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Abstract

Regenerative therapies are currently lacking for spinal cord injury (SCI). Neural progenitor cells (NPCs) have emerged as a promising therapeutic
approach. To facilitate translation of NPCs into the clinic, studying human NPCs in rodent models is required. The preclinical study of human
NPCs in rodent models of SCI necessitates an optimal selection of immunomodulatory strategies, requiring a balance between modulating the
immune system and preserving its functionality.
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This study explores how various immunomodulatory strategies impact the survival,
differentiation, and transcriptomic profiles of human iPSC-derived neural progenitor
cells (NPCs) in spinal cord injury (SCI) xenograft models. Using immunocompetent,
immunosuppressed, and immunodeficient rats, we identify critical differences in
NPC integration and gene expression. Balanced immune modulation is key for
enhancing NPC survival and functional integration in SCI therapies.

Received: 10 February 2024; Accepted: 30 October 2024.

© The Author(s) 2025. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our
RightsLink service via the Permissions link on the article page on our site—for further information please contact journals.permissions@oup.com.


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-5722-6364
mailto:michael.fehlings@uhn.ca
mailto:mkhazaei@uhnres.utoronto.ca

Stem Cells Translational Medicine, 2025, Vol. 14, No. 2

Significance Statement

Our study demonstrates the advantage of using genetically immunodeficient rodents over traditional pharmacological methods in cell
therapy research for spinal cord injury (SCI). This approach preserves the integrity and functionality of neural progenitor cells, which are
essential for successful neurogenesis and neuron development. This advancement not only enhances the reliability and effectiveness
of future SCI treatments but also sets a new standard in preclinical testing of regenerative medicine. Our findings have farreaching
implications, offering a promising path towards more effective and efficient therapies for SCI and potentially other neurological disorders.

Introduction

Spinal cord injury (SCI) remains a devastating condition
with limited therapeutic options, affecting millions world-
wide and presenting significant challenges in treatment and
rehabilitation.! Despite advances in acute care and rehabili-
tation strategies, effective treatments to promote substantial
functional recovery remain elusive. In recent years, cell-based
therapies, particularly those utilizing human-induced pluripo-
tent stem cell-derived neural progenitor cells (hiPSC-NPCs),
have emerged as a promising avenue for SCI treatment.>*

The complexity of SCI arises not just from the initial me-
chanical damage but also from the subsequent cascade of
biological responses, including a robust immune reaction.”$
While this immune activation is essential to protect against
potential infections, it also intensifies the severity of the injury,
making the post-SCI environment more challenging for ther-
apeutic interventions.”'® The disruption of the blood-spinal
cord barrier (BSCB) after SCI leads to the influx of immune
cells, particularly T and B lymphocytes, and the activation of
resident microglia and astrocytes, which significantly impact
the spinal cord’s microenvironment. This influences both the
progression of the injury and the potential efficacy of thera-
peutic interventions.?

Before these potential therapies can be translated to human
clinical trials, rigorous pre-clinical testing in animal models is
essential. However, the use of human cells in animal models
creates a unique challenge: xenograft rejection. The host im-
mune response in these xenograft models can lead to the de-
struction of transplanted human cells, severely limiting their
survival and therapeutic potential."! This immune-mediated
cell loss not only reduces the survival of transplanted cells but
also impacts their ability to integrate functionally within the
host tissue and contribute to repair processes.

Crucially, the interaction between the host immune system
and transplanted human NPCs is not unidirectional but re-
ciprocal. The presence or absence of specific immune cell
populations, particularly T and B cells, in the host environ-
ment can profoundly influence the behavior of transplanted
human NPCs. This cell-cell interaction, or lack thereof,
has significant implications for the cellular behavior of the
transplanted cells, manifesting in alterations to their gene
expression profiles.!”> These changes in gene expression, par-
ticularly in transcription factors, can subsequently affect
the differentiation trajectory of the NPCs."® The resulting
alterations in differentiation patterns ultimately influence the
functional integration and therapeutic efficacy of the neural
cells derived from the transplanted NPCs.'*

The importance of effective immunomodulation in xen-
ograft models of cell transplantation for SCI cannot be
overstated. Inmunosuppressive strategies are crucial not only
for enhancing the survival of transplanted human cells in
animal models but also for creating an environment condu-
cive to their functional integration and therapeutic efficacy."

However, current approaches to immunosuppression in pre-
clinical xenograft studies present significant limitations and
variability. Pharmacological immunosuppressants, such as cy-
closporine A (CsA), tacrolimus (FK506), and mycophenolate
mofetil (MMF), are commonly used in xenograft studies.
While these agents can enhance graft survival, they also
significantly impact the spinal cord’s microenvironment,
influencing the transcriptome as well as molecular and cel-
lular behavior of transplanted human NPCs. This complex
interplay between the host immune system and transplanted
NPCs is further complicated by the effects of host immune
cells on the gene expression of transplanted cells, which in
turn affects their cellular behavior and differentiation poten-
tial.'»!” Moreover, these immunosuppressants may not fully
replicate the immune environment that would be present
in human patients receiving autologous or allogeneic cell
transplants.!820

An alternative approach in pre-clinical xenograft studies is
the use of genetically immunodeficient animal models, such
as athymic Rowett nude rats (RNU) or severe combined im-
munodeficiency (SCID) rats. These models lack functional T
cells or both T and B cells, respectively, potentially providing
a more permissive environment for xenograft survival.2!??
However, the absence of these immune components may
also alter the inflammatory and regenerative processes fol-
lowing SCI, potentially limiting the translational relevance of
findings from these models.?* Furthermore, the lack of T and/
or B cells in these models may significantly alter the reciprocal
interactions between the host environment and transplanted
NPCs, potentially leading to different gene expression profiles,
differentiation patterns, and functional outcomes compared
to immunocompetent models.?

The complexity of modeling human cell transplantation
in animal SCI models, coupled with the need for appro-
priate immunomodulation, highlights a critical gap in our
current understanding of how different immunomodulatory
strategies in pre-clinical xenograft models impact the sur-
vival, integration, and functionality of transplanted human
NPCs in the context of SCI. Optimizing pre-clinical protocols
by comparing different immunomodulatory approaches in
xenograft models can help identify strategies that maximize
human NPC survival and integration while minimizing ad-
verse effects on the host animal. Understanding the impact
of different immunomodulatory environments on human cell
behavior in animal models is crucial for designing more pre-
dictive pre-clinical studies and reducing the translational gap
to human clinical trials. Additionally, insights gained from
comparing genetic immunodeficiency models with pharmaco-
logical immunosuppression in xenografts can guide the devel-
opment of more effective immunomodulation approaches for
future clinical applications.

