mouse in 
vivo experiments, revealed that exogenous rhPGRN could 
significantly decrease intrinsic apoptosis by promoting neu-
ronal viability against oxidative stress through activating the 
Akt pathway. By pretreating cells destined for transplanta-
tion with rhPGRN, significant increases in both the number 
of engrafted cells and neurite elongation were observed in our 
rodent model of acute traumatic brain injury, suggesting that 
rhPGRN could potentially act as a priming agent to reinforce 
engraftment and neurite elongation of iPSCs-derived cortical 
neurons for cell transplantation therapy.

This report is the first in the available literature 
demonstrating rhPGRN’s efficacy in cell transplantation 
therapy. The findings from this study indicate a significant 
increase in grafted cells 3 months post-transplantation, at-
tributable to exogenous rhPGRN. It also noticeably amplified 
neurite elongation along the corticospinal tract in our mouse 
model. However, the positive impact of rhPGRN on neurite 
elongation diminished after adjusting for the number of 
graft-derived CTIP2+ cells. These observations imply that the 
noticeable neurite elongation resulted primarily from an indi-
rect effect due to an augmented number of grafted cells rather 
than a direct effect mediated by rhPGRN.

PGRN, recognized as a pluripotent growth factor, is a 
secreted N-linked glycoprotein. It mediates various biolog-
ical processes, including tissue regeneration, wound repair, 
inflammation, cell cycle progression, and tumorigenesis.26 
It is expressed in neurons and microglia within the central 
nervous system (CNS), playing critical roles in promoting 
neurite elongation, neuronal survival, and differentiation.27,28 
As a result, dysfunctional PGRN contributes to a myriad of 
neurological conditions. Mutations in PGRN, for instance, 
cause abnormal cleavage of TAR DNA binding protein-43 
(TDP-43) by caspase-3 and lead to the accumulation of 

neurotoxic substances. This accumulation has been linked 
to neurodegenerative diseases, such as frontotemporal lobar 
degeneration with ubiquitin-positive inclusions (FTLD-Us) 
and amyotrophic lateral sclerosis.29-31 Furthermore, a re-
cent study demonstrated that human brain organoids with 
a loss of function in PGRN show TDP-43 mislocalization,32 
a common pathologic feature among the neurodegenerative 
diseases described above.

Previous in vitro research indicated that extracellular PGRN 
conferred protection to cortical neurons from oxidative stress 
triggered by H2O2.

27 The current study demonstrated that the 
exogenous introduction of rhPGRN protected against apop-
tosis and improved neuronal viability under oxidative stress 
induced by H2O2 in vitro. In addition, rhPGRN-mediated 
neuroprotective effects under oxidative stress were inhibited 
by wortmannin, a PI3-Akt inhibitor, thus implying that ex-
ogenous rhPGRN exerted antioxidant properties on cultured 
iPSC-derived cortical neurons. Consistently, previous litera-
ture reported that PGRN suppresses the production of reac-
tive oxygen species from neutrophils by interfering with TNF 
signaling.33

It is widely recognized that 2 primary cell signaling 
pathways promote cell survival against oxidative stress: 
the PI3K/Akt and Ras-MAPK pathways.25,34-36 Nonetheless, 
RAS activation, situated upstream of the MAPK pathway, 
was not observed in our experiments. Earlier studies posited 
that PGRN enhanced neuronal viability by triggering both 
the PI3/Akt and MAPK pathways.27,37 In contrast, several 
studies claimed that PGRN exclusively activated the PI3/Akt 
pathway,38,39 consistent with our results. Such discrepancies 
may be due to the inherent properties of cells examined, ex-
perimental methodologies, or the biological activity of PGRN 
used between different studies.

Another possible neuroprotective action of PGRN is the 
regulation of autophagy signaling.40,41 PGRN deficiency 
resulted in autophagy impairment, causing pathological forms 
of TDP-43 to accumulate more rapidly in PGRN-deficient 
neurons, whereas administration of recombinant PGRN 
restored autophagy signaling. PRGN is also implicated in 
several processes maintaining normal function in the immune 
system in the CNS.42 These findings imply that PGRN likely 
exerts its neuroprotective effect through multiple mechanisms.

Previous studies indicate that PGRN may contribute to 
neuroprotection and functional recovery following ischemic 
stroke43-46 or traumatic brain injury.47-49 Recent findings high-
light a significant increase in PGRN protein levels in mi-
croglia between 3 and 14 days after an ischemic stroke that 
was released to inhibit neuronal ferroptosis.46 Additionally, 
our data reveal that PGRN expression was considerably 
higher at 1wpTBI compared to non-delayed cases, consistent 
with a potential role for PGRN in tissue repair shortly after 
acute brain injury.