To address these critical issues, this study aims to ex-
plore how genetic immunodeficiency models compare to
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pharmacological immunosuppression in modulating the sur-
vival, integration, and transcriptomic profiles of transplanted
human iPSC-derived neural progenitor cells in rodent models
of SCL.

To answer this question, we employ a multifaceted approach
using three distinct rat models in a xenograft paradigm: wild-
type Wistar rats treated with various immunosuppressants
(CsA, FK506, MMF), T-cell deficient Rowett Nude (RNU)
rats, and severely immunodeficient X-linked severe combined
immunodeficiency (X-SCID) rats. By transplanting hiPSC-
derived NPCs into these different immune environments and
conducting comprehensive analyses, we aim to quantitatively
assess human NPC survival and retention across different
immunomodulatory contexts in rodent SCI models. We will
evaluate the impact of various immunosuppressive strategies
on host animal health and human NPC functionality in the
xenograft setting, characterize the transcriptomic profiles
of transplanted human NPCs in different rodent immune
environments to understand how immunomodulation affects
their gene expression, differentiation trajectories, as well as
cellular behavior, and identify optimal immunomodulatory
conditions for xenograft studies that balance human NPC
survival and functionality with host well-being.

This comparative approach in pre-clinical xenograft models
allows us to dissect the complex interplay between the host
immune system and transplanted human NPCs, providing
crucial insights that can inform the design of future pre-
clinical studies and, ultimately, clinical trials. By systematically
addressing these objectives, our study seeks to bridge critical
gaps in the current understanding of immunomodulation in
xenograft models of cell transplantation therapies for SCI,
paving the way for more effective and translatable cell-based
therapies for patients with spinal cord injuries.

Materials and methods

Injury and cell transplantation

Adult female Wistar rats, Rowett nude rats (RNU; NIH-
Foxnl1 rnu) (Charles River), and X-SCID rats (Prkdc-/-)
(original breeder pair obtained from Horizon Labs), were
anaesthetized with isoflurane (5% induction; 2—2.5% main-
tenance) delivered in a 1:1 ratio of O,:N,O and underwent
a C6-7 laminectomy, as described previously.?® Female rats
were chosen due to their smaller size and easier handling
when compared to their male counterparts. Briefly, a modi-
fied aneurysm clip calibrated to exert 23 grams of force was
applied to the rat spinal cord between the C6 and C7 level for
1 minute, simulating a contusion-compression injury. Muscles
and skin were closed with sutures and animals were treated
post-operatively with buprenorphine twice a day for 3 days,
meloxicam once daily for 5 days, and 10ml of saline daily
for 7 days. Nine days post-injury, the rats were anesthetized
to be transplanted with human-iPSC-derived NPCs, prepared
as described below. The spinal cord was re-exposed, and the
dura mater was dissected to allow for ease of injection. The
NPCs for transplantation were differentiated from iPSCs
using the dual-SMAD inhibition protocol, which involves the
application of SB431542 and LDN193189 to inhibit TGF-3
and BMP signaling, respectively, guiding the cells towards a
neural lineage, as described previously?’, and transfected with
GFP-NLS under the EFla promoter in a piggyBac transposon
vector. The hiPSC-NPCs were injected 1 mm deep into 4 sites,
each injection 1 mm caudal or rostral to the epicenter of the

lesion and 1 mm on either side of the midline. Each site was
injected with 2 pL at 50,000 cells/uL per site at a speed of 1
puL/minute. All animal care and experimental procedures were
conducted in strict accordance with the ethical guidelines
and regulations set forth by the Animal Care Facility of the
University Health Network (UHN), Toronto, Canada. The
study protocol was reviewed and approved by the UHN
Institutional Animal Care and Use Committee.

Immunosuppressant treatment

Tacrolimus (FK506) was subcutaneously administered to
the rats at 1 mg/kg of animal body weight in the morning
and 2 mg/kg of animal body weight in the afternoon for a
total of 3 mg/kg of animal body weight per day from the
cell transplantation date until the animals were sacrificed.
The FK506 formulation was supplied by Chiron Pharmacy
(Guelph, Ontario). Cyclosporin A (Sandimmune; Novartis,
East Hanover, NJ) was subcutaneously administered to the
rats daily at 10 mg/kg of animal body weight from the date
of transplantation to the animal end point. Mycophenolate
mofetil (CellCept, Roche, DIN 02240347) was subcutane-
ously administered to the rats at 30 mg/kg of animal body
weight daily, from 3 days before cell transplantation until the
animals were sacrificed.

Immunohistochemistry/immunofluorescent
staining

Rats were perfused with 60 mL of ice-cold 1x phosphate-
buffered saline (PBS) and 180 mL of paraformaldehyde
(Sigma-Aldrich) (4%, w/v,in 1x PBS, pH 7.4). Two centimeters
of the spinal cord (centered at the injury epicenter) was dis-
sected and post-fixed for 5 hours with 10% sucrose (Bioshop,
Burlington, ON, Canada) in a 4% PFA-PBS solution. The
spinal cord was subsequently cryoprotected in 30% sucrose
PBS solution. The spinal cord tissue was embedded in M1
media (Thermo Fisher Scientific) and stored at -80 °C. Spinal
cords were cryosectioned at 30 pm thickness. Frozen tissue
sections were stained with various antibodies diluted with
blocking solution made of 1x PBS containing 5% (w/v) milk
(Bioshop), 1% (w/v) bovine serum albumin (Sigma-Aldrich),
and 0.03% Triton X-100 (Thermo Scientific). Tissue sections
were blocked for 1 hour in room temperature with blocking
solution. Subsequently, tissues were stained overnight at
4 °C using 1:100 rabbit anti-rat Iba-1 (Wako, Richmond,
VA, USA, 019-19741), 1:500 FITC adsorbed rabbit anti-rat
PMN (Cedarlane, Burlington, ON, Canada, CLFAD51140),
1:500 anti-human nuclear antigen nucleic marker (Abcam,
ab191181),1:500 CD19 polyclonal Antibody (Thermo Fisher
Scientific, BS-0079R), or 1:500 CD3 monoclonal antibody
(Biolegend, Cat 201401). The next day, tissue was washed
three times (each for five minutes) with 1x PBS. For fluores-
cent imaging, secondary antibody (Thermo Fisher Scientific,
MA, USA, goat anti-rabbit AlexaFluor 568; A-11011) was
then diluted in the blocking buffer (1:500) and the tissue was
incubated for 2 hours. Secondary antibody alone (no primary
antibody) served as the negative control. Washing steps after
antibody application were accomplished with 1x PBS washes
three times each for 10 minutes, with the last wash also
containing 1:1000 DAPI (4°,6-diamidino-2-phenylindole) to
counterstain for nuclei. Slides were mounted onto coverslips
using Mowiol (Sigma Aldrich). Images at 10x and 40x mag-
nification were photographed with epifluorescent microscopy
(Nikon Eclipse E800). For DAB imaging, tissue sections were



washed after primary antibodies were incubated overnight
with PBS 3 times for 5 minutes, and stained with DAB stain
(Abcam, ab64238), freshly prepared using the manufacturer
instructions, for 20 minutes. The slides were washed in PBS
2 times for 5 minutes in glass chambers and then washed
again with ddH,O 3 times. Slides then underwent dehydra-
tion using S-minute washes of an increasing gradient of 70%,
80%, 95%, and then twice 100% ethanol in ddH,O. Tissue
sections were then washed twice in Xylene and dried at room
temperature for approximately 10 minutes until a visible
color change was observed. Coverslips were mounted using
the xylene based mounting medium (VWR, CA27900-278)
and imaged using light microscopy.

Quantitative detection of human DNA in rat spinal
cord tissue using Alu sequence

Animals were sacrificed at 24 hours or 4 weeks post-
transplantation. Spinal cord sections up to 1cm caudal
and rostral of the lesion epicenter were harvested after
PBS perfusions and small pieces of tissue were placed in
autoclaved 1.5 mL microfuge tubes. DNA was extracted
using DNeasy Blood & Tissue Kit (Qiagen# 69504) ac-
cording to manufacturer’s protocol. In short, 200-300 pL of
extraction buffer was added and the tissue was homogenized
using a sterile blue pestle. Additional extraction buffer was
added until the total volume was 500 pL. Fifty microliters of
Proteinase-K solution (10 mg/mL) was added to the tube and
mixed. Tubes were then incubated at 55 °C for 2 hours with
occasional vigorous mixing until the samples were homoge-
neous, non-viscous fluids. 700-800 uL of PCI (phenol: chlo-
roform: TAA) was added. The samples were then vortexed
briefly and centrifuged for 3-5 minutes at 12,000 rpm. Four
hundred to 500 pL of the aqueous layer for each sample was
collected without disturbing the interface or PCI layers. Forty
to 50 puL of 3M NaAC, pH 5.3, was added to each tube and
mixed. The tubes were cooled at -80 °C for 10 minutes to
precipitate the DNA and then pelleted by centrifugation at
12,000 rpm for 2-20 minutes at 4 °C. Supernatant was aspi-
rated and 1.0 mL of 70-80% ethanol was added. The pellets
were washed with ethanol for 20 minutes at 4 °C without
agitation. The pellets were then spun at 12,000 rpm for 3-5
minutes and the ethanol was aspirated. The samples were
then dried for 5-30 minutes at room temperature before the
pellet was resuspended in 100-300 pL of TE solution. Alu el-
ement presence was then detected and quantified using qPCR.

The genomic DNA mass per primary human cell was
estimated by first calculating the total number of base pairs
in a diploid human genome (6 x 10°), derived from the
3 x 10° base pairs in the haploid genome. This figure was then
multiplied by the average weight of a base pair (660 Da) and
the weight of a dalton (1.67 x 10'? pg), yielding an estimated
6.6 pg of DNA per diploid cell, which is roughly the same as
found previously.?®

For the detection of human DNA within rat spinal
cord tissue, a qRT-PCR was performed using an Applied
Biosystems 7900HT Fast Real-Time PCR System and
SYBR Green Real-Time PCR Master Mixes. Human-
specific  primers targeting an Alu sequence (for-
ward:  5-CACCTGTAATCCCAGCACTTT-3",  reverse:
5-CCCAGGCTGGAGTGCAGT-3") were employed.?” The
PCR protocol included an initial denaturation at 95 °C for
5 minutes, followed by 40 cycles of denaturation at 95 °C
for 10 seconds, annealing at 65.35 °C for 110 seconds, and
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extension at 72 °C for 10 minutes. To quantify human DNA,
standard curves were generated using serial dilutions of
human DNA in rodent-specific DNA. The total DNA content
was determined using primers for rodent gene B1 elements
(forward: 5-ACGCCTTTAATCCCAGCACTC-3’, reverse:
5-GAACTCACTCTGTAGACCAGGCTG-3), which amplify
a sequence of 80-83 base pairs, in contrast to the 234-250
base pair length of the Alu sequence amplified.*

Nuclear extraction for bulk RNA sequencing

Nuclei were isolated from PFA-fixed cryoprotected tissue
and the nuclei of hiPSC-NPCs were sorted for using fluores-
cent activated nuclear sorting (FANS) for GFP expression,
after which total RNA was extracted. Three rRNA-depleted
stranded libraries were generated for each condition of im-
munosuppressant and immunodeficient animals using the
extracted RNA, which were then multiplexed. Paired-end
100 bp sequencing was performed using an Illumina NextSeq
550 sequencer. The raw sequence reads were aligned using
TopHat to the hg19 UCSC human reference genome. FASTQ
files were The Illumina Truseq adapters from FASTQ files
were trimmed with Trim Galore.

Differential gene expression analysis

The raw gene expression counts were processed using the
edgeR package in R (version 4.4.1) for differential gene ex-
pression (DGE) analysis. The input data consisted of raw
count values. An exact test was performed using the exactTest
function to identify differences between the experimental and
control groups. Log fold-change (FC) values were calculated
as the ratio of experimental to control conditions (log2 scale).
Significant genes were identified using a false discovery rate
(FDR) threshold of 0.1.

For principal component analysis (PCA), a multidimen-
sional scaling (MDS) plot was generated using the plotMDS
function to visualize the overall variation between the control
and experimental groups.

Gene ontology analysis

Differentially expressed genes (DEGs) were analyzed using
the g:GOSt functional profiling tool in gProfiler (version
February 12, 2024) to identify enriched Gene Ontology (GO)
terms, pathways, and functional categories. The analysis was
conducted using species-specific settings for Homo sapiens,
and statistical significance was determined with the default
algorithm for multiple testing correction. To refine and re-
duce redundancy in the enriched GO terms, we employed
REVIGO (version 1.8.1), applying the “medium similarity”
threshold, which retains only functionally distinct and sta-
tistically significant GO terms. The reduced set of GO terms
was exported in a Cytoscape-compatible file format and
subsequently imported into Cytoscape (version 3.10.1) for
network visualization. During visualization, we manually
inspected the network to remove redundant or irrelevant
nodes, ensuring the final network retained only biologically
meaningful connections. Node sizes were adjusted based on
the significance of the GO terms (adjusted P-value), and edge
thickness was scaled to reflect the strength of relationships
between terms. The finalized network was exported in
GraphML format and imported into R (version 4.4.1) for
further graph analysis using the igraph package. Custom
network plots were generated to display nodes representing
enriched GO terms, with edges indicating relationships based
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on similarity scores. The size of the nodes was proportional to
their significance, while edges reflected the similarity between
GO terms, providing an informative visualization of the GO
term relationships.