Considering these findings, PGRN could be a potential 
therapeutic agent for treating various acute brain injuries. 
A report indicated that the exogenous administration of 
rhPGRN, in conjunction with tissue plasminogen activators 

test with Dunn’s multiple comparisons test; **P < .01. (H) Immunofluorescence analysis of Ku80, hNuclei, CTIP2, SATB2, PAX6, and Ki67 in the graft. 
The 4 columns on the right show high-magnification images of the boxed areas in the leftmost column and the number in the title of each magnified 
image corresponds to that of the boxed area. Scale bars = 500 μm (leftmost column) and 50 μm (other columns). (I-L) The number of graft-derived 
cells positive for CTIP2, PAX6, SATB2, and Ki67. Data are represented as the mean ± SEM, n = 9 or 10, Kruskal-Wallis test with Dunn’s multiple 
comparisons test; **P < .01 and ***P < .001. (M-P) Percentage of graft-derived cells expressing CTIP2, PAX6, SATB2, and Ki67. Data are represented as 
the mean ± SD, n = 9 or 10, Kruskal-Wallis test with Dunn’s multiple comparisons test; *P < .05.
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Figure 6. Progranulin enhanced neurite extension along the corticospinal tract from the grafted cells in mice. (A) Immunofluorescence analysis of 
hNCAM in representative brain sections. Insets show high-magnification images of the corresponding boxed areas. Scale bars = 500 μm (non-inset) 
and 50 μm (inset). Quantitative analysis of hNCAM-positive areas in each anatomical location: (B) striatum, (C) internal capsule, and (D) cerebral 
peduncle. Data are represented as the mean ± SEM, n = 9 or 10, Kruskal-Wallis test with Dunn’s multiple comparisons test; *P < .05, **P < .01, 
***P < .001, and ****P < .0001. Quantitative analysis of hNCAM-positive areas in each anatomical location adjusted by the number of CTIP2-positive 
cells in graft: (E) striatum, (F) internal capsule, and (G) cerebral peduncle. Data are represented as the mean ± SEM, n = 9 or 10, Kruskal-Wallis test with 
Dunn’s multiple comparisons test; *P < .05. (H) Schematic diagram of the procedures for retrograde labeling the corticospinal tract using Fast Blue. (I) 
Immunofluorescence analysis of Fast Blue and Ku80 in the graft. (J-L) Immunofluorescence analysis of Fast Blue and Ku80 in the higher magnification 
images of the corresponding boxed area in (I). Red arrowheads indicate a grafted cell labeled with Fast Blue. Scale bars = 500 μm (I) and 50 μm (J-L).
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Figure 7. Progranulin exhibited neuroprotection effects against oxidative stress by activating Akt cell signaling in dissociated neurons derived from 
cerebral organoids. (A) Phosphorylation level of Akt (pAkt/Akt) as evaluated by ELISA. Data are represented as the mean ± SD, n = 6 independent 
experiments using duplicates for each group. Mann-Whitney test; *P < .05. (B) Relative levels of activated RAS, as evaluated by ELISA. Data are 
represented as the mean ± SD, n = 6 independent experiments using duplicates for each group. Mann-Whitney test. Temporal change in the percentage 
of caspase-3/7-positive cells during oxidative stress with co-treatment of wortmannin, a PI3-Akt inhibitor, as measured by live cell imaging. (C) cell line 
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administered intravenously 4 hours post-middle cerebral ar-
tery occlusion (MCAO) in mice, resulted in a significant reduc-
tion in infarct volume, cerebral edema, hemorrhagic events, 
and mortality rates.50 Concurrently, another study found 
that the intracerebroventricular administration of rhPGRN, 
initiated 30 minutes after MCAO, not only decreased infarct 
volume and functional deficits but also increased the count 
of proliferative cells in the subventricular zone 14 days post-
ischemic injury.37

Despite the current lack of extensive knowledge on the effi-
cacy of exogenous administration of PGRN for cell transplan-
tation therapy, several factors have been identified as potential 
causes of donor cell death. These include mechanical stress, 
deprivation of growth factors, neuroinflammation, hypoxia, 
hypoxia-induced ER stress, and oxidative stress.51,52 Our cur-
rent data and prior studies27,53 highlight the neuroprotective 
effects of rhPGRN against oxidative stress and hypoxia.54 
Given these findings, the administration of PGRN in cell 
transplantation therapy appears to be a logical step forward.