Cell type deconvolution with BayesPrism

We utilized the single-cell RNA sequencing dataset of the
human developing spinal cord (GSE188516)3! for our anal-
ysis. The CellRanger outputs were downloaded and processed
using the Seurat’? package in R. Cells with fewer than 200
features or features expressed in fewer than 3 cells were
filtered out. Gene identifiers were converted from Ensembl
IDs to HGNC symbols using the biomaRt package.®* Genes
without corresponding HGNC symbols or with non-unique
mappings were excluded. The data were normalized in
Seurat, and duplicated genes were removed. We applied the
BayesPrism tool** to deconvolute the bulk RNA sequencing
data using the single-cell reference data. BayesPrism utilizes a
Bayesian framework to estimate both the proportion of dif-
ferent cell types within a bulk sample (cell fractions) and the
gene expression levels specific to each cell type.

Stereological quantification of cell survival

The evaluation of cell survival following NPC transplan-
tation was carried out on serial axial sections of the spinal
cord (spaced at 240 pm). This distance was used to avoid
over-counting. We undertook a statistically unbiased method
to determine the survival of NPC transplants (7 = 3). Using
a Leica fluorescent microscope with 25 x main objective, we
traced the transplant region in each cross section. Using Stereo
Investigator, a set of systematic random samples measuring
200 x 200 mm in area were generated. The software’s optical
fractionator sampling probe was used for workflow crea-
tion and sampling design. Next, we counted the number of
GFP + NPCs containing a nucleus (GFP/DAPI positive cells)
in each given field, and the average density (in cells per cubic
millimeter) for each field was calculated. The total number of
surviving GFP* cells was then estimated by multiplying the
mean average density by the transplant volume in each rat.

Statistics

All  quantitative data were expressed as mean = SEM.
Differences between groups were assessed using one- or
two-way analysis of variance (ANOVA) with Bonferroni or
Tukey’s post hoc test to correct for multiple comparisons. The
normality assumption was tested using the Shapiro-Wilk test.
The equality of the probability distributions was assessed using
a Z-score, and the results were visually confirmed by plotting
a scatterplot to assess linearity. The results were considered
statistically significant if P < .05. Data were analyzed using
GraphPad Prism (version 10.2.3) or R (version 4.4.2).

Results

Differential survival of NPCs in Wistar, RNU, and
X-SCID rats

To investigate the impact of different immune environments
on the survival and integration of transplanted human iPSC-
derived neural progenitor cells (hiPSC-NPCs), we utilized 3 dis-
tinct rat models: wild-type Wistar rats, T-cell deficient Rowett
Nude (RNU) rats, and severely immunodeficient X-linked severe
combined immunodeficiency (X-SCID) rats. We quantitatively
assessed the survival of transplanted hiPSC-NPCs at two time

points: 1 day and 4 weeks post-transplantation. At 1 day post-
transplantation no significant differences were observed in the
number of surviving human cells among the three rat models
(Wistar, RNU, and X-SCID) (Figure 1A). This suggests that the
immediate post-transplantation survival is comparable across
these different immune environments, likely before significant
immune responses are mounted. However, at 4 weeks post-
transplantation, marked differences in NPC survival became
evident. X-SCID rats exhibited significantly higher retention of
transplanted NPCs compared to both Wistar (P <.01) and RNU
rats (P <.01) (Figure 1B). The survival in X-SCID rats was ap-
proximately double that observed in RNU rats, which in turn
showed higher survival than Wistar rats. This hierarchy of sur-
vival (X-SCID > RNU > Wistar) correlates inversely with the de-
gree of immunocompetence of each model. Interestingly, while
Wistar and RNU rats showed a decline in cell numbers over this
period, X-SCID rats maintained a relatively stable population
of transplanted cells. The difference between day 1 and week 4
cell counts in X-SCID rats was not statistically significant (n.s.),
suggesting minimal cell loss in this highly immunodeficient envi-
ronment (Supplimentary Figure S1).

To corroborate our quantitative PCR-based cell counting,
we performed stereological analysis of transplanted cell sur-
vival at 4 weeks post-transplantation (Figure 1C, D). This
analysis confirmed the trend observed in our molecular quan-
tification, with X-SCID rats showing significantly higher
numbers of surviving cells compared to both RNU (P < .01)
and Wistar (P <.01) rats. These immunostaining for human
nuclear antigen (hNuA) revealed larger and more robust
grafts in X-SCID rats compared to RNU rats, with minimal
survival evident in Wistar rats. These results collectively dem-
onstrate that the degree of host immunodeficiency signifi-
cantly impacts the survival of transplanted hiPSC-NPCs in a
rodent SCI model. The superior survival observed in X-SCID
rats, which lack both T and B cells, suggests that both arms
of the adaptive immune system play crucial roles in the rejec-
tion of xenografted human NPCs. The intermediate survival
in RNU rats, deficient only in T cells, indicates that while T
cells are major mediators of xenograft rejection, B cells also
contribute to this process. The poor survival in immuno-
competent Wistar rats underscores the challenges faced in
translating cell therapies to immunocompetent hosts without
effective immunomodulation strategies.

Human PBMC infusion in RNU rats leads to
reduced survival of transplanted NPCs due to
allogenic immune recognition
To investigate the role of human immune cells in the survival
of transplanted human iPSC-derived neural progenitor cells
hiPSC-NPCs, we developed a humanized RNU rat model by
infusing human peripheral blood mononuclear cells (PBMCs)
into RNU rats prior to NPC transplantation. This model
simulates a human-like immune response in the context of SCI.
We compared outcomes in RNU rats and humanized-
RNU rats to evaluate the influence of different immune
environments on the survival of transplanted hiPSC-NPCs.
CD3 immunohistochemical staining of spinal cord tissue
from both groups at 4 weeks post-transplantation revealed a
contrasting difference in immune cell infiltration (Figure 2A).
RNU rats showed minimal CD3-positive staining, indicating
a lack of T cell infiltration due to the absence of functional T
cells, which provides a permissive environment for the survival
of transplanted human NPCs. In contrast, humanized-RNU
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Figure 1. Comparison of transplanted cell survival in RNU rats and X-SCID rats. 200,000 wild-type hNPCs were transplanted 2 weeks post-injury into
the parenchyma of rat spinal cords. Genomic DNA was isolated from a 20-mm section of a harvested spinal cord, and Alu elements were quantified
using real time gPCR for surviving grafted cell extrapolation. (A) There were no significant differences in number of grafted cells found between all
treatments when rats were sacrificed 1-day post-transplant (n = 3) where a one-way ANOVA was performed. (B) At 4 weeks post-transplant, X-SCID
rats exhibited significantly higher rates of graft cell survival than the Wistar control (one-way ANOVA with Tukey's multiple comparison test; **P < .05),
and approximately double the survival compared to RNU rats. (C, D) Immunostaining of rat tissue sections was performed 4 weeks after NPC
transplantation (n = 3), using the anti-human nuclear antigen (hNucA) to specifically mark human cells. (C) The quantification of cells positive for hNucA
was used to estimate the number of human cells in each group 4 weeks post transplant, with significant differences found between all groups. (D)
hNuCA DAB staining of Wistars, RNU, and X-SCID rat spinal cord tissue that received transplanted hNPCs 2 weeks post injury and were sacrificed 4

weeks post transplant. Scale bar = 500 um.

rats exhibited significant CD3-positive staining, particularly
around the injury epicenter, demonstrating substantial T-cell
infiltration. This suggests a robust immune response akin
to the human immune environment, leading to increased
immune-mediated cell loss.

To assess the effect of human immune cell presence on
transplanted NPC survival, we quantified the number of
surviving human cells in both RNU and humanized-RNU
rats at four weeks post-transplantation using Alu element
qPCR (Figure 2B). The results revealed a significant reduc-
tion (P <.05, unpaired #-test) in the number of surviving
transplanted human cells in humanized-RNU rats compared to
regular RNU rats. Specifically, humanized-RNU rats showed
approximately a 50% reduction in surviving human cells per
million rat cells compared to regular RNU rats (627.2 = 132
vs. 324 = 67 human cells per million rat cells, mean + SEM).
This marked decrease in NPC survival in the presence of
human immune cells suggests that the transplanted human
NPCs were recognized as allogenic by the infiltrated human
immune cells, leading to their elimination.

Immunosuppressive agents enhance NPC retention
in Wistar rats but exhibit adverse effects on host
health

Next, we tested the efficacy of immunosuppressive
agents—Cyclosporine A (CsA), Tacrolimus (FK506), and

Mycophenolate Mofetil (MMF)—on enhancing NPC via-
bility in Wistar rats.

CsA and FK506 suppress T-cell activation and prolif-
eration by inhibiting the calcineurin NF-AT pathway.’
These two immunosuppressants inhibit calcineurin activa-
tion through targeting immunophilins, but Tacrolimus has
been shown to be more efficient than CsA.>%¥ Conversely,
Mycophenolate Mofetil disrupts the de novo synthesis of gua-
nosine nucleotides in T and B cells, hindering their activa-
tion, proliferation, and differentiation.’® Consequently, these
pharmacologically suppressed B and T cells may interact dif-
ferently with grafted NPCs as compared to non-suppressed
counterparts. Furthermore, it is crucial to consider the poten-
tial direct impact of these immunosuppressants on NPC gene
expression and differentiation during analysis.

We checked the impact of these pharmacological
immunosuppressants on transplanted human NPC sur-
vival and retention in Wistar rats. On day one post-
transplantation, no significant differences were observed
in NPC retention among the CsA, FK506, and MMF treat-
ment groups, or the non-immunosuppressed control group.
This suggests either an initial tolerance or a lack of imme-
diate immune response to the transplanted cells (Figure 3A).
However, after 4 weeks, a marked divergence in cell survival/
retention became evident. The non-immunosuppressed group
exhibited minimal NPC retention, while groups treated with
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Figure 2. (A) Histological analysis of RNU rat spinal cord tissue with T-cell marker, CD3, at 4 weeks following NPC transplantation. The upper panel
displays a section from a control RNU rat. The lower panel exhibits spinal cord tissue from RNU rats infused with human PBMCs. Scale bars = 400 pm.
(B) Quantitative analysis of human cell engraftment in the spinal cords of RNU rats 4 weeks post-transplantation (P < .05).

immunosuppressants displayed significantly higher NPC sur-
vival. Notably, the FK506-treated group exhibited the highest
NPC retention, suggesting a potentially more favorable envi-
ronment for NPC survival and proliferation (Figure 3B-D).
Despite the effectiveness of FK506 in enhancing the survival
of transplanted human NPCs post-transplantation, it is cru-
cial to note the adverse effects observed in the rat subjects.
Administration of FK506 was associated with severe derma-
tological complications, including pronounced skin lesions
on the dorsal surface, increased skin rigidity, and dryness.
These symptoms were exacerbated by secondary bacterial
and fungal infections, aggravating the severity of the lesions.
Furthermore, there was a noticeable decline in the overall
health and vitality of the rats, characterized by reduced mo-
bility and general weakness, culminating in a significantly
decreased survival rate among the rat cohort, primarily due
to the infectious complications.

Gene expression profiling of NPCs post-
transplantation in SCI models

To elucidate the changes in gene expression of NPCs fol-
lowing transplantation into SCI models, and to assess the
impact of immune cell infiltration, particularly T-cells and
B-cells, we isolated spinal cord tissue, performed nuclear
extraction, and isolated the nuclei of transplanted NPCs.
Utilizing fluorescent-assisted nuclear sorting (FANS), we
purified GFP-positive human cells and subsequently isolated
RNA from these cells for RNA sequencing.

Differential gene expression analysis was first performed
across the various conditions, revealing substantial differences
in transcriptional activity. As shown in the volcano plots
(Figure 4A), the magnitude and significance of these changes
were variable across different immunological contexts. In
the RNU rats, 7480 significant differentially expressed genes

(DEGs) were identified, with upregulation of genes associ-
ated with neuronal differentiation (ASCL1, DCX) and glial
markers (GFAP, CNP), suggesting a neural-supportive envi-
ronment. Similarly, X-SCID rats displayed 8082 DEGs, also
marked by the expression of both neural and glial markers. In
contrast, Tacrolimus-treated Wistar rats exhibited 2734 sig-
nificant DEGs, with an enrichment in NPC survival markers
such as VGF and NFASC, and a reduction in stress-related
gene expression. Cyclosporin A-treated rats showed 2171
DEGs, whereas Mycophenolate Mofetil-treated animals dis-
played 2841 DEGs (Figure 4A).