Notably, some reports describing the efficacy of recom-
binant PGRN on neurite outgrowth differed from our 
findings28,55 and may be related to several factors. First, they 
used mouse or rat cells, whereas we used human cells, and 
species differences might have affected the results. Second, 
another possible reason is the method to measure the 
neurite length. While previous reports measured lengths of 
the longest neurite by immunostaining for neurofilament or 
phase-contrast images, we monitored the total neurite length 
per cell over 7 days using an automated live-cell imaging 
system. Furthermore, measurements were made 24 hours 
after seeding in those studies, thus much shorter than our ob-
servation, and comparisons were only between the control 
and PGRN-treated groups. Lastly, we conducted a one-way 
ANOVA analysis between the multiple condition groups. 
These differences in assessment methods and observation 
period after seeding might have affected the result.

This study used 6w-hiPSC-COs, primarily composed of 
cells positive for the neural progenitor marker PAX6 and the 
SCPN marker CTIP2. Our results showed that exogenously 
administered rhPGRN existed outside of PAX6+ RLSs of 
COs, predominantly composed of CTIP2+ cells. In addition, 
triple-staining for PAX6, CTIP2, and phospho-Akt (Ser473) 
revealed that Akt phosphorylation was observed only in 
CTIP2+ cells but not PAX6+ cells. These results indicate that 
rhPGRN acts specifically on CTIP2+ cells. Considering these 
results, the relative increase of CTIP2+ cells normalized to total 
graft cell number can be attributed to the protective effect 
of rhPGRN on CTIP2+ cells rather than cell fate changes for 
PAX6+ cells. Previous literature indicated that differentiated 
neurons tended to be extremely sensitive to altering external 
environments, such as physical stress and changes in temper-
ature, pH, and osmolarity.56 Another report also described 
postmitotic neurons as more vulnerable during dissociation 
and exhibited lower viability than neural precursor cells.57 In 
this context, rhPGRN could act as a protective agent for these 
particularly vulnerable postmitotic neurons by activating Akt 
cell signaling.

In this study, rhLYZ emerged as another candidate protein, 
shown to enhance neurite elongation in dissociated neuronal 
cultures in vitro. Intriguingly, prior literature indicated a surge 
in the expression level of LYZ within activated microglia and 
macrophages following a complete spinal cord transection.58 
This increase potentially plays a role in providing neuro-
trophic support or promoting axonal regeneration. Although 
our in vivo experiments did not show an enhancement in the 
number of grafted cells with rhLYZ, they did reveal enhanced 
neurite elongation toward the striatum, which was still sig-
nificant after adjusting for the number of CTIP2+ cells, thus 
implying that the observable neurite extension resulted from 
a direct effect by rhLYZ on neurite outgrowth and/or exten-
sion. However, no substantial impact was observed beyond 
the striatum in more distant anatomical regions, such as IC 
or CP. Pretransplantation rhLYZ treatment may have been 
inadequate to facilitate continuous neurite elongation to 
these farther regions. As such, alternative treatment strategies 
designed to sustain a local therapeutic concentration—like a 
multiple-dose schedule or forced gene expression within the 
host brain via a viral vector—might be more effective.

This study has several limitations. First, hiPSCs-COs were 
transplanted into the intact mouse brains in the present study 
because we wanted to minimize the uncertain complexities 
of the host brain environment to evaluate the neurotrophic 
effects of rhPGRN discretely. As a next step, however, further 
investigation is indispensable to explore whether rhPGRN 
administration enhances engraftment and neurite elongation, 
even in stroke models or brain injury models. Secondly, al-
though our data demonstrated that rhPGRN administration 
significantly enhanced neural cell survival and neurite elon-
gation in vivo, we did not examine the graft-host neural con-
nectivity or functional effects. The primary aim of this study 
was to identify novel trophic factors that enhance the viability 
of grafted neurons and promote neurite elongation; however, 
these issues should be addressed in future research. Thirdly, 
other options for administering rhPGRN should be examined. 
As mentioned earlier, pharmacological neuroprotective effects 
of PGRN via intravenous50 or intraventricular37 route have 
been reported, and such administration methods may be more 
applicable for clinical application. Finally, a more extended 
observation period (>3 months) after transplantation may be 
desirable to examine safety issues, such as tumorigenesis or 
graft overgrowth.

In summary, we established a supportive role of rhPGRN 
in hiPSC-CO transplantations through a comparative gene 
expression analysis between brain tissues at 1wpTBI and im-
mediately following injury and a series of in vitro and in vivo 
experiments. These findings bolster the strategy in which the 
introduction of exogenous neurotrophic factors to mimic an 
optimal host environment enhances the therapeutic effects of 
cell transplantation.
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