To further investigate the global transcriptional changes
in NPCs under these different immune conditions, prin-
cipal component analysis (PCA) was performed (Figure 4B).
This analysis revealed clear clustering of transcriptomic
signatures according to each treatment group. NPCs
transplanted into RNU and X-SCID rats exhibited substan-
tial transcriptional overlap, suggesting a shared response to
the absence of immune rejection in these immunodeficient
models. In contrast, NPCs from Wistar rats treated with
immunosuppressants (Cyclosporin A, Tacrolimus, and
Mycophenolate Mofetil) formed distinct clusters, indicating
that immune modulation through pharmacological means
elicited unique gene expression patterns. Interestingly, NPCs
transplanted into humanized RNU rats (RNU + PBMC) dis-
played a completely distinct transcriptional signature, likely
reflecting the presence of human B and T cells in the host.
This allogeneic immune response likely contributed to the
altered gene expression profile, illustrating a regulated in-
teraction between the humanized immune system and the
grafted NPCs.

To provide more detailed insights into immune-related
transcriptional changes, heatmap analysis was employed to
visualize the differential expression of immune-related genes,
including B- and T-cell markers (Figure 4C). As expected,
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Figure 3. Wistar rats were treated with a pharmacologic immunosuppressive agent or no treatment and were transplanted with NPCs 2 weeks post-
injury (n = 6). Genomic DNA was isolated from a 20-mm section of the harvested spinal cord, and Alu elements were quantified using real-time gPCR
for total surviving grafted cell extrapolation. (A) There were no significant differences found between all treatments when rats were sacrificed 1-day
post-transplant (n = 3, P < .05). (B) Rats were sacrificed 4 weeks post-transplant. NPC graft survival was highest in Tacrolimus treated Wistar rats and in
RNU rats, exceeding both CsA and MMF treatments at a statistically significant level. To analyse the data, we performed 2-way ANOVAs with Bonferroni
post hoc corrections (n =3, P < .05). (C) Rats from each immunosuppressive agent group were sacrificed and their spinal cords were extracted 4 weeks
post-NPC transplantation. Tissue sections were stained with mouse anti-human nuclear antigen and visualized using anti-mouse HRP. Scale bars = 500
um. (D) Cell counts for grafted human cells from each immunosuppressant group’s immunohistochemistry images are compared.

humanized RNU rats exhibited the highest expression of
these immune-related genes, consistent with the activa-
tion of an adaptive immune response mediated by human
immune cells. In contrast, RNU and X-SCID rats, being
immunodeficient, showed much lower expression of these
immune-related genes. This pattern underscores the differen-
tial involvement of immune cells in each model and the pro-
found influence that immune context has on NPC behavior
and survival.

Our differential gene expression analysis highlighted signifi-
cant alterations in the gene expression profiles of transplanted

NPCs across different immune environments (Figure 4C),
particularly in pathways related to immune response, cell sur-
vival, and neural differentiation. These findings underscore the
complex interplay between transplanted NPCs and the host
immune environment, offering insights into the mechanistic
underpinnings of NPC behavior in different immunological
contexts. Such information is critical for optimizing NPC-
based therapeutic strategies for SCI, ensuring enhanced sur-
vival, integration, and functional efficacy of transplanted cells.

Comparing NPCs transplanted in genetic immunodeficient
RNU and X-SCID rats, and those treated with



Stem Cells Translational Medicine, 2025, Vol. 14, No. 2 9

RNU SCID
7480 gene 8082 gene
A 200 2004
NCAN NCAN
150+ 1504
POSTN
Q Q
2 2
o 1004 )
e} o)
- -
I I
504
' |
04 -
Log, fold change Log, fold change
Cyclo 2171 gene 100+ MMF 2841 gene Tacro 2734 gene
100 1 4
100 POSTN
75 1 754 75 +
a a VGF o
S o 2
9 50+ 9 501 8 50
- - NFASC -
[ I d DCX ! ‘
! pEX
25 4 POSTN pey - 25 4 .
PDGFRA CSPG4
. GSPG4*i: : %h‘& aTK
0- 2 ¥ ; LTI LT 0 et - | s off i A
T T T T T T
-5 0 5 -5 0 5
Logo fold change Log2 fold change Log2 fold change
(@) Humanized RNURNU X-SCID
2 .
2 & o° 10
2 o 85
(=)
~ @) @) 0
< RNU rat
s 319 (¢] ° -5
S : @ X-SCID rat |
g o) @ RNU rat + Human PBMC H-10
L—; (@] © Wistar rat +Cyclosporin A
'§ $ B © © Wistar rat +Tacrolimus
£ ® @ Wistar rat +MMF
[
e
=
@
T T T T T T T
-15 -10 -05 0.0 0.5 1.0 1.5

Principal Component 1 (31%)

HumanB-  RatB-cells ~ No
and T-cells B- or T-cells
Rat B-cells
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immunosuppressants CsA, Tacrolimus, and MME we
observed distinct expression profiles. Although the DGE
profiles in the immunosuppressant-treated group were more
similar to each other, they differed markedly from those in
RNU and X-SCID groups. Interestingly, RNU and X-SCID
groups exhibited more similar expression profiles to each
other. This suggests differential immune responses affecting
NPC behavior.

Significant upregulation was observed in genes related to
neurogenesis, synaptic plasticity, and neuronal differentiation
in the immunodeficient rat breeds (Figure 5A). Hierarchical
clustering of the DGE data revealed distinct clusters. A no-
table cluster (red cluster) differed significantly between RNU
and X-SCID rats, predominantly in genes involved in “neu-
rogenesis,” “nervous system development,” and “neuron de-

velopment,” which were more pronounced in the X-SCID rat
group (Figure SB).

In another cluster (Green Cluster), observed in both
RNU and X-SCID rats compared to those treated with
immunosuppressants, genes related to “neural tube de-
“neuron

velopment,” projection development,” and

Stem Cells Translational Medicine, 2025, Vol. 14, No. 2

“neurogenesis” were more pronounced. This indicates that
B-cells and T-cells might inhibit differentiation into neurons.
Conversely, a distinct cluster (Blue Cluster) was prominent
in rats treated with immunosuppressants, suggesting these
agents might induce stress and potential DNA damage in
transplanted NPCs.

The data also highlighted a significant response to im-
mune cell infiltration. We observed upregulation of genes
involved in immune response and inflammation, indicating
an active interplay between transplanted NPCs and the
host immune system. Specifically, differential expression of
genes related to T- and B-cell signaling pathways suggests
a complex mechanism of interaction between NPCs and
these immune cells, impacting NPC behavior and fate
post-transplantation.

Gene set enrichment analysis and pathway
mapping

Upon close examination of the RNAseq data and correlating
it with gene sets related to NPCs, neurons, astrocytes, and
oligodendrocyte differentiation, further analysis using
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Figure 5. (A) Heatmap and hierarchical clustering showing the significantly differentially expressed genes (FDR < 0.05) in NPCs transplanted into RNU
rats, X-SCID rats, or Wistar rats treated with immunosuppressants (MMF, CsA, or Tacrolimus). The differential gene expression (DGE) is compared
with that in NPCs transplanted into RNU rats and subsequently injected with human PBMCs. Data are presented on a log2 scale. Major clusters

are indicated by color codes on the right side of the heatmap. (B) An interactive network showing the relationships between enriched GO terms

for biological processes. The significant (P < .05) biological processes GO terms for the blue, green, and red clusters were simplified into the most

representative terms by REVIGO, based on their semantic similarity.
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Gene Set Enrichment Analysis (GSEA) and pathway map-  response. The data suggest that the transplanted NPCs not

ping tools revealed that several key pathways were sig-  only adapt to the SCI environment but also actively par-
nificantly impacted. These included pathways related to ticipate in modulating the immune response, potentially
neuro-immunomodulation, cell survival, and cellular stress influencing the regenerative process (Figure 6).
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Figure 6. (A) Heatmap illustrating gene expression profiles in differentiated cells from transplanted NPC across various treatment groups (MMF,

Cyclo, Tacro, RNU, X-SCID). This heatmap categorizes genes based on cell-type specificity: NPC-state genes, neuron-related genes, oligodendrocyte-
related genes, and astrocyte-related genes. Gene expression levels are normalized and presented as transcripts per million (TPM) z scores, with a
color gradient ranging from red (high expression) to blue (low expression). (B) Heatmap depicting the gene expression patterns associated with key
developmental pathways, notably Notch and WNT, and inflammation-related genes in the same treatment cohorts as in (A). This visualization aids in
discerning the differential gene activation within these critical signalling pathways under varied treatment conditions. (C-F) Visualization of variations in
gene expression specific to NPCs, neurons, oligodendrocytes, and astrocytes using violin plots. These plots illustrate the distribution of log-transformed
fold changes (Log2FC) in gene expression across the different treatment groups, highlighting the diverse expression patterns under each treatment
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illustrates the averaged proportions of various cell types in bulk RNA-seq samples, deconvoluted using BayesPrism with the Anderson et al. single-cell
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In both RNU and X-SCID rats, the transplanted grafted
human cells exhibited increased expression of neuronal genes.
Interestingly, NEUROG1 was significantly upregulated in
X-SCID rats, while in RNU rats, NEUROD1 was significantly
upregulated.

Furthermore, the NPCs in both models demonstrated a sig-
nificant increase in the expression of astrocytic-related genes,
such as GFAP and S100B, coupled with a downregulation
of oligodendrocyte lineage-related genes like OLIG2 and
ZNF488 (Figure 6).

Notably, in X-SCID rats compared to RNU, there was
a significant upregulation of genes associated with neu-
ronal differentiation, such as ASCL1, NEUROGD4,
and NEUROGI, indicating a tendency toward neuronal
lineage commitment. This suggests that the host’s im-
mune system plays a critical role in directing the fate of
transplanted NPCs. Additionally, transcriptomic analysis
revealed increased expression of genes associated with anti-
inflammatory pathways in both RNU and X-SCID rats,
which could be attributed to the interaction between the
NPCs and the host’s immune cells.

Analyzing our RNA-seq data using deconvolution and the
BayesPrism method with the Anderson et al. (2023) single-cell
RNA-seq dataset® revealed that different immunodeficient
backgrounds and immunosuppressive treatments distinctly
affect the cellular composition of xenografted spinal cord
tissue. Our analysis revealed distinct cellular profiles asso-
ciated with immunodeficient backgrounds and immunosup-
pressive treatments. In immunodeficient conditions (RNU
and SCID), we observed a marked increase in multipotent
glial progenitor cells (mGPCs), with proportions reaching up
to 31.9% in RNU and 31.8% in SCID, compared to 23.3%-
24.3% in immunosuppressed conditions. This suggests
that immunodeficient environments may foster the mainte-
nance of a more progenitor-like state. Concurrently, mature
astrocytes showed higher prevalence in these immunodeficient
conditions, with proportions of 22.0%-24.7% in RNU and
26.2%-27.4% in SCID, versus 16.5%-18.5% in immunosup-
pressed conditions. This finding indicates potential accelera-
tion of astrocytic differentiation or enhanced maintenance of
mature astrocytes in immunodeficient hosts.

In contrast, immunosuppressive treatments (RNU +T,
Tacro, Cyclo, and MMF) demonstrated a notable shift
towards oligodendroglial lineages. The combined oligoden-
drocyte progenitor cell and oligodendrocyte (OPC_Oligo)
population exhibited substantial increases under these
conditions, with proportions ranging from 26.2%-31.1%,
compared to 13.1%-17.5% in immunodeficient conditions.
This suggests that immunosuppressive regimens may promote
oligodendroglial lineage progression or maintenance, poten-
tially influencing myelination processes in the xenografted
tissue.

Interestingly, we observed a slight but consistent increase in
cycling astrocytes under immunosuppressive conditions. Their
proportions ranged from 18.6%-20.7% in treated groups,
compared to 12.8%-16.0% in immunodeficient conditions.
This finding potentially indicates enhanced astrocyte turnover
or gliogenesis in response to immunosuppressive therapies,
which could have implications for tissue homeostasis and re-
pair processes.

Neurons consistently showed low proportions across all
conditions (1.0%-2.8%), reflecting the typically high glial-
to-neuron ratio in spinal cord tissue. This stability suggests
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that neither immunodeficiency nor immunosuppression sub-
stantially altered the neuronal component of the xenografted
tissue within the observed timeframe.

Discussion

In this study, we investigated the complex interplay between
the host immune system and transplanted human iPSC-
derived neural progenitor cells (hiPSC-NPCs) in spinal cord
injury (SCI) models. Our findings reveal critical insights into
how the immune environment shapes the survival, gene ex-
pression, and differentiation of transplanted NPCs, with sig-
nificant implications for cell-based therapies in SCI.

Differential NPC survival and its implications

Our results demonstrated a clear hierarchy of NPC survival
(X-SCID > RNU > Wistar) that inversely correlated with
the degree of host immunocompetence. This finding aligns
with previous studies showing enhanced graft survival in
immunodeficient hosts.>?* However, while increased sur-
vival is often considered beneficial, our transcriptomic anal-
ysis reveals that the absence of immune cells may significantly
alter the behavior and fate of transplanted NPCs.

Transcriptomic alterations in different immune
environments

Our gene expression analysis revealed distinct transcriptomic
signatures across different immune environments. Notably,
NPCs in immunodeficient hosts (RNU and X-SCID) exhibited
upregulation of genes associated with neurogenesis and syn-
aptic plasticity, such as NEUROG1, NEUROD1, and ASCL1.
This finding suggests that the absence of adaptive immune
responses creates a permissive environment for neuronal
differentiation.

However, this apparently favorable gene expression profile
must be interpreted cautiously. The lack of normal immune
cell interactions in these models may result in an artificial
environment that does not reflect the complex signaling mi-
lieu of an immunocompetent host. As demonstrated by Ziv
et al,” immune cells, particularly T cells, play crucial roles
in supporting neurogenesis and cognitive function under
normal conditions. Thus, the increased expression of neuro-
genic genes in immunodeficient models may not necessarily
translate to improved functional outcomes.

Immune cell-NPC interactions and their impact on
gene expression

In immunocompetent Wistar rats, we observed a different
gene expression profile in transplanted NPCs, characterized
by upregulation of genes related to immune modulation, stress
response, and glial differentiation. This finding underscores
the significant impact of immune cell-NPC interactions on
gene expression.

Immune cells, through the production of cytokines and
other signaling molecules, can profoundly influence NPC fate.
For instance, our data showed increased expression of GFAP
and S100B in NPCs transplanted into Wistar rats, indicating
a bias toward astrocytic differentiation. This aligns with pre-
vious studies showing that pro-inflammatory cytokines like
IL-1f and TNF-a can promote astrogliogenesis.*

Conversely, in immunodeficient rats, we observed
downregulation of genes associated with oligodendrocyte
differentiation, such as OLIG2 and ZNF488. This finding
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is particularly intriguing as it suggests that normal immune
function may be necessary for promoting oligodendrogenesis.
Indeed, recent research has shown that certain T-cell
subsets can support oligodendrocyte differentiation and
myelination.*

Transcription factor dynamics and cell fate
decisions

The altered expression of key transcription factors in dif-
ferent immune environments provides mechanistic insight
into how immune cells influence NPC fate decisions. In
immunodeficient rats, we observed upregulation of neu-
ronal transcription factors like NEUROG1 and NEUROD1.
However, this was accompanied by a relative downregulation
of glial-associated transcription factors.

This transcription factor imbalance likely underlies the
observed differentiation biases. In an immunocompetent en-
vironment, the interplay between pro-neuronal and pro-glial
transcription factors is finely tuned by immune-derived sig-
nals. The absence of these signals in immunodeficient models
disrupts this balance, potentially leading to suboptimal dif-
ferentiation patterns that may not support full functional
recovery.

Functional implications of altered NPC
differentiation

The differentiation bias observed in our study—toward
neurons in immunodeficient hosts and toward astrocytes
in immunocompetent hosts—has significant functional
implications. While neurons are essential for restoring neural
circuits, astrocytes play crucial roles in supporting neuronal
function, maintaining the blood-brain barrier, and modulating
inflammation.*!

The predominance of neuronal differentiation in
immunodeficient hosts might seem advantageous at first glance.
However, without the supportive functions of astrocytes
and the myelinating capabilities of oligodendrocytes, these
neurons may fail to integrate properly or function optimally.
Conversely, the astrocytic bias seen in immunocompetent
hosts might provide a more supportive environment for en-
dogenous repair processes, even if it does not directly replace
lost neurons.

Challenges in modeling the human immune
response in rats

While our humanized RNU rat model offers valuable insights
into the allogenic immune response to transplanted NPCs, it
is essential to acknowledge its limitations. The model relies
on the infusion of human PBMCs, which primarily consist
of T and B cells, leaving other critical immune components,
such as dendritic cells (DCs), natural killer (NK) cells, and
macrophages, underrepresented.*>* These immune cells play
pivotal roles in both innate and adaptive immunity and could
significantly influence the outcome of NPC transplantation,
particularly in terms of graft rejection or tolerance.*
Another potential limitation of the model is the risk of
graft-versus-host disease (GVHD) due to the infused human
PBMCs. GVHD, where donor immune cells attack the host’s
tissues, could affect NPC engraftment by exacerbating
immune-mediated damage at the transplantation site.*#
Although GVHD is more commonly associated with stem
cell or organ transplantation, the possibility of this occurring
in the humanized rat model remains unclear and warrants

13

further investigation. The absence or reduced complexity of
these immune components in our model may limit its ability
to fully replicate the intricate immune interactions that occur
in humans. As a result, it is important to interpret our findings
with caution, acknowledging that they may not capture the
full spectrum of immune responses seen in clinical settings. To
address these limitations, future studies should aim to incor-
porate a broader range of human immune cell populations to
provide a more comprehensive understanding of the immune
dynamics at play.

Limitations and future directions

While our study provides valuable insights into the impact
of the immune environment on transplanted NPCs, it has
several limitations. First, the use of rodent models, while
necessary, may not fully recapitulate the human immune re-
sponse to transplanted cells. Second, our study focused on a
single time point post-transplantation; a longitudinal study
could provide valuable insights into the temporal dynamics
of NPC-immune cell interactions. Additionally, we used ex-
clusively female rats to avoid potential complications like
urinary tract infections in males, which could confound the
results in SCI models. However, sex differences in immune
responses and neuroinflammation are well-documented,
with females often showing stronger immune reactions due
to hormonal influences.*” This could influence the outcomes
of NPC transplantation, particularly under immunosuppres-
sive conditions. Future studies should explore sex-specific
responses to immunosuppression and cell transplantation to
ensure broader clinical applicability.

While human PBMCs can simulate a human-like immune
response, their persistence in a xenogeneic environment in
rodents is indeed limited. Studies have demonstrated that
human T cells can circulate in the peripheral blood of rats for
a short period following injection. These cells typically remain
detectable for up to 2-3 weeks, though their numbers gradu-
ally decline over time due to the onset of xenogeneic graft-
versus-host disease (xGvHD), which restricts their longevity.
Among the different cell populations, human T cells tend to
persist longer than other immune cell types such as B cells or
macrophages, which are more rapidly eliminated.*>4645-5% In
future studies, a consistent supply of human PBMCs could be
maintained through the use of methods such as human hema-
topoietic stem cell transplantation or prenatal humanization
approaches.’® While these methods offer valuable data, they
also present considerable technical challenges and resource
requirements. Nevertheless, despite these complexities, such
models remain a powerful tool for better understanding the
interactions between human immune cells and transplanted
NPCs, particularly in a regenerative context like SCI. Future
research could explore the feasibility of this approach in our
context, as it would undoubtedly enhance the clinical rele-
vance of NPC transplantation models.

Conclusion

Our findings highlight the critical role of immune cell-NPC
interactions in determining the fate and functionality of
transplanted cells in SCI. While immunodeficient models
may enhance cell survival, they fail to recapitulate the com-
plex signaling environment necessary for optimal NPC dif-
ferentiation and integration. As the field moves towards
clinical translation, these considerations will be crucial in
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developing effective cell-based therapies for SCI that not
only promote cell survival but also harness the beneficial
aspects of the immune response to enhance functional
recovery.
